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Understanding the microscopic processes by which the electrons within conductors are scattered at
surfaces and interfaces is important for both fundamental physics and technology. The authors review
what has been learned so far about scattering of electrons at a variety of surfaces and interfaces using
a technique, transverse electron focusing (TEF), that involves two point contacts in a uniform
magnetic field. Transverse electron focusing is a sort of b-ray spectrometer in a metal, except that,
whereas the b-ray spectrometer requires a narrow beam because the energy and momentum of a free
electron can be arbitrary, in TEF the electrons of interest all have the Fermi energy and momentum,
so focusing occurs even for electrons injected isotropically in angle. Transverse electron focusing is
unique in its ability to probe localized and selectable portions of the interface from inside the
conductor, using conduction electrons on only small parts of the Fermi surface. The authors first
briefly review the essential features of TEF and of ideal and rough surfaces and describe the three
techniques now used for injecting and detecting electrons: needle contacts, lithographically fabricated
contacts, and light-induced injection. They then turn to measurements in metals and semimetals of the
probability of specular reflection q from a given interface for electrons at the Fermi energy impinging
at perpendicular incidence. They examine how q varies over different crystal faces for different
electron orbits on the Fermi surfaces of a variety of conductors and how it is affected by changes in
the de Broglie wavelength ldB , by chemical etching, ion etching, or physical damage, by a molecular
overlayer condensed from the surrounding atmosphere, and, for semimetals, by surface band bending
(surface charge). The authors also explain how to measure the dependence of q upon the angle of
incidence q(u), which gives information about surface structure. Transverse electron focusing studies
of a variety of quasiparticle effects arising because the electrons are in a solid are described. These
include (a) scattering of excitations moving on ‘‘holelike’’ orbits—q can depend upon the sign of the
particle charge; (b) scattering involving a surface reciprocal-lattice vector Gt , including surface
resonances induced by an artificial grating etched onto a Bi surface; and (c) scattering between
different parts of the Fermi surface—intervalley scattering (IVS)—including scattering in which the
sign of the quasiparticle charge changes. The authors review studies of scattering of electrons from a
normal-metal (or semimetal)/superconductor interface, which involves an unusual phenomenon called
Andreev reflection, in which the signs of both the charge and mass change. Also described are TEF
studies of scattering of light-excited electrons from an intercrystalline boundary and recent TEF
measurements of q for scattering from the boundary of the two-dimensional electron gas. The authors
conclude with a list of future TEF studies of conduction-electron/interface interactions that they
believe to be interesting and important. [S0034-6861(99)01105-8]
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I. INTRODUCTION AND OVERVIEW

Understanding how electrons inside conductors scat-
ter from interfaces and boundaries is of both fundamen-
tal and practical interest for a wide variety of subfields
of modern condensed-matter physics. This scattering is
important at the surfaces of bulk metals, metallic foils,
films, and wires (Schumacher, 1993); in small conducting
particles (Martin, 1996) or mesoscopic conductors
(Datta, 1995); at internal boundaries in conglomerates
of metals with metals or insulators (Chien, 1990); at
ferromagnetic/nonmagnetic metal interfaces in magnetic
multilayers (Levy, 1994); at superconductor/normal-
metal or superconductor/semiconductor boundaries in
bulk systems (van Duzer and Turner, 1981) and mesos-
copic (Beenakker, 1991) systems; and at interfaces of
semiconductors with metals (McKelvey, 1966) or
vacuum (Mönch, 1993), including interfaces at the edges
of the two-dimensional electron gas (Beenakker and van
Houten, 1991).

In this review we describe what has been learned
about scattering of electrons at several of these inter-
faces using a technique, transverse electron focusing
(TEF; V. Tsoi, 1974), that is unique in its ability to probe
the scattering of electrons on only small parts of the
Fermi surface from localized (and selectable) portions of
the interface. Because of space limitations, other tech-
niques used to learn about scattering of electrons at sur-
faces and interfaces are only briefly mentioned. Over the
past decade, TEF studies have been extended to a new
medium, the 2D electron gas. Recent improvements in
lithographic techniques, combined with the discovery
that TEF excitations can be induced by laser light and
then probed in two dimensions, promise to make TEF
both easier to apply and more widely applicable. This
review is intended to give the reader a clear picture of
what has already been done with TEF and of the wide
range of opportunities that exist for new applications.

Earlier reviews covered the theory underlying TEF
(Kolesnichenko, 1992) and the use of TEF to probe sur-
face structure (V. Tsoi et al., 1992). The latter article
describes the history of TEF and how to study it with
needle contacts. In the present review, we reexamine
only those parts of previously covered topics that are
crucial for understanding the new information we
present. We focus upon the experimental information to
be gleaned from TEF, adopting a phenomenological ap-
proach involving propagation of free quasiparticles—
electrons and holes. For a more complete discussion of
the theory see Kolesnichenko (1992).

In Sec. I we briefly describe what TEF is and summa-
rize the main topics to be covered in this review. To-
gether Secs. I and XI should give the reader with a ca-
sual interest a picture of what TEF has told us about
scattering of conduction electrons from interfaces and of
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its potential for future studies. Sections II–IV provide
background to more detailed analysis, reviewing the
concepts underlying TEF, describing experimental tech-
niques, and briefly surveying electron-surface and inter-
face interactions. In the remaining sections we treat
metal surfaces (Sec. V), semimetal surfaces (Sec. VI),
conduction-electron surface resonances (Sec. VII), the
intercrystalline boundary (Sec. VIII), the normal-metal/
superconductor interface (Sec. IX), and electron reflec-
tion from the channel edge of the 2D electron gas (Sec.
X).

The standard geometry of TEF and its essential fea-
tures are illustrated in Fig. 1. Two microcontacts, called
Sharvin probes (Sharvin, 1965) when they are much
smaller than the electron mean free path (mfp) l, are
applied to the surface of a single-crystal conductor at a
separation L smaller than l. One microcontact
(emitter—E) injects excitations, and a spatially and tem-
porally constant external magnetic field H focuses the
ballistically traveling excitations onto the other micro-
contact (collector—C), after zero or one or more reflec-
tions from the surface of the conductor between the two
contacts. This process of transverse (conduction) elec-
tron (magnetic) focusing (TEF) allows determination of
the probability of specular reflection q from the surface.
Most published data have been taken with needle point
contacts. Recently, however, point contacts have begun
to be made by lithography (studies of the 2D electron
gas at GaAs/AlGaAs semiconductor heterojunctions
will be described in Sec. X) and a small scanned laser
spot has been used to give a two-dimensional TEF pat-
tern (Sec. VIII). These techniques are briefly described
in Sec. III.

Because of the Pauli exclusion principle and rapid de-
cay of excitations off the Fermi surface, the excitations
reaching the collector in a focusing experiment are gen-

FIG. 1. Standard TEF scheme. M is a single crystal, nonequi-
librium electrons are injected at emitter E, and the potential
difference between collector C and an outer point of the
sample is measured as a function of magnetic-field strength H.
E and C are separated by L, H'L'N, and N is the surface
normal. The solid curves denote electrons emitted from E and
incident on C perpendicular to the surface after zero, one, and
two specular reflections. The dashed curves denote electrons
emitted and incident at smaller angles.
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erally only those within kBT of the Fermi surface, where
kB is Boltzmann’s constant; i.e., the detected excitations
are only those with essentially the Fermi energy «F and
moving with the Fermi velocity nF . Studies of the de-
pendence of TEF on excitation energy are mostly out-
side the purview of this review, but will be commented
upon briefly in Secs. IX and X.

The field H in TEF is usually applied perpendicular
(') to L, the vector connecting the contacts. The excita-
tions can be visualized as electrons (or holes) traveling
ballistically through the conductor, except when they are
reflected specularly at boundaries. This visualization is
known as the geometrical model (V. Tsoi et al., 1992).
For a free-electron Fermi surface, the electrons move in
k space on circular arcs perpendicular to H. In real (r)
space, the projection of their motion onto the plane per-
pendicular to H corresponds to equivalent circular arcs,
but scaled and rotated by 90° relative to the k space arcs.
The Fermi surfaces of real conductors usually differ
from a perfect sphere. The electron orbits in k space
then correspond to portions of orbits on that Fermi sur-
face, and the projections in r space are again simply res-
caled and rotated by 90°. As the field H is increased
from zero, the cyclotron radius Rc5pFc/(eH) (where e
is the electron charge, pF the Fermi momentum, and c
the speed of light) in r space decreases until the orbit
diameter (twice Rc) reaches L, where the electrons are
focused onto the collector, giving a voltage spike or
peak U. If reflection at the sample surface is at least
partly specular, as H is increased further, additional
peaks appear at fields H5nH0 , where H052pFc/eL
and (n21) is the number of reflections. If reflection is
perfectly specular, the height of every peak is the same
as that of the first, since both the electrons involved and
the total distances they travel from E to C are the same.
If the reflection is not perfectly specular, the peak height
decreases by a constant fraction upon each reflection.
The ratio of adjacent peak heights measures the prob-
ability of specular reflection q. Figure 2 illustrates TEF
data for the metal W.

Strictly speaking, such a sharp peak is the result only
of electrons incident perpendicular to the surface—90°
incidence. Other angles of incidence are treated in Sec.
VI.C. As shown in Fig. 1, collected reflections occur at
well-defined fractions of L. The inferred probability of
specular reflection at 90° thus represents particular loca-
tions on the sample surface. Collection for a given n also
means collection for all multiples of n.

Transverse electron focusing has been seen in Bi (V.
Tsoi, 1974), Sb (Tsoi and Razgonov, 1976), W and Cu
(Tsoi and Razgonov, 1977), Ag (V. Tsoi et al., 1979), Al
(Benistant, van Kempen, and Wyder, 1985), Zn (Sato
and Kimura, 1984), and K, Na, In, Mo, and Sn (Bozhko
et al., 1988), and in the 2D electron gas (van Houten
et al., 1988). Observations of TEF in metals, semimetals,
and semiconductors with such different and often com-
plex Fermi surfaces means that TEF is intrinsic to high-
purity, nonsuperconducting conductors. In metals, which
have de Broglie wavelengths ldB comparable to their
lattice parameters a0 random Gaussian roughness
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of even a single monolayer should reduce q to !1. In
Sec. V, we shall see that q in metals is often .0.5, and
that artificially induced roughness sometimes reduces q
only modestly. This behavior is attributed to terraced-
surface structures. In semimetals and semiconductors,
where ldB@a0 , surface roughness of atomic scale would
normally be expected to have only a minor effect. Sur-
prisingly, we shall see in Sec. VI that artificially induced
atomic-scale roughness can affect q as much as in met-
als. This behavior is attributed to a combination of band
bending and intervalley scattering.

Figure 2 shows that TEF is not limited to studying the
reflection of excitations moving on electronlike orbits in
k space—i.e., rotating in the sense of negatively charged
particles. Reversing the field direction allows the study
of reflection of excitations on holelike orbits—i.e., rotat-
ing in the sense of positive charges. As ‘‘holes’’ and elec-
trons with any ldB reflect from the same places on the
sample surface, TEF allows comparison of how q varies
with ldB for electrons and holes (Secs. V and VI).

For H'L, the electrons focused at C are on extremal
orbits with zero velocity component perpendicular to L
(strictly, zero average velocity within the uncertainty
due to the finite widths of E and C perpendicular to L).
Tilting H away from the normal to L lets one study re-
flection of electrons with finite components of velocity
perpendicular to L. Interesting experiments can also be
made with H nearly along L (Sec. VI.C).

Three different conservation conditions for tangential
momentum can be observed in TEF: (1) in specular re-
flection, tangential momentum is conserved; (2) in dif-
fraction, tangential momentum changes by a surface
reciprocal-lattice vector Gt ; (3) for a faceted or terraced
surface, tangential momentum is conserved, but the lo-
cal surface normal is not the normal to the median plane
(see V. Tsoi et al., 1992). Sections V.B and VII describe
reflections involving bulk G or surface Gt reciprocal-
lattice vectors.

FIG. 2. Electron (H.0) and hole (H,0) focusing lines for a
W sample with surface normal Ni@211# , Hi@110# , and L'H.
Different letters denote TEF lines associated with current car-
riers from different valleys of the W Fermi surface. From
Bozhko, Sveklo, and Tsoi (1988).
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In some cases, electrons cannot go from E to C on a
single portion of the Fermi surface. A TEF signal can
then only be obtained, if at all, after intervalley scatter-
ing in which the electrons are scattered to another valley
of the Fermi surface, from which they can reach C. Sec-
tion VI.D describes studies of intervalley scattering in
the semimetal Bi. Intervalley scattering depends
strongly on surface roughness.

By depositing material onto the surface of a crystal
between E and C, or onto the opposite face of a thin
enough crystal, one can study the reflection of electrons
from the interface between the crystal and this over-
layer. In Sec. V.A.4, we examine effects of a gaseous
overlayer, and in Sec. IX reflection from a normal-
metal/superconductor (N/S) interface. N/S reflection
involves an unusual phenomenon, Andreev reflection
(Andreev, 1964), about which TEF provides unique in-
formation.

In this review we focus upon the unique information
that has been obtained from TEF about the scattering of
conduction electrons from interfaces. We discuss scatter-
ing from six different interfaces: (1) the metal/vacuum
interface; (2) the semimetal/vacuum interface; (3) an in-
terface with a grating (conduction-electron surface reso-
nances); (4) an intercrystalline boundary; (5) an N/S in-
terface; and (6) the channel edge in the 2D electron gas.

II. BASIC CONCEPTS UNDERLYING TRANSVERSE
ELECTRON FOCUSING

A. Excitation motion in a uniform magnetic field

The motion of a particle of charge e and mass m in a
spatially and temporally uniform field H is determined
by Newton’s law, F5dp/dt , and the Lorenz force, F
5(e/m)(v3H). Since H does no work on the particle,
the particle’s energy is conserved. For free particles,
when the component of v parallel to H, vi , is zero, both
the particle and its momentum rotate in circles perpen-
dicular to H. If viÞ0, the momentum still rotates in a
circle, but the particle executes a spiral. Whether the
rotation is clockwise or counterclockwise is determined
by the sign of the ratio e/m . Transport analysis usually
focuses on the kinetics of the excitation’s wave vector,
k52pp/h , where h is Planck’s constant.

As noted in Sec. I, the excitations of interest for TEF
are only those essentially on the Fermi surface. For free
electrons, the Fermi surface is spherical, whereas in a
real metal its shape is more complex, and so are the
motions of k and the excitations. But k generally still
rotates around a closed orbit in the plane perpendicular
to H, and the projection of the real-space orbit on that
same plane still has the same shape as the orbit of k,
rescaled and rotated by 90°. For the usual TEF geom-
etry, with H perpendicular to the line from E to C, the
excitation displacement along H should be zero, so that
the detected excitations move on extremal orbits of the
Fermi surface, to within the band of values of vi allowed
by the finite widths of E and C.
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In metals, the current carriers are always electrons.
But for motion on some orbits, these electrons may have
‘‘negative effective mass’’ (see, Ashcroft and Mermin,
1976). The motion of such a quasiparticle is often de-
scribed as if it were a ‘‘hole’’ with positive mass. Figure
2 shows that the TEF peaks for such ‘‘holes’’ have the
same polarity as those for electrons, only they are ob-
served in a reversed magnetic field. For use in Sec. IX,
we note that reversing the signs of both the charge and
the mass of a particle simultaneously leaves the Lorenz
force, and thus the particle’s motion, unchanged. But in
this case, relevant to the phenomenon of Andreev re-
flection (Andreev, 1964), the TEF peak polarity is re-
versed (because of the reversal of the charge sign), while
the peak occurs for the same field sign as for a particle
with the usual negative charge and positive mass.

As we shall see in our analysis of TEF data on Bi in
Sec. VI, the Bi Fermi surface contains three nonparallel
electron ellipsoids that are so highly elongated that, for
most purposes, they can be approximated as cylinders.
An electron on a cylindrical Fermi surface moves in r
space in a plane perpendicular to the cylinder axis, be-
cause its velocity lies along the normal to the Fermi sur-
face and thus always in this plane. Excitations are de-
tected at C only if C and E both lie in this plane.
Electrons on different cylinders rotate in different
planes in r space. Certain orientations of L relative to
the crystal axes allow detection of intravalley scattering
on a single cylinder, or both intravalley and intervalley
scattering, while others, where C is out of the planes of
motion of the electrons emitted from E, can only give
focusing after intervalley scattering between cylinders,
where electrons change their plane of motion upon re-
flection. To clarify this situation, Fig. 3 depicts the be-
havior of electrons moving on a cylindrical Fermi sur-
face of radius kF, with angle w between H and the
cylinder axis. If w50 [Fig. 3(a)], the electron rotates
around a circle of radius kF in k space and one in r space
of radius Rc . If wÞ0 [Figs. 3(b) and (c)], the orbit in k
space becomes an ellipse, still perpendicular to H, with
half its long axis given by k5kF /cos w. Since v is always
perpendicular to the cylinder axis, the orbit in r space
returns to the surface from which it was emitted, but
displaced along that surface by a distance L52Rc(w)
52Rc(w50)/cos w, directed perpendicular to the cylin-
der axis. The displacement is perpendicular to H only
when w50. The location of the first peak, and the sepa-
ration between peaks, both vary as H05H0(w
50)/cos w. Figure 3 shows that tilting the cylinder, but
not H, changes the orbit plane in r space but not in k
space, and tilting H, but not the cylinder, changes the
plane in k space but not in r space.

B. Focusing and TEF

It has long been known that a uniform magnetic field
focuses a beam of free charged particles. Consider an
electron source at the origin, emitting electrons of con-
stant speed isotropically, with the field along the z axis.
The density of electrons r(r) falling at a point with ra-
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
dius vector r is singular on the z axis and on some sur-
faces called caustics. That is, r(rct)→` when r→rct ,
where rct is on a caustic. Focusing—a singularity in de-
tected current—occurs when a caustic crosses a collector
or vice versa. Figure 4(a) shows two of the caustic sur-
faces for free space. In the (xy) plane, they are circles of
radius 2Rc , and they cross the z axis at points
6n2pRc , where n is an integer. Figure 4(a) shows n
51,2.

The first studies of magnetic-field focusing of conduc-
tion electrons were made by Sharvin and Fisher (1965)
and Sharvin and Bogatina (1969), who placed needle
point contacts on a line parallel to H on opposite sides
of a single crystal of Sn. We call this geometry ‘‘longitu-
dinal focusing.’’ Figure 4(b) shows the free-electron
caustic intersections with the sample surface (which set
the locations of focusing peaks). Focusing singularities
are present at many points on the collector surface, not
just at the intersection with the z axis. At 6n2pRc ,
higher-order singularities in r(rct) determine when lon-
gitudinal focusing occurs.

Magnetic focusing studies were extended by V. Tsoi
(1974) to the geometry of Fig. 1, with E and C on the
same side of the sample. We call this geometry, and any
geometry with the contact line not parallel to H, trans-

FIG. 3. Electron orbits in k space (left side) and real (r) space
(right side) for motion on a cylindrical Fermi surface: (a) H
and cylinder axis along the y axis; (b) H along the y axis and
cylinder axis tilted by angle w to H; (c) cylinder axis along the
y axis and H tilted at an angle w to it.
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verse focusing. Because of its greater flexibility, this lat-
ter geometry has proved a more bountiful source of
physics and is the focus of this review. The caustics for
free electrons in the usual TEF geometry (Fig. 1) with a
slab thickness larger then 2Rc (for an important excep-
tion see Sec. IX.B) are shown in Fig. 4(c) (Grishin,
1983). For free electrons, there is now only one curve,
the one closest to the origin. The TEF caustics of inter-
est appear when electron reflection from the sample sur-
face is added. Simple specular reflection from this sur-
face gives a series of concentric curves (only the one for
a single reflection is shown). In TEF experiments, the
collector is usually held fixed and the magnitude of H
varied, causing the caustics to sequentially cross the col-
lector location. The amplitude ratio of neighboring sin-
gularities along a given radius vector remains indepen-
dent of the electron mean free path l and is just the
probability of specular reflection from the surface. This

FIG. 4. Caustics for electrons emitted uniformly from the ori-
gin, with H along the z axis: (a) The first two caustic surfaces in
free space. The inner surface goes from 2pD through the
circle of radius D52Rc to 1pD . The circle is for electrons
focused after executing a semicircle. Near points z56pD ,
electrons are focused after executing a complete circle. The
outer surface goes from 22pD through the same circle to
12pD . Near points z562pD , electrons are focused after
executing two circles. (b) Slices by planes z50 and z5C
through the caustic surfaces of (a). The slice through z5C
(EC,pD) shows the caustic lines for electrons focused at the
surface z5C . A collector at C detects longitudinal focusing.
As the z axis is a caustic line, longitudinal focusing is observed
when EC5n pD . (c) Slice through the plane y50 showing
the caustic surfaces of (a) for electrons emitted into half of the
space and returning to the y50 plane. Specular reflection re-
sults in a series of concentric caustics involving one (shown in
the figure), two, three, etc., reflections from the plane. The
caustics in (c) apply to TEF.
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feature of the caustics allows the use of TEF to study
conduction-electron/interface interactions.

Above, we focused on caustic intersections with the
sample surface, where a detector can be placed. For
specular reflection, the presence of the surface induces
additional caustics within the sample, which can become
important when the wave phase of the electrons is
treated (see Beenakker et al., 1988).

Finally, ‘‘focusing’’ can also occur in zero magnetic
field when injected particles (electrons, phonons, etc.)
move along straight lines. The physical basis for such
focusing is the presence of saddle points on the constant
energy surface of interest—for electrons, the Fermi sur-
face (Kosevich, 1985; Andrievskii and Ass, 1986). Saddle
points cause the angular distribution of injected particles
to have singularities for some spread directions, leading
to focusing. Such focusing has been seen with phonons
(Eisenmenger and Kaplyanski, 1986) and low-energy
free electrons (Stampfl et al., 1995). The nearly cylindri-
cal electron valleys in Bi allow direct visualization of
two-dimensional zero-field focusing patterns of conduc-
tion electrons excited by a laser (Heil et al., 1995;
Primke, 1997; see Sec. VIII). An unusual zero-field fo-
cusing involving Andreev reflection is described in Sec.
IX.B.

III. TRANSVERSE ELECTRON FOCUSING TECHNIQUES

Cryogenic techniques used to reach 4.2 K or below for
TEF studies and lock-in amplifier techniques for mea-
suring TEF voltages are so routine that we only describe
different ways to make point contacts.

A. Needle contacts

Figure 5 shows a simple needle contact system (V.
Tsoi and N. Tsoi, 1977) consisting of two sharpened
needles (1) attached to a bar (2) the vertical position of
which is set by the position of a screw (3). Rotating the
screw moves the needles up and down. The needles may
be made of a soft metal (e.g., annealed Cu or Ag wire of

FIG. 5. Standard needle point contact system, consisting of
two needles (1), attached to a bar (2) that is caused by an
externally controlled screw (3) to rotate about a pivot (4) to
bring the needles into contact with the sample (5).
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diameter ; 100 mm—softness can be important to mini-
mize damage to the sample area near the contact), or a
rigid one (W or Mo of lesser diameter), which after
welding provides very stable contacts. A gear provides
an appropriate displacement step. The bar is fixed at
point supports (4) to exclude accidental displacement.
The contact line is placed along a chosen direction by
rotating the sample (5) around a vertical axis. During
cooldown, the needles can shift by tens of mm, and it is
usual to warm up the system once or twice to rebend the
needles to a desired separation, after which the system
can be stable for many runs. A transparent dewar is con-
venient for such alignment.

It is sometimes important to be able to translate the
sample (Sveklo and Tsoi, 1989a; V. Tsoi et al., 1989). In
experiments such as the observation of a surface
electron-hole transition in Bi described in Sec. VI.D.2,
three contacts are needed. For systems allowing inde-
pendent displacements of both needles and sample see
V. Tsoi et al. (1989); Hoevers, Hermson, and van
Kempen (1989); and Sveklo and Tsoi (1993).

Usually, a battery is connected across the needle, the
sample, and a series ballast resistor, to check when the
needle touches the surface. Such contact installation
damages the area near the contact over a size that de-
pends on the applied voltage and ballast resistance. Nor-
mally a high resistance and small voltage are used to
keep the damaged area much smaller than L. If either
the emitter or the collector is reinstalled at the same
point, the TEF peak amplitude decreases, because more
defects are created.

The systems just described can be used for contact
separations down to tens of mm. For electron mean free
paths less than 10 mm, a modified needle procedure is
described by M. Tsoi and V. Tsoi (1996a, 1996b). For
examples of its use, see Sec. VI.C and M. Tsoi et al.
(1996).

B. Lithography

Micron or submicron contact separations can be made
with electron-beam (e-beam) lithography. Lithography
was first used for TEF studies in the 2D electron gas by
van Houten et al. (1988, 1989), and more recently to
make a series of micron-sized contacts along a crystal
axis in a Bi single crystal (Jaeger et al., 1996; V. Tsoi,
Jaeger, et al., 1996). Lithographic contacts offer advan-
tages over needle probes in electrical integrity, thermal
robustness, reduction in contact-site damage, and ability
to align multiple contacts along a crystal axis, simplifying
the task of adding interface material in between.

C. Light excitation

A promising new technique for observing TEF in-
volves producing excitations by scanning a small laser-
beam spot over the crystal and detecting the resulting
two-dimensional magnetic-field focusing pattern by
means of a fixed-point contact collector (Heil et al.,
1995, 1996). For a homogeneous sample, the informa-
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tion obtained is the same as that for fixed emitter and
scanned collector. This technique also eliminates needle-
induced damage but the excitation distribution differs
from that in the usual TEF measurements, as it is pro-
duced by a temperature rather than a voltage difference.

IV. CONDUCTION-ELECTRON REFLECTION
FROM A SURFACE

A. Ideal surface

Many aspects of conduction-electron/sample-surface
interactions have been studied.1 We consider here only
general conditions for conduction-electron/interface
scattering. We start with an ideal surface—the one that a
semi-infinite crystal would have if the positions of its
atoms coincided with those in the same, but infinite,
crystal. The surface’s translation symmetry coincides
with that of a similar plane in bulk.

When an electron is reflected from a surface, its en-
ergy « must be conserved (elastic reflection) if no other
excitations are produced. The probability of such pro-
duction can be made as small as desired by reducing the
sample temperature. We consider only elastic reflection,
where conduction electrons at the Fermi surface are re-
flected to states also at the Fermi surface.

For an ideal surface, identification of the translation
symmetry of the confined crystal with that of the infinite
crystal in the same plane requires conservation of the
tangential component of the electron’s crystal momen-
tum pt upon reflection (Pippard, 1965; Green, 1969; An-
dreev, 1971). In the reduced zone scheme (Fig. 6), where
p is limited to the first Brillouin zone, conservation of
energy and momentum give

pt
25pt

11Gt , (1)

allowing for reflection processes involving Gt5a1g1t
1a2g2t1a3g3t , the surface projection of a reciprocal
lattice vector G. Here g1t , g2t , and g3t are the projec-
tions of the primitive reciprocal-lattice vectors onto the
surface, a1 , a2 , and a3 are integers, and the signs 1 and
2 denote incoming and reflected electrons. In the alter-
native extended-zone scheme, where p extends to infin-
ity, Gt50 in Eq. (1), and tangential momentum is con-
served. In the reduced-zone scheme, the tangential
momentum is determined only within Gt ; after reflec-
tion, electron A in Fig. 6 can also go into state C. Gt can
also be the reciprocal-lattice vector of an artificially im-
posed surface grating (see Sec. VII).

Electrons in a metal are in a potential ‘‘box,’’ with a
two-dimensional surface barrier that prevents their es-
cape. This ‘‘reflecting surface’’ is a set of classical turn-
ing points called the corrugation surface. If the corruga-
tion surface were perfectly flat, surface scattering would

1See, for example, Ziman (1960), Pippard (1965), Green
(1969), Andreev (1971), Okulov and Ustinov (1979), V. Tsoi
(1980), Fal’kovskii (1983), Kaganov and Edelman (1985),
Gantmakher and Levinson (1987), and V. Tsoi et al. (1992).
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be fully specular, giving, in the reduced-zone scheme,
pt

25pt
1 . But even an ideal surface is not flat; rather, it

varies periodically in space. This periodically varying
structure causes diffraction into the momentum states
pt

11Gt . For GtÞG, the intensity of such scattering is
determined to a first approximation by the ratio of the
amplitude A of the corrugation surface to the de Bioglie
wavelength ldB . In a metal, ldB is usually comparable
to the atomic spacing a0 . For semimetals and semicon-
ductors, in contrast, ldB can be much larger than a0 . To
estimate the amount of nonspecular scattering for even
an ideal surface, one must know A.

In principle, different probes—conduction electrons,
molecular beams (Heinz et al., 1982; Benedek and Val-
busa, 1987), scanning tunneling microscopy (STM; Bin-
nig and Rohrer, 1986), etc.—should all yield A. In prac-
tice, different probes measure different corrugation
surfaces, and it is hard to correct them for comparison.
For example, scattering helium from metals such as Ag
and Cu (Mattera et al., 1985) yielded corrugation ampli-
tudes ranging from 0.022 Å for Ag(111) to 1.7 Å for
Ag(110). Scattering hydrogen from the same surfaces
yielded a value four times larger for Ag(111), but 2.5
times smaller for Ag(110). Directly measured STM cor-
rugation amplitudes depend on the tip-sample separa-
tion, tip-sample voltage and polarity, method of tip
preparation, sample material, and state of the surface.
For instance, along the normal to a carbon surface,
where helium scattering gave an amplitude of ;0.2 Å
(Boata et al., 1978), the STM displacement amplitude
was more than the interatomic spacing (Mamin et al.,
1986; Soler et al., 1986). Such large STM amplitudes are
probably due to a combination of surface deformation

FIG. 6. Specular reflection (pt
25pt

15pt) and diffraction (pt
2

5pt
11Gt) in the reduced-zone scheme in p space. pt

1 and pt
2

are the tangential momentum components (i.e., parallel to the
horizontal reflecting surface) before and after reflection, and
Gt is a tangential component of a reciprocal-lattice vector G.
When Gt is itself a reciprocal-lattice vector of the 3D lattice, it
takes the electron to an equivalent state in another Brillouin
zone resulting in only specular reflection: pt

25pt
15pt .
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and impurities from an absorbed film, as an atomically
clean surface, under UHV, gave only 0.9 Å (Mamin
et al., 1986). Scanning tunneling microscopy corrugation
amplitudes measured on Au(111) (Hallmark et al.,
1987), Ag(111) and (100) (Obretenov et al., 1992), Ga
(Zuger and Durig, 1992), Pb (Troyanovskii and
Edel’man, 1993), Al (Wintterlin et al., 1989), and the
semimetal Bi (Troyanovskii and Edel’man, 1994),
ranged from 0.2 to 0.7 Å for Au, Ag, Ga, and Bi, from
0.6 to 1.4 Å for Pb, and up to 1 Å for Al.

If A is known, the probability of specular reflection
for a given ldB can be estimated from free-electron
hard-wall model calculations (Heinz et al., 1982; Bene-
dek and Valbusa, 1987). In metals, A,0.2 Å (i.e.,
,ldB/10) should give specular reflection, whereas A
;1 Å should not. In Bi, the much larger ldB (;1000 Å)
should give specular reflection for A;100 Å@a0 .

B. Rough surface

1. Wavelength scale random roughness

Unlike an ideal surface, a real surface is usually rough
on an atomic scale. We consider first irregular rough-
ness, a random distribution of surface defects, the nature
and form of which depend on the method of crystal
growth, surface treatment, absorbed films, etc. The
dominant parameter for scattering is then the ratio of
the characteristic amplitude of roughness to ldB , which
determines whether geometrical or wave optics must be
used—i.e., if the problem is classical or quantum.
Conduction-electron scattering requires quantum me-
chanics. In a metal, with ldB;a0 , random atomic-scale
roughness should give diffuse scattering. For a semi-
metal, in contrast, specular reflection would be ex-
pected.

If at a point x the roughness height is z(x) (Fig. 7)
relative to the median flat surface z(x)[0, a wave re-
flected in the specular direction gains an additional
phase shift,

dw~x !52kz~x !sin q , k52p/l , (2)

where q is the angle of incidence between k and the
surface. From the Rayleigh criterion, if 2kz(x)sin q
!p/2, the roughness is not important. If we assume (Zi-
man, 1960) that the reflected waves are radiated by

FIG. 7. Plane-wave reflection from a rough surface: z(x) is the
surface profile; z(x)[0 is the median plane of the surface; and
q is the angle of incidence.
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sources on the reference plane with constant density,
and that the phase shift for each source is set by Eq. (2),
then the diffraction pattern is set by the statistical prop-
erties of dw(x), and the statistical properties of dw(x)
are determined by those of z(x), the surface structure of
interest. If the surface height distribution is Gaussian
with mean-square height h and correlation length—the
length over which the mean of the product z(x1)z(x2)
decreases by a factor e—much less than h, then the
probability density for specular reflection is (Ziman,
1960; Parrot, 1965)

q~h ,q!5exp$2~4ph sin q/ldB!2%

5exp$2~4pb sin q!2%, (3)

where b5h/ldB (Fig. 8). Equation (3) confirms that, at
normal incidence, specular reflection should occur in a
normal metal with random Gaussian surface roughness
only for atomically flat surfaces (b,0.1).

Under arbitrary dispersion «(p), Eq. (3) must be gen-
eralized to a phase shift dw resulting from wave scatter-
ing at two scatters separated by a vector r,

dw5~Dk•r!52p~Dp•r!/h , (4)

where Dp5p22p1 is the change in electron momentum
upon scattering. Equation (4) shows that what is impor-
tant is neither the momentum alone nor its normal com-
ponent, but its change. The ability of roughness to pro-
duce diffuse scattering must be determined by the
change of momentum upon reflection.

2. Terracing and faceting

Within the last few years, STM studies of surface
roughness on TEF samples (Bozhko et al., 1984; Pryad-

FIG. 8. The dependence of q, the probability of specular re-
flection, on the relative mean-square roughness height, b
5h/ldB , for a Gaussian distribution of surface roughness
heights. The solid curve is Eq. (3). The circles are q(u) derived
from the data of Fig. 17 (Sec. VI.C), normalized to mean-
square roughness height h5338 Å. From M. Tsoi and V. Tsoi,
1995.
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kin and Tsoi, 1988; Bozhko, 1989; Hoevers and van
Kempen, 1991; Hoevers et al., 1992) have shown devia-
tions from the random Gaussian roughness that we de-
scribed. In Sec. V, we shall see that some surfaces either
consist of atomically flat regions separated by steps, or
else are faceted. For such non-Gaussian roughness, not
only the mean-square roughness height, but also the
form of the roughness must be given. In general, analysis
of scattering from such roughness can only be done nu-
merically. We shall call a surface ‘‘terraced’’ if it is com-
posed of atomically flat regions that are large compared
to ldB , separated by large (@ldB) steps. Here, assum-
ing that step sizes are random, and neglecting small-
scale roughness ;a0 , geometrical optics can be used
and the behavior of q depends upon details of the large-
scale surface structure. (The situation is more compli-
cated when the step size is ;a0 .) Atomically flat regions
that are aligned parallel to the median plane should give
rise to specular reflection. Electrons collected after re-
flection are those specularly reflected from flat regions
aligned within an angle DV small enough that the re-
flected electrons fall within the finite area of C. In this
case, q will not measure an average roughness h, as in
the case of Sec. IV.B.1, but will measure the fraction of
the surface that is atomically flat and aligned to within
DV. In the samples studied so far, however, the atomi-
cally flat regions sometimes have size ;ldB , and not all
are aligned parallel to the median plane.

In TEF studies, the difference between random
roughness and terracing will appear as different depen-
dences of q upon ldB . For random roughness, the varia-
tion of q with ldB should be fit by Eq. (3) with a single
value of h. For terracing with atomically flat regions, q
should measure the fraction of the surface that is flat
and properly aligned and thus be independent of ldB .
The behaviors of real metals may of course, lie between
these extremes.

C. Screening surface roughness—band bending

In semimetals, semiconductors, and superconductors,
electron-interface scattering may be affected by changes
of electronic potential near the surface of interest over
distances @a0 . Radical changes in the electron-interface
interaction can then occur. In particular, the potential
may screen surface roughness. To show how, we charac-
terize an electronic potential like that depicted in Fig. 9
by two parameters, V0 and z0 , where V0 is the change
of the potential and z0 is the distance over which the
change occurs.

For the illustrated cases with V0.«F
e and «F

h , A and B
are turning points for holes reflected by downward band
bending (dashed curve) before they reach the surface,
and for electrons reflected by upward band bending
(dotted curve). Upward (downward) band bending does
not reflect holes (electrons), because such potentials
hardly affect those current carriers at «F .

Importantly, surface roughness can still be screened
even if V0 is less than the kinetic energy « of the par-
ticle. For an isotropic electronic spectrum, with fixed ki-
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netic energy « of the particle, only particles having
mn'

2 /2>V0 can reach the surface, where n' is the com-
ponent of particle velocity perpendicular to the surface.
Particles with mn'

2 /2,V0 will be reflected by the poten-
tial barrier. Thus particles with kinetic energy mn2/2
.V0 , but velocity directed outside the angle of inci-
dence u0 between the velocity and surface given by the
‘‘cosine of reaching’’ formula

cos u05~12V0 /«!1/2 (5)

will be reflected by the potential barrier before reaching
the actual surface. Since the roughnesses of the surface
and potential barrier may be very different, the presence
of surface band bending can radically change the char-
acter of electron reflection (Kravchenko and Rashba,
1969), cutting off diffuse scattering with decreasing inci-
dence angle much more effectively than would occur for
scattering of uncharged particles such as photons. We
shall see how TEF reveals such behavior in Secs. VI.B,
VI.D, VI.E, and IX.G.

D. What information is obtained from experiment?

In principle, different measured quantities (electrical
resistivity, static skin effect, TEF spectra, etc.) should all
be determined, at least partly, by scattering of electrons
from the sample surface. Thus a complete analysis of
each should provide the same information about such
scattering. But most such quantities involve many elec-
trons having different wavelengths and different angles
of incidence onto the interface. It is difficult or impos-
sible to determine the scattering of particular subsets. In
this section we first define the fundamental quantities to

FIG. 9. Schematic drawings of electron and hole bands in a
semimetal, showing the hole-band top (left heavy line),
electron-band bottom (right heavy line), Fermi level eF and
electron (eF

e ) and hole (eF
h) Fermi energies, the semimetal/

vacuum interface (vertical line), the magnitude of surface band
bending (V0.eF

e ,eF
h), and the distance over which it extends

(z0). The dashed curves show band bending down and the
dotted ones up. A and B are the turning points for holes and
electrons. Occupied electron states are hatched.
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be determined, then discuss briefly what one learns
about them from measurements of other quantities such
as electrical resistance and the static skin effect, and
conclude with a more detailed discussion of the relation
between the probability of specular reflection that one
measures in TEF, qM , and the intrinsic quantity of in-
terest, q. The difference between qM and q is negligible
when b/L!1 (b is the contact size), but can be signifi-
cant when the Fermi surface of interest is cylindrical and
when b/L>0.1—which can occur in the semimetal Bi
(Sec. VI) and in the 2D electron gas (Sec. X).

The quantity that characterizes the (spatially aver-
aged) scattering of electrons of energy « and momentum
p1 from an interface is the probability W(« ,p1;« ,p2) of
reflection from state C(« ,p1) into state C(« ,p2). The
quantity measured experimentally must be written as

E B~« ,p1,p2!W~« ,p1;« ,p2!dp1, (6)

where the integration is over all states of incident elec-
trons, i.e., that part of the Fermi surface with a positive
normal component of velocity v. In Eq. (6),
W(« ,p1;« ,p2) is determined mainly by the structure of
the surface of interest, and B(« ,p1,p2) is determined
by the quantity measured. Under specular reflection,
W(« ,p1;« ,p2)5W0d(p2* 2p1), where p2* is the crys-
tal momentum after specular reflection. An ideal experi-
ment would have B(« ,p1,p2);d(p22p1), allowing di-
rect measurement of W(« ,p1;« ,p2). In practice, neither
B(« ,p1,p2) nor W(« ,p1;« ,p2) is ever a pure delta
function. For integral measurements, such as resistance
or the static skin effect, B(« ,p1,p2) is nonzero over the
whole integration area. For a differential measurement,
like TEF, B(« ,p1,p2) is nonzero only in a solid angle,
DV, that depends on b/L . The smaller DV, the better
for isolating W(« ,p1;« ,p2).

Due to surface disorder and imperfections,
W(« ,p1;« ,p2) also differs from the delta function ex-
pected for fully specular reflection; i.e., there is an angu-
lar distribution of the intensity of reflected electrons—
the ‘‘indicatrix.’’ Fully diffuse (isotropic) scattering gives
a cosine distribution, i.e., I(u)5I0 cos u, corresponding
to Lambert’s law in optics and Knudsen’s law in gas
kinetics.

1. Techniques other than TEF

The first important analysis of conduction-electron
sample surface scattering was made by Fuchs (1938),
who characterized the scattering process by one
constant—the Fuchs parameter qFc . Most subsequent
analyses of electron-surface scattering used his ap-
proach. Only in the limiting cases qFc50 or 1 is the
Fuchs parameter equal to the probability of specular re-
flection q. Otherwise, qFc and q have no simple relation.
Green (1969) and Okulov and Ustinov (1979) relate qFc
and W(« ,p1;« ,p2).

Thin-film resistivities are easy to measure, aside from
sample preparation (Schumacher, 1993). But it is hard to
extract q quantitatively, because (1) all electrons con-
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tribute to the conductivity and different ones may reflect
differently—the angle and ldB dependences of q may be
crucial (Fal’kovski, 1983; Parrott, 1965), and (2) the
‘‘bulk’’ conductivity of thin films need not be that of the
sample material.

Static-skin-effect studies (Azbel’ and Peschanskii,
1965; Panchenko, Lutsishin, et al., 1973; Panchenko,
Kharlamov, and Ptushinskii, 1974; Panchenko, Lut-
sishin, and Ptushinskii, 1974; Lutsishin et al., 1975; Mit-
ryaev et al., 1978; Bozhko et al., 1979) have some advan-
tages over size-effect studies. They involve bulk samples.
The skin depth is much larger than the thickness of size-
effect films, so that possible changes in conductivity due
to changing surface conditions (as opposed to surface
scattering) are less crucial. The magnetic field enhances
the effect by causing multiple collisions with the surface
of those electrons that skip along the surface and deter-
mine the conductivity. But there is a problem. Kapelio-
vich (1988) argues that electron-hole collisions, rather
than specular or diffuse scattering, control the static skin
effect. Even a weak channel of electron-hole transitions
due to point defects or atomic-scale surface roughness
can predominate. The magnetoresistance can then be-
have as expected for diffuse Fuchs scattering, even if the
surface scattering is highly specular.

Other phenomena such as magnetic surface states
(Khaikin, 1960, 1969; Nee and Prange, 1967), Schubni-
kov oscillations in thin plates (Kosevich and Lifshitz,
1955; Gaidukov and Galyamina, 1976, 1978), and Sond-
heimer oscillations in thin plates under specular reflec-
tion (Kirichenko et al., 1974) have been used to study
W(« ,p1;« ,p2). None seems to have the specificity or
generality of TEF.

2. TEF

The amplitude of the first peak in a TEF spectrum is
determined by electrons from within a solid angle DV,
which sets the area of integration in Eq. (6) for TEF. In
the usual geometry with H'L, the plane angle of DV in
the plane parallel to H is set by those electrons with
velocity parallel to H small enough that they do not
move out of the collector aperture during their travel
time from E to C (Fig. 1). In k space, such electrons lie
within a small band on the Fermi surface bordering the
extremal orbit being focused. The plane angle of DV in
the plane perpendicular to H is set by those electrons
emitted not quite perpendicular to the surface, which
still return to the surface within the collector aperture.
Both angles are functions of the ratio b/L .

One can calculate DV via the geometric model noted
in Sec. I, assuming collection of only directly focused
electrons. For a spherical Fermi surface, a simple geo-
metrical construction gives DV;(b/L)3/2 with the axis
perpendicular to the sample surface (V. Tsoi et al.,
1992). DV is asymmetric with respect to this axis: in the
plane perpendicular to H, its plane angle is ;(b/L)1/2,
whereas in the plane parallel to H, the angle is ;b/L .
This asymmetry of DV has been used to study the an-
isotropy of electron scattering (Bozhko, 1989; V. Tsoi
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et al., 1992). For a cylindrical Fermi surface, DV is
;(b/L)1/2, for no displacement of the electrons along
the cylinder axis.

If the electron mean free path l is not much larger
than L, then the amplitude A1 of the first TEF peak is
proportional to exp(2s/l), where s is the path length of
electrons moving from E to C [see Fig. 48(a)]:

A1;f~b/L !exp$2s/l%. (7)

Here f(b/L) accounts for the change of DV with change
in b/L , which depends upon the shape of the Fermi
surface. For example, on a cylindrical Fermi surface,
f(b/L)5(b/L)1/2 and s5(p/2)L .

The amplitude A2 of the second peak in a TEF spec-
trum is determined by only some of the electrons that
form the first peak, mostly those reflected specularly
from the surface within the angle DV already described.
It is important to emphasize that the ratio A2 /A1 is in-
dependent of the ratio l/s , because the path lengths of
direct and reflected electrons are the same (see Fig. 1).

For intravalley processes with b!L , few diffusely
scattered electrons are collected, and the number of
electrons determining A2 is close to N0q(p/2), where
N0 electrons produce A1 . If, however, b is not !L , then
the number of diffusely scattered electrons entering the
collector can be significant, causing qM to differ from q.
The difference may be estimated as follows. The elec-
trons forming the second TEF peak include (1) electrons
reflected from the surface specularly and (2) electrons
reflected from the surface diffusely, but moving within
the solid angle DV. Separating these parts gives

qM5q1~12q !f~b ,L !. (8)

The function f(b ,L) depends on the structure of the
Fermi surface and the TEF geometry. If the Fermi sur-
face is known, qM may be corrected to give q. Figure 10
shows calculations for cylindrical (solid lines) and
spherical (dashed line) Fermi surfaces for b/L50.01 and
0.1. In the cylindrical cases, the difference between qM
and q is proportional to (12q)(b/L)1/2; in the spherical
case, it is proportional to (12q)(b/L)3/2. For a typical

FIG. 10. Deviation of qM from the straight-line qM5q for
b/L50.1 and 0.01 for Fermi surfaces that are cylindrical (solid
lines) and spherical (dashed line for b/L50.1 only—the
dashed line for b/L50.01 coincides with qM5q).
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b/L<0.1 and q!1, the difference between qM and q for
a cylindrical Fermi surface will be >10 times larger than
for a spherical one.

In 3D samples, the ‘‘visual’’ b/L is usually !1, which
might mislead one to expect no problem. But defects
produced during contact installation may greatly in-
crease the effective contact size. To exclude such an ef-
fect, when the Fermi surface portion of interest is nearly
cylindrical, so that f(b ,L) can be large, b/L should be
estimated from the widths of the TEF peaks. We shall
see in Sec. VI that resulting estimates of b/L;0.1 in Bi
are not unusual, and in Sec. X that most 2D electron-gas
studies have even used visible values of b/L@0.1.

V. METAL SURFACES

Prior to the TEF studies we describe, studies of elec-
trical resistance (Schumacher, 1993), the static skin ef-
fect (Panchenko, Lutsishin et al., 1973; Lutsishin et al.,
1975), and magnetic surface resonances (Khaikin, 1969)
showed that electrons incident onto metal surfaces at
glancing angles could be reflected with substantial
specularity. The Gaussian roughness model of Eq. (3)
could be used to understand such specularity, even with
surface roughness larger than ldB;a0 . But about per-
pendicularly incident electrons nearly nothing was
known. From Fig. 8, a high specularity probability q
should be expected only for an atomically flat surface.
However, in this section, we show that TEF observa-
tions of large q values (i.e., q;0.5–0.9) in metals are
more the rule than the exception. While this result was
at first a puzzle, scanning tunnel microscopy (STM)
studies have now shown that atomically flat regions of-
ten occupy a large fraction of low-index metal surfaces.
In trying to maximize q, investigators presumably
searched until they found flat regions.

Section V.A covers data on specularity of reflection
from polished and roughened surfaces. Table I summa-
rizes published values of q for such surfaces on a wide
variety of metals. As just indicated, q is often large
(;0.5–0.9) and, when it is, chemical etching reduces it
only to ;0.3–0.4. Not only must large portions of the
surfaces be initially flat, but also substantial flat regions
must remain even after chemical etching. TEF allows
the anisotropy of q on different crystal faces to be stud-
ied. The first question is whether any anisotropy exists.
If so, the second question is whether it is due to anisot-
ropy in the electronic or surface structure. Concerning
the first question, for a given value of ldB , TEF studies
show q to be the same for different crystal faces (isotro-
pic) in some metals and to be different (anisotropic) in
others. The physical source of the latter anisotropy is
addressed in Sec. V.A.3. TEF also allows study of how q
varies with ldB , a topic not previously addressed by any
other technique. Clear-cut studies have been made so
far only on W, where ldB varies from 6 to 51 Å. We
shall see that different variations were found for the
(011) and (001) surfaces, and that physical damage
changes the variations for the (011) surfaces. These
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variations must thus result from different surface struc-
tures. Section V.A.2 concludes with an examination of
how well the published results can be understood in
terms of the random Gaussian roughness model of Eq.
(3). When most of the published measurements were
made, this was the accepted model for a metal surface.
Interestingly, we shall see that most of the values of q in
Table I are consistent with this model. However, Sec.
V.A.3 will show that this consistency must often be ac-
cidental, since STM studies of two polished crystal faces
each in Ag and W reveal different surface roughness
profiles for different faces, none of which is Gaussian.
Section V.A.3 shows that the combination of TEF and
STM clearly establishes the physical source of the crys-
tallographic anisotropies of q in Ag and W as anisotropy
in the surface structure. Section V.A.3 concludes with an
attempt to correlate anisotropy in q with anisotropy in
the work function. Section V.A.4 reviews studies of sur-
face contamination effects on q. In the only metal, W,
for which detailed studies exist, q is large for an atomi-
cally clean (011) surface in UHV and for the same sur-
face with a complete atomic overlayer of contaminant,
but much smaller for a partial overlayer. A partial over-
layer apparently destroys atomic flatness. Lastly, Sec.
V.B shows that observations of specular hole reflection
in TEF require an explanation involving Umklapp scat-
tering.

A. Specularity of reflection from polished
and roughened surfaces

1. Summary of experimental results

Most TEF measurements have been made on sample
surfaces prepared and kept in air. Such surfaces are in-
evitably oxidized and saturated with adsorbed atoms
and molecules. Table I contains what we believe to be
an essentially complete collection of the probabilities of
specular reflection at perpendicular incidence q found
from TEF measurements on different crystal faces of
metals and semimetals under such conditions. One set of
measurements on W cleaned in UHV is also included.
As described in Sec. I, the values of q were determined
from ratios of the amplitudes of TEF peaks from data
like those in Fig. 2. In this section, we focus on the met-
als, where the information available allows important
conclusions to be drawn.

Aside from two smaller uncertainties for Ag (where
measurements for a large number of locations were sta-
tistically averaged), the uncertainties in Table I are to be
understood as 6 0.1 in the context that the values of q
listed represent the largest values found for a given crys-
tal face. Most investigators wished either to maximize q
or to compare q’s for different crystallographic direc-
tions, where taking the maximum value for each direc-
tion was perceived to minimize effects of differences in
surface roughness (see, V. Tsoi et al., 1979). Indepen-
dent measurements of q for the same surface of the
same metal give values that rarely differ by more than
0.2, the sum of the uncertainties of the two measure-
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TABLE I. Values of q, the probability of specular reflection, for different metals, reflecting surfaces,
de Broglie wavelengths ldB , directions of H, carriers (e5electrons, h5holes), and surfaces:
po5polished, el5electropolished, me5mechanically polished, ce5chemical etched, io5ion etched,
et5etched, da5damaged, di5dirty, at5atomically clean. ldB was calculated from the corresponding
diameter of the Fermi-surface valley.

Metal Face q ldB(Å) Hito Carrier Surface Ref.

Ag (011) 0.6 5.2 @11I 1# e po a
(011) 0.3 5.2 @11I 1# e po b
(011) 0.3760.03 5.2 @11I 1# e po c
(011) 0.9 5.2 [100] e po d
(011) 0.3 9.6 [110] e po d
(001) 0.7 5.2 @11I 1# e po a
(001) 0.6460.02 5.2 [100] e po c
(001) 0.5 5.2 [100] e po b
(001) 0.5 9.6 [100] h po b
(001) 0.8 5.2 [100] e po d
(001) 0.8 9.6 [100] h po d

Al (001) ;0 4.3 [100] h po e
(001) 0.5 4.2 [110] h po e
(001) 0.3 4.2 [110] h cl e
(011) ;0 4.6 [100] h po e
(011) 0.5 4.6 @011I # h po e
(011) 0.25 4.7 @11I 1# h po e
(011) 0.3 4.7 @122# h cl e
(111) 0.6 6.1 @11I 0# h cl e
(111) 0.55 6.2 @112# h cl e

Bi (111) 0.6 900 @11I 0# e po f
(111) 1.0 900 @11I 0# e po g
(111) 0.6 140 @11I 0# h po h
(111) ,0.2 900 @11I 0# e io i
(111) ,0.2 900 @11I 0# e cl j
(11I 0) ,0.2 1200 @112I # e po g
(11I 0) 0.9 450 [111] h po h
(112I ) ,0.2 1000 @11I 0# e po k

Cu (011) 0.35 4.6 [100] e po l
(011) 0.35 4.6 @11I 1# e po m
(001) 0.45 4.6 [100] e po m
(012) 0.9 6.6 [100] h po n
(012) 0.4 4.6 [100] e io n
(014) ;0.3 4.6 ;[100] e po o, p

In (001) ;0 5 [110] h po n
K ;0 8.4 e cl n
Na ;0 6.8 e cl n
Mo (111) 0.3 10 @11I 0# h el n
Sb (111) 0.1 120 @11I 0# e el q

(111) 0.8 140 @11I 0# h el q
Sn (100) 0.5 8 [001] e cl n

(100) 0.5 8 [001] h cl n
(110) ;0 8 [001] e cl n

W (011) 0.65 51 [100] h el l, r
(011) 0.65 23 [100] e el l, r
(011) 0.65 10.5 [100] h el l, r
(011) 0.65 23 @21I 1# e el l, r
(011) 0.65 13.5 @21I 1# e el l, r
(011) 0.65 10.5 @21I 1# h el l, r
(011) 0.3 23 @21I 1# e et l
(011) 0.3 13.5 @21I 1# e et l
., Vol. 71, No. 5, October 1999
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TABLE I. (Continued).

Metal Face q ldB(Å) Hito Carrier Surface Ref.

(011) 0.3 10.5 @21I 1# h et l
(011) 0.5 51 [100] h da r
(011) 0.3 23 @21I 1# e da r
(011) 0 13.5 @21I 1# e da r
(011) 0 10.5 @21I 1# h da r
(011) 0 10.5 [100] h da r
(011) 0.55 13.5 @01I 1# e at s
(011) 0.2 13.5 @01I 1# e di s
(011) 0.55 23 [100] e at s
(011) 0.2 23 [100] e di s
(011) 0.55 10.5 @01I 1# h at t
(011) 0.2 10.5 @01I 1# h di t
(001) 0.7 50 [100] h el r
(001) 0.3 26 [100] e el r
(001) 0.1 26 [100] e el l
(001) 0.1 8.2 [100] h el l, r
(001) 0 5.7 [100] e el r
(001) 0 8.2 [110] h el r
(001) 0 5.7 [110] e el r
(001) 0.3 26 @01I 1# e at t
(001) 0 26 @01I 1# e di t
(331) 0.5 13 @213# e me n
(331) 0.4 10 @213# h me n
(112) 0.3 13 @111# e me n
(112) 0.5 23 @111# e me n
(112) 0.5 50 @111# h me n
(112) 0.4 10 @111# h me n
(111) 0.2 10 @11I 0# h me n

Zn (0001) 0.6 15 @11I 00# e po u
(0001) 0.6 15 @112I 0# e po u
(0001) 0.35 15 @112I 0# e ch u
(11I 00) 0.5 6.3 @112I 0# e po u
(112I 0) 0 6.3 @11I 00# e po u
(112I 0) 0.3 [0001] h po u
(112I 0) ,0.15 various [0001] e & h po u

a Tsoi et al. (1979).
b Benistant et al. (1983).
c Benistant et al. (1986).
d Benistant (1984).
e Sato and Yonemitsu (1986).
f V. Tsoi (1974).
g V. Tsoi and N. Tsoi (1977).
h Sveklo and Tsoi (1993).
i Bozhko et al. (1982).
j Tsoi (1975a).
k Bozhko and Tsoi (1987).

l Tsoi and Razgonov (1977).
m Birker et al. (1978).
n Bozhko, Sveklo, and Tsoi (1988).
o Hoevers and van Kempen (1991).
p Hoevers et al. (1992).
q Tsoi and Razgonov (1976).
r Tsoi and Razgonov (1978).
s Mitryaev et al. (1978).
t Bozhko et al. (1979).
u Sato and Kimura (1984).
ments. It is not yet known if this agreement is intrinsic
or due to similar sample-preparation techniques.

The first important point is that high specularity, i.e.,
q>0.5, has been found for at least one crystal face
of most of the metals studied, with the largest values,
q50.9, reported for polished (011) Ag and (012)
Cu. Such values mean that substantial portions of these
crystal faces must be atomically flat. In contrast,
., Vol. 71, No. 5, October 1999
values of q<0.1 for polished surfaces are unusual,
having been reported only for (001) and (011)Al,
(001)W, and (1120)Zn. Completely diffuse scattering
(i.e., q50) for polished surfaces seems to be rare,
having been seen only in In, K, and Na. The extreme
softness of these metals may contribute to the diffuse
reflection, but the source of this behavior is not yet es-
tablished.
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Experimental values of q as high as 0.8–0.9 mean that
the corrugation surface amplitudes discussed in Sec.
IV.A, which determine the maximum possible value of
q, must be <0.2 Å. Thus we shall not consider corruga-
tion further. To see the effects of such small surface cor-
rugation will require TEF measurements on nearly per-
fect crystals with atomically flat surfaces.

The value of q for scattering of excitations with close
values of ldB from a given polished crystal face is usu-
ally the same for different crystallographic orientations
of the TEF probes. Examples are (0001)Zn, (011)W,
(011)Cu, and (011)Ag. Such results mean that q is usu-
ally determined by the structure of the crystal face, not
by subtleties of the electronic structure. (001)Al and
(011)Al are discrepant, since Hi@100# gives q50, but
Hi@110# or [011] gives q;0.5. Sharp edges on the Al
Fermi surface might make the focusing orbits for
Hi@100# sensitive to deviations of H and N from crystal-
lographic directions, causing small misalignments to sup-
press higher-order peaks. Another possibility is strong
anisotropy of surface scattering due to anisotropic sur-
face terracing, such as occurs for the (012)Cu surface
(Bozhko, 1989; V. Tsoi et al., 1992). Further TEF mea-
surements are needed to clarify this issue.

A fundamental question first addressed by TEF is
whether q for a given value of ldB is isotropic over dif-
ferent crystal faces. The data in Table I suggest anisot-
ropy in Sn, Zn, W, and Ag. We shall examine this issue
further for Ag and W in Sec. V.A.3, invoking the aid of
STM measurements.

Another fundamental topic about which TEF has
given unique information is how q for a given crystal
face varies with ldB . This issue has been examined in W
(V. Tsoi and Razgonov, 1977, 1978), which has a com-
plex Fermi surface containing one electron and a few
hole ‘‘valleys’’ with ldB ranging from 6 to 51 Å. For
electropolished (011) surfaces, q'0.65 was large and in-
dependent of ldB . Importantly, for this face, etching
only reduced q by a constant factor (down to ;0.3–0.4)
for all ldB studied. However, physical damage produced
by installing the TEF contacts under 200 V and 1 kV
instead of the usual 100 V and 1 MV (see Table I)
caused q to vary with ldB—from 0.5 for ldB551 Å
down to 0 for ldB510.5 Å. On the electropolished (001)
surface, in contrast, q varied with ldB from the start—it
was large (q'0.7) for holes with ldB550 Å, but much
smaller for electrons with ldB526 Å (q50.3) and holes
with ldB58 Å (q50). As these data were measured
with fixed contact locations, all current carriers were re-
flected from the same surface area with the same surface
roughness.

Comparisons of q after polishing and chemical etching
have also been made on (001)Al (Benistant, 1984; Beni-
stant, van Kempen, and Wyder, 1985), and (0001)Zn
(Sato and Kimura, 1984) surfaces. For both metals, as
for (011)W, when q began high (q>0.5)—indicating an
initial surface that was mostly atomically flat—etching
only partially suppressed it (q;0.3–0.35). Apparently,
such etching produces terracing, with large atomically
flat areas. Such studies show that the atomic order of a
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
metal surface is not fully destroyed, even when the sur-
face becomes dead (diffuse) for reflecting light.

2. Testing the random Gaussian roughness model

To try to synthesize these results, we ask how well
they can be understood simply in terms of different
amounts of surface roughness estimated from the Gauss-
ian random roughness model [Eq. (3)]. For most metals,
where ldB;5 –10 Å, the highest values for polished sur-
faces, q50.9, require mean-square roughness heights h
;0.1–0.3 Å, and the lowest, q5020.1, require h
>0.6–1.2 Å. The highest values of q thus correspond to
atomically flat surfaces with only a small fraction of sur-
face defects a few atomic layers high, and even the low-
est values do not need h to be as large as a single atomic
layer. Most of the observed changes in q upon etching
require changes in h of only Dh<1 Å, a spacing of less
than an atomic layer, as well. These data are thus con-
sistent with the Gaussian roughness model, if the sur-
faces are atomically flat except for (usually) small num-
bers of randomly distributed defects one to a few atomic
layers high.

The situation is more complex in W, where ldB ranges
from 6 to 51 Å. If each value of q is uncertain to 60.1,
then the variations of q with ldB for both polished and
‘‘dirty’’ (001)W surfaces can be approximately fit by Eq.
(3) with h;2.5 Å, the etched (011) surface can be fit by
h;1.5 Å, and the ‘‘damaged’’ (011) surface roughly by
h;2.5 Å, although in this last case Tsoi and Razgonov
(1978) noted that trying to fit q vs ldB with a single h
missed data points by more than the experimental error.
These data, then, all appear to be roughly compatible
with the Gaussian roughness model of Sec. IV.B.1. That
model fails clearly only for the nearly constant values of
q50.6560.1 for the polished (011)W surface, since
there ldB550 Å needs h>2 Å, but ldB58 Å needs
h<0.6 Å.

With this background, we now turn to what has re-
cently been learned from STM studies.

3. Scanning tunneling microscopy and anisotropy of
specular reflection

STM and TEF measurements have been combined to
study the anisotropy of q in Ag (Benistant et al., 1986)
and W (Tsoi and Razgonov, 1977, 1978; Pryadkin and
Tsoi, 1988).

In Ag, the usual nonsystematic measurements did not
clearly establish any anisotropy in q (see Table I). To
search for such anisotropy, mean square values of q
were found by statistically averaging ;100 measure-
ments each over chemically polished (001) and (011)
faces. This averaging revealed a clear difference: q
50.6460.02 for (001) and q50.3760.03 for (011). Scan-
ning tunneling microscopy images of the same surfaces
were recorded under UHV. The (001) surface generally
consisted of large, atomically flat terraces, 300–1000 Å
across, with step heights between terraces varying from
4.0 Å (one unit cell) to ;100 Å. The (011) surface was
more hilly, with atomically flat regions curving smoothly
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into highly corrugated ones. For this surface, a simple
geometrical optics analysis associated the observed q
with a critical angle of u0;3° for collecting specularly
reflected electrons. For the (001) surface, both the
roughness profile and the nature of the electron orbits
on the Fermi surface were more complicated. Here a
complex 2D analysis was needed to approach the experi-
mental results quantitatively (Benistant et al., 1986).

The first evidence of crystallographic anisotropy of
surface reflection in (001)W and (011)W came from
static-skin-effect measurements (Panchenko et al., 1973;
Lutsishin et al., 1975). The first TEF studies of these two
faces were made by Tsoi and Razgonov (1977, 1978),
with STM measurements and analysis by Pryadkin and
Tsoi (1988). The STM images were made in air just after
electrochemical polishing. The (001)W surface [Fig.
11(a)] consisted of atomically flat areas (500–1000 Å
wide) with large steps (20–200 Å) along [011]. In con-
trast, the (001)W surface [Fig. 11(b)] was faceted, with
faces mostly (013) or between (013) and (001). Averages
over lengths of 500–1000 Å gave average roughness
heights of 2–3 Å for the (011) W surface and 8–10 Å for
the (001)W surface. The value of 8–10 Å for (001)W is
3–4 times the 2.5 Å estimated above for uncorrelated
Gaussian roughness, and 2–3 Å for (011) W is at the
high end of the range derived for such roughness. Thus
Eq. (3) does not apply well to these data. For (011)W,
the lack of dependence of q upon ldB was attributed to
scattering from atomically flat surfaces, with q measur-
ing the fraction of the surface that was flat and oriented
nearly parallel to the median plane. For (001)W, the
scattering process was modeled by wave optics in which
a plane wave is scattered from a 1D triangular surface
profile with a measured roughness of 8 Å, assuming

FIG. 11. Typical STM images: (a) the W (011) surface of an
electropolished sample; (b) the W (001) surface of an elec-
tropolished sample. After Pryadkin and Tsoi, 1988.
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specularity for reflections within an angle u0 . Agree-
ment with the observed variation of q with ldB was
found for u0;5°, comparable to the estimated collec-
tion aperture (b/L;0.1 radians) and to u0;3° for Ag.

For all four surfaces, the observed values of q are con-
sistent with simple geometrical or wave-optics analyses
of the actual, non-Gaussian structures. The only case in
which a random Gaussian surface structure might apply
to W or Ag is artificially produced damage on (011)W
(Tsoi and Razgonov, 1978), and even there, agreement
of TEF data with a Gaussian roughness model is only
fair.

We end this section by asking if the observed TEF
anisotropies in Ag and W can be correlated with a physi-
cal parameter underlying crystallographic anisotropy.
The obvious parameter is surface tension, since in ther-
modynamic equilibrium a surface not having the mini-
mum tension energy should be stepped or faceted, be-
cause the surfaces of the steps and facets have smaller
tension energy terms (Zangwill, 1988). Unfortunately,
there do not appear to be reliable data on surface-
tension anisotropy in Ag or W.

The closest parameter for which we have reasonable
information is the work function, for which Smolu-
chowski (1941) developed a simplified analysis. Here,
too, a rougher surface should lead to a lower work func-
tion and vice versa; hence a lower work function leads to
lower specularity. We can test the proposal that the
lower the work function, the lower the probability of
specular reflection. In Ag, the work functions for (110)
and (001) surfaces differ by less than 3%—4.52
60.02 eV and 4.6460.02 eV (Holzl et al., 1979). This
small anisotropy is consistent with the need for careful
mean-square value measurements of q to isolate any an-
isotropy (Benistant et al., 1986). In contrast, the anisot-
ropy in W is about 15%—5.3060.12 eV for (011) and
4.5860.08 eV for (001) (Fomenko, 1970)—and the dif-
ferences in q for the different faces are also larger
(Table I). This analysis needs further testing. Unfortu-
nately, there are few accurate measurements of work-
function anisotropy.

4. Effects of an adsorbed film

Little is yet known about the influence of adsorbed
films on conduction-electron scattering from a sample
surface. Such absorption causes changes in the electrical
resistances of thin metal films (see Schumacher, 1993
and references therein), but it is difficult to determine
the reason for these changes. The chemical nature of the
adsorbate is usually not well known and changes in the
character of surface electronic states may dominate over
changes in electron scattering from the sample surface.
Using bulk crystals decreases unwanted nonscattering
effects, but suppresses the surface effects of interest.

The only systematic TEF studies of the effects of ad-
sorbed films on q have been made on the (001) and
(011) surfaces of W (Tsoi and Razgonov, 1977, 1978;
Mitryaev et al., 1978; Bozhko et al., 1979). In W, tech-
niques for making atomically clean crystal faces are well
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developed, and behaviors can be compared for excita-
tions with different ldB . Three surface conditions were
examined: (1) Surfaces just electrochemically polished,
presumed saturated by adsorbed gases. (2) Electropol-
ished surfaces first treated in a complex way in UHV to
give an atomically clean surface, then allowed to adsorb
gases from the residual atmosphere (1029 –1028 Torr)
of the UHV system. These surfaces are presumed to be
unsaturated. (3) Atomically clean surfaces produced by
flash-heating the sample to 2000 K by means of an elec-
tric current while submerged in liquid helium. The struc-
ture of an atomically clean W surface is well studied
(van Hove and Tong, 1985).

Table I shows that reflections of two different elec-
trons and one hole from the (110) surface of W were all
highly specular and nearly the same when the surface
was atomically clean (q50.55) or saturated with ad-
sorbed gas atoms and molecules (q50.65). The unsat-
urated ‘‘dirty’’ W (110) surface, however, reflected all
three carriers more diffusely (q50.2). Such behavior
agrees with the prediction in Lessie (1979) that rough-
ness should be proportional to c(12c) where c is the
fractional impurity coverage—i.e., q is maximum for
both c50 and c51. However, that analysis assumed
only monospecies absorption and monolayer substitu-
tion, whereas the real W surfaces were covered by a
mixture of species. Apparently, such a mixture can also
cause smoothing. One possible explanation is that the
potentials of the different species are similar. Alterna-
tively, oxidation might control the situation. Years of
sample storage under open conditions where oxidation
occurs without hindrance do not affect q (Pryadkin and
Tsoi, 1988; Bozhko et al., 1988). This result suggests that
the shape of the interface between the metal and the
native oxide layer must often reproduce the metal sur-
face shape outside the oxide. Such a situation is found at
semiconductor-oxide interfaces (Hasegava et al., 1987).

B. Umklapp process

In a Peierls Umklapp process, the change in an elec-
tron’s momentum Dp involves a reciprocal-lattice vector
G. In this section we show that such a process is re-
quired for the observed (Table I) intravalley specular
reflection of electrons executing ‘‘hole’’ orbits (Sec. II.1)
in metals (V. Tsoi, 1996).

Figure 1 shows the simplest TEF case—perpendicular
emission from a horizontal surface, and specular reflec-
tion of conduction electrons moving on spherical arcs of
spherical portions of the Fermi surface. When such an
electron impacts the surface, a force F acts on it during a
collision time Dt , changing its momentum by Dp5FDt .
For specular reflection upon perpendicular incidence,
this force returns the electron to the momentum state it
was in when it was first emitted. The electron’s velocity
must be directed toward the interface before reflection
and away from it after reflection. Dp must be in the
same direction as F, pointing away from the interface.
Figure 12(a) shows the resulting kinetics of electron re-
flection in p space. An incident electron in state Ii (i
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51,2,3) is reflected into state Ri . Under scattering at a
rough surface the wave phase shift Dw is proportional to
Dp [Eq. (4)], which here is just the Fermi diameter. Fig-
ure 12(a) shows three Fermi spheres of different diam-
eters. When Dp is small, Dw is small, giving specular
reflection. Increasing Dp increases Dw, reducing the
specularity. For the spheres in Fig. 12(a), Dp increases in
the order I1 , I2 , I3 , and we would expect q1.q2.q3 .

The situation changes, however, if the Fermi sphere is
larger than the first Brillouin zone—case I3 in Fig. 12(a).
In this case, translation by a reciprocal-lattice vector G
makes state R3 equivalent to state R3* . The Umklapp
transition from I3 to R3* is then associated with the
smaller Dp from I3 to R3* . Figure 12(b) shows the Har-
rison construction that gives the hole orbit associated
with this smaller Dp. In hole terms, a hole incident onto
a surface in state I is reflected into state R, with Dp
equal to the vector IR. But from Fig. 12(a) and the re-
marks above, we see that the transition from I3 to R3*
must involve the reciprocal-lattice vector G. This expec-
tation is confirmed by measurements of q in W for elec-
trons and holes of different valleys under reflection from
rough surfaces [polished (001) and damaged (011)
faces], which show that q is a monotonic function of
valley diameter (see Table I and Sec. V.A.1), indepen-
dent of whether the valley is electronlike or holelike
(ldB in Table I was calculated from the diameter of the
appropriate W Fermi-surface valley).

VI. SEMIMETAL SURFACES, ESPECIALLY Bi

The semimetals Bi, Sb, and As have lower conductivi-
ties than metals, due to their low current-carrier concen-
trations. These low concentrations yield values of ldB
@a0—e.g., in Bi, ldB;1000 Å. For a free-electron gas,
q'1 would then be expected. Khaikin and Edelman

FIG. 12. Kinetics of electron reflection from a surface in p
space. Momentum transfers are shown for specular reflection
of (a) electrons and (b) a hole. The hole reflection requires an
Umklapp process with reciprocal vector G. Dashed lines indi-
cate Brillouin-zone boundaries.
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(1964) found a high probability of specularity for a large
angle of incidence (;70°) in a unique Azbel-Kaner
cyclotron-resonance experiment on a thin Bi single-
crystal plate under conditions where the electron orbit
was cut off by the sample surface. We shall see that TEF
studies paint a more complex picture.

Most TEF measurements on semimetals have been
made on Bi, a few on Sb, and none on As. Bi looks ideal
for studying free-electron-like surface scattering, as
cross sections of its Fermi surface give elliptical electron
or hole orbits, with different values of the de Broglie
wavelength ldB all greater than a0 . However, a main
point of this section will be that surface scattering in Bi
is quite different from that for a free particle. Surpris-
ingly, Bi seems to be a model laboratory for manifesting
differences between surface scattering of free electrons
and scattering of those in a periodic potential. Instead of
ldB controlling the probability of specular reflection q,
in many cases q is controlled by an interplay between (1)
intervalley scattering, originating from the multivalley
structure of the Bi Fermi surface, which allows rough-
ness on an atomic scale !ldB to greatly reduce q, and
(2) long-range charge screening due to band bending
(Sec. IV.C), which screens such roughness, thereby in-
creasing q.

A large number of interesting new phenomena have
been seen for the first time in Bi by means of TEF. In
Sec. VI.A, we briefly describe the crystal structure and
the Fermi surface of Bi, which will be needed to under-
stand the physics underlying TEF in Bi. In Sec. VI.B, we
examine the crystallographic anisotropy of q in Bi for
the standard TEF geometry. The q for electrons re-
flected from untreated, electropolished, or cleaved sur-
faces is high (;0.8) for scattering from the (111) plane,
but much lower (;0.2) for (11I 0). The q for holes is also
fairly high (;0.6) for (111), but even higher (;0.9) for
(11I 0). Chemical and ion etching both drastically reduce
the large q values for electrons on (111) and holes on
(11I 0), by as much as in metals, but only modestly re-
duce the somewhat smaller q for holes on (111) and
actually increase the initially small q for electrons on
(11I 0). To complete the picture, we shall find that q in
Sb is large for reflection of electrons from the (111) sur-
face, but small for reflection of holes. This wide range of
behaviors for Bi and Sb cannot be understood simply on
the basis of free-electron-like intravalley scattering.
Rather, they require a combination of effects due to in-
tervalley scattering and band bending. In Sec. VI.C, we
describe how an unusual measurement geometry (drift
electron focusing, or DEF) allows the determination for
Bi of q(u), the dependence of q on the angle of inci-
dence of electrons onto the (111)Bi surface. In Sec.
VI.D, we describe experiments designed to measure in-
tervalley scattering. Moving the EC line out of the
planes perpendicular to the longest axes of the highly
elongated electron ellipsoids in Bi makes it impossible
for an electron to reach the collector without intervalley
scattering. In Sec. VI.D.1, we show that increasing sur-
face roughness increases electron-electron intervalley
scattering to the point where the probability for such
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
scattering can be comparable to that for intravalley scat-
tering. This is just what is required for intervalley scat-
tering to strongly affect the data of Sec. VI.B. In Sec.
VI.D.2 we describe how three contacts have been used
to determine the probability of electron-hole intervalley
scattering. Increasing surface roughness also increases
such scattering. Section VI.E describes two experiments
on band bending. Section VI.E.1 shows how band bend-
ing can explain the unusual behavior of higher-order
TEF peaks for the (11I 0) Bi surface. Section VI.E.2 de-
scribes a successful experiment to change q by artificially
inducing band bending.

A. Bi Crystal lattice, Fermi surface,
and sample characteristics

The Bi lattice is rhombohedral, slightly distorted from
body-centered cubic (bcc). Its symmetry elements are
(1) A sixfold [111] glide axis, called trigonal C3 ; (2)
three twofold axes (binary @11I 0# axes—C2) perpendicu-
lar to C3 ; and (3) three mirror planes (bisector planes)
perpendicular to C2 . The Brillouin zone is slightly dis-
torted from that for the bcc lattice, with two atoms per
equivalent cubic unit cell. Bismuth is almost an insula-
tor, but slight band overlap gives a compensated semi-
metal with small, equal numbers of electrons and holes.
Its electronic spectrum is well known (Fal’kovskii, 1968;
Edel’man, 1976).

The Fermi surface of Bi consists of three electron ‘‘el-
lipsoids’’ centered at points L and one hole ellipsoid of
rotation centered at T. The hole ellipsoid is elongated
along axis C3 , and the longest axes of the electron ellip-
soids are in the mirror planes and inclined from the
basal plane by 6° 238. The electron and hole concentra-
tions are ne5nh'1025/atom. Both electrons and holes
have almost quadratic (p2) dispersion, but different
Fermi energies: for electrons, «F

e 50.0276 eV relative to
the bottom of the conduction band, and for holes, «F

h

50.0109 eV relative to the top of the valence band.
Importantly for most TEF studies on bismuth, the

electron ellipsoids are highly elongated and deviate from
ellipsoidal shape toward cylindrical (Edel’man, 1976).
Transverse electron focusing analysis is greatly simpli-
fied by replacing the ellipsoids with cylinders. Then, as
shown in Sec. II.A, the electrons always move in real
space in the plane perpendicular to the cylinder axis and,
when the angle between H and the cylinder axis is non-
zero, their displacement along the surface is L
52Rc(w)52Rc /cos w. Only when the ends of the ellip-
soids are important (Sec. VI.C) must the ellipsoidal
form of the Bi-electron Fermi surface be retained.

The Bi samples of the studies we review were single
crystal discs of diameter 10 or 18 mm and thickness
0.2–2 mm, usually grown in a polished-quartz demount-
able form (Sharvin and Gantmakher, 1963). To get
single crystals with flat surfaces coinciding with low
Miller index planes, some crystals were grown by the
Czochralski method (see, e.g., McKelvey, 1966). Most
samples had the C1 or C2 axis, or both, parallel to the
sample surface, denoted by its normal N. The first sur-
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faces studied were usually as grown, but some cleaved or
electrochemically polished surfaces were also studied.
Optical magnification to 1000 and electron magnification
to 45 000 were used to check surface structure. Un-
treated surfaces were homogeneous—no structure was
seen. Some surfaces were roughened by (1) chemical
etching in different solutions or (2) Ar1 ion etching
(Bozhko and Tsoi, 1987; Sveklo and Tsoi, 1989b, 1992;
V. Tsoi et al., 1989). The surface structures obtained
were very different: chemical etching gave faceting with
flat areas a few mm across, whereas after ion etching
neither optical nor electron microscopes showed any
changes in surface structure—the surfaces still looked
perfect.

B. Crystallographic and charge anisotropy
and effects of surface treatment

The main objective of the first TEF studies on Bi was
to see whether q varied with ldB , i.e., to look for any
crystallographic anisotropy of q (V. Tsoi and N. Tsoi,
1977; Bozhko and Tsoi, 1987). The velocities and mean
free path of holes in Bi are much shorter than those for
electrons, necessitating much smaller contact separa-
tions (<50 mm) for TEF studies (Sveklo and Tsoi, 1989a,
1993). The first studies thus focused on electrons. To
present the available information most simply, we devi-
ate from historical order and consider the data on elec-
trons and holes together, along with data on electrons
and holes in Sb.

In Sec. IV.D.2, we showed that, for a cylindrical Fermi
surface and small q, b/L as large as ;0.1 gives a mea-
sured qM significantly larger than the intrinsic q of inter-
est. Most Bi TEF data on Bi are for nearly cylindrical
electron Fermi-surface portions, and the TEF peak
widths yield b/L;0.1. Thus values of qM50.2–0.3 for
Bi electrons must be viewed as upper bounds on q.

1. Electron and hole reflections in Bi for (111) and (11I 0)
surfaces

We start with TEF data for electrons qe and holes qh
reflected from Bi(111) (NiC3) and (11I 0) (NiC2) sur-
faces, with and without etching. The chosen directions of
N, H, and L allow intravalley scattering to bring both
electrons and holes from E to C, but different orienta-
tions and treatments lead to different results for the two
carriers. Figures 13(a), 14(a), and 14(b) show examples
of data for untreated samples, and Fig. 13(b) is for an
etched surface. The values of qM for both untreated and
etched samples are given in Tables I and II. To within
uncertainties of 60.1, no differences were found in val-
ues of qM for untreated samples grown in quartz forms,
samples grown by the Czochralski method, or elec-
tropolished samples. We thus designate all three cases as
‘‘polished’’ or ‘‘untreated.’’ Despite the very different
surface structures they produced, chemical and Ar1 ion
etching both reduced q similarly (V. Tsoi, 1975; Bozhko,
Tsoi, and Yakovlev, 1982; Bozhko, Sveklo, and Tsoi,
1989). In all the geometries shown, H is in the surface
plane—H'N. Figure 13 shows examples for the un-
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treated and chemically etched (111) surface NiC3 (V.
Tsoi, 1975; V. Tsoi and N. Tsoi, 1977). Before etching,
qe('0.7) was slightly larger than qh('0.6), and etching
reduced both to ;0.2–0.4 (Table II). Figure 14(a) shows
U(H) for the geometry NiC2 , L'C3 , and H'L, where
the amplitude of the first hole peak is maximum. The
hole focusing spectrum is very nice, but the electron
spectrum is unusual in containing an irregular, multi-
peak structure in U(H) which is not only nonperiodic,
but also nonmonotonic with increasing peak number.
This electron spectrum was very sensitive to the direc-
tion of the contact line with respect to the crystallo-
graphic axis of the sample; when H was rotated, some
peaks shifted to higher field and others disappeared.
This structure is probably due to focusing of electrons
on nonextremal cross sections of the Fermi ellipsoid,
and has not yet been studied in detail. Figure 14(b)
shows data for NiC2 , H'L, L' largest axis of electron
ellipsoid for the same face as Fig. 14(a), but a different
orientation of L. For this face, before ion etching qh
('0.9) was much larger than qe ('0.2), but etching re-
duced qh by about half and increased qe to almost as

FIG. 13. Collector voltage U vs H for Bi surfaces with
H'NiC3 , L'C1 : (a) polished surface (from V. Tsoi and N.
Tsoi, 1977); (b) chemically etched surface (from V. Tsoi, 1975).
The lower curves are for inverse field.
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large as qh . Interestingly, the final values of qe and qh
are very similar for both faces—NiC3 and NiC2 (see
Table II).

Since electrons and holes scatter from the same places
on the sample surface, it seems impossible for the results
in Table II to be explained simply by intravalley scatter-
ing from surfaces with random roughness or terraced
structures (see Sec. IV.B). For the polished NiC3 sur-
face, Eq. (3) for random roughness would require h;40
Å for electrons, but only h;8 Å for holes, and chemical
or ion etching would increase h to > 90 Å for electrons
but only h to >10 Å for holes. Terracing might fit with

FIG. 14. Collector voltage U vs H: (a) For a polished Bi sur-
face with H'NiC2 and H'L perpendicular to the largest axis
of the hole ellipsoid. 1H focuses electrons and 2H focuses
holes. (b) For a polished Bi surface with NiC2 and L perpen-
dicular to the largest axis of the electron ellipsoid. The H di-
rection is chosen to give similar H scales for electrons (1H)
and holes (2H); note the reduced U scale for holes. After
Sveklo and Tsoi, 1993.

TABLE II. Probability of electron and hole specular reflection
in Bi as a function of surface state and orientation.

NiC2 NiC3

Before
ion etching

After
ion etching

Before
ion etching

After
ion etching

Electrons 0.2260.09 0.3160.07 0.7160.09 0.2460.03
Holes 0.9460.06 0.4260.2 0.5760.1 0.460.1
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
nearly equal values of q for electrons and holes for the
polished surface, but not for the etched surface. For the
polished NiC2 surface, for random roughness, electrons
would need h>120 Å, whereas holes would need only
h<10 Å and, after etching, electrons would need h'100
Å, but holes h'30 Å. Terracing cannot explain the dis-
parate values for this surface of q'0.9 for holes but
'0.2 for electrons.

The interpretation proposed (Sveklo and Tsoi, 1993)
to explain the very different values of q in Table II for
electrons and holes scattered from the same surfaces,
along with the complex effects of etching, was a combi-
nation of intervalley scattering and electronic potentials
at these Bi surfaces—equivalent to surface charge—that
screen atomic roughness for only one charge sign (elec-
trons or holes) at a time. As explained in Sec. IV.C (see
Fig. 9), when V0.«F

e , band bending upward (corre-
sponding to negative surface charge) screens atomic
roughness for electrons but not holes, and, when V0
.«F

h , band bending downward (positive charge) screens
atomic roughness for holes but not electrons. This model
will be elaborated upon in Sec. VI.B.4.

2. Electron and hole reflections in Sb for the (111) surface

The Sb samples were electropolished 2-mm-thick
plates, with C3iN—i.e., (111) (V. Tsoi and Razgonov,
1976). The contact separation was 0.15 mm, L was per-
pendicular to one of three mirror planes, and the other
orientations were H'NiC3 and LiC2 .

Antimony has the same lattice as Bi, and its electron
Fermi surface is also similar to Bi’s (Windmiller, 1966).
However, its hole Fermi surface consists of three ellip-
soids, with the largest axes in the mirror plane. The mi-
nor electron and hole axes in that plane are pe
50.54310220 g cm/s and ph50.48310220 g cm/s. Figure
15(a) depicts the cross sections of effective electrons and
holes set by the direction of H. Note that the electrons
and holes do not stay in the plane parallel to N as they
move from E to C. Rather, the electron trajectories are
tilted from N by a few degrees, and those for holes by
approximately 40°. The most important feature of the Sb
Fermi surface for the present purpose is that, under
specular reflection, the changes in electron and hole mo-
menta are almost equal. This near equality precludes
any differences in q (see Table I) due to differences in
ldB .

Figure 15(b) shows U(H) for the specified geometry.
The peak positions in H agree with predictions from Fig.
15(a). The amplitude ratios of the first and second peaks
give qe50.8 and qh50.1. A combination of this result
for Sb with those for Bi in Sec VI.B.1 strongly suggests
that surface charge plays a fundamental role in surface
reflection in semimetals (and, by analogy, also in semi-
conductors). Interestingly, Gaidukov and Galyamina
(1978) found the (111) surface of a Sb whisker to reflect
holes specularly, just the opposite of the TEF result of
Tsoi and Razgonov (1976). The charge sign on a given
surface thus may not be intrinsic—it may depend upon
surface preparation, the nature of any adsorbed layer,
etc.
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3. Electron reflections in Bi for surfaces tilted
from the (111) surface

The last data in this section come from an early study
of Bi in which effects of crystalline anisotropy were stud-
ied by varying the angle a between C3 and N from 0 to
90°. This procedure varied ldB and possibly the surface
roughness systematically. Two sets of samples were
studied, one with C1 in the surface plane and the other
with C2 in this plane.

The variation of qM with a for untreated surfaces is
shown in Fig. 16, where each symbol denotes measure-
ments for electrons on a given ellipsoid. The data in Fig.
16 were taken on several different samples and for a
variety of contact placements on each. Care had to be
taken to get comparable data, since contacts had to be
shifted to measure qM for different ellipsoids. When a
surface plane is close to (111)—a near 0—the magnitude
of qM is close to unity (qM;0.8). By the time a reaches
20°, qM has decreased to 0.2–0.3, independent of

FIG. 15. Electron (1H) and hole (2H) focusing in Sb for
NiC3'H; LiC2 ; L50.15 mm, T51.7 K. (a) Cross sections of
the electron and hole ellipsoids of the Sb FS cut by a mirror
plane. Focused current carriers move on the cross sections in-
dicated by dashed lines. (b) Focusing spectrum. The third elec-
tron peak is reduced by local surface defects. After Tsoi and
Razgonov, 1976.
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whether C1 or C2 is parallel to the sample surface. The
differences between qM for electrons of different ellip-
soids generally lie within an accuracy of qM60.1. The
change in momentum Dp under specular reflection is
determined by the orientation of the electron ellipsoid
relative to the sample surface. In Fig. 16, for the same
surface, changes in Dp of .100% did not change qM to
within the measuring accuracy of 60.1. These data can-
not be explained by a simple intravalley free-electron
model, with qM determined simply by Dp [Eq. (4)].

4. Analysis of data on crystallographic anisotropy
and charge sign

We first briefly summarize the results just described
(Tables I and II).

(1) For electrons in Bi reflected from undamaged sur-
faces, q varies from 0.8 to 0.9 for the (111) surface, down
to ,0.2 for the (112I ) and (11I 0) surfaces. Upon rotating
an undamaged surface away from (111), one finds that q
decreases out to about a520°, after which it stays con-
stant to within the measuring uncertainty of 60.1. For
electrons in Sb, q is 0.8 on the (111) surface, the only
surface studied so far.

(2) For undamaged (111) surfaces, qe.qh in Bi, and
qe@qh in Sb, but qe!qh for (11I 0) in Bi. (3) The effects
of etching are as follows: When q50.7–0.9 for either
electrons or holes in Bi, etching reduces it to '0.2–0.4.
Such reductions are comparable to those for metals

FIG. 16. Dependence of qM on the deviation of N from C3 by
angle a (in degrees): (a) in the plane (C3C2), (b) in the plane
(C3C1). The dashed curves are to guide the eye. From Bozhko
and Tsoi, 1987.
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(Table I, Sec. V). When q50.5, etching slightly reduces
q. When q,qM50.2, etching slightly increases q. In Bi,
etching leads to nearly the same final value of q in all
four cases (Table II).

As noted in Sec. VI.B.1, intravalley scattering alone,
with any form of surface roughness, cannot explain such
large differences in qe and qh for given surfaces and give
qe@qh on some surfaces but qe!qh on others, indepen-
dent of relative ldB . Both behaviors seem to require
surface charge associated with band bending, with sign
varying from surface to surface and affected by surface
treatment (Sveklo and Tsoi, 1993). The Debye screening
radii rD of Bi (;500 Å) and Sb (;200 Å) are large
enough to give the required screening. The band bend-
ings needed are ;0.01–0.03 eV in Bi and ;0.1 eV in Sb.

It is also difficult to see how screening alone, with
ldB.100a0 , could explain the data in Tables I and II,
where values of q50.6–0.9 are reduced by etching—in
one case from 0.9 to 0.2—as strongly as in metals that
have ldB;a0 , and yet a value of q'0.2 can be slightly
increased by etching. In addition to surface charge, a
mechanism is needed to allow roughness on a scale a0
!ldB to affect q. Bozhko and Tsoi (1987), Bozhko et al.
(1989), and Sveklo and Tsoi (1993) proposed intervalley
scattering. The basic idea is that, in the usual TEF ge-
ometry, intervalley scattering reduces q by removing
carriers from the specular beam, and that atomic-scale
roughness enhances intervalley scattering to the point
where it is comparable to intravalley scattering.

Combining surface band bending with intervalley
scattering leads to the following proposed picture of sur-
face reflection in Bi (and Sb) (Bozhko and Tsoi, 1987;
Bozhko et al., 1989; Sveklo and Tsoi, 1993). Bi is lay-
ered, composed of double atomic planes perpendicular
to C3 (threefold axis). The atoms in these planes couple
via covalent bonds. Van der Waals forces and weak me-
tallic bonds supply the interactions between double
planes. Any plane other than (111) has atoms with un-
saturated covalent bonds. The greater the tilt of the sur-
face normal away from (111), the larger the concentra-
tion of such atoms. Such atoms sharply increase at about
30°, after which the increase with increasing angle is
much slower. These atoms result in atomic-scale surface
roughness that enhances intervalley scattering, thereby
decreasing q. The only exceptions are when the surface
is initially very flat or when surface charge screens the
roughness, thereby decreasing intervalley scattering and
increasing q. Such screening can occur for only one
charge sign at a time.

The (111) surface of Bi has no unsaturated covalent
bonds. A small fraction of localized structural defects
will change the specularity of reflection only slightly,
thereby explaining why q is large and nearly indepen-
dent of sample preparation techniques for undamaged
(111) surfaces. Ion etching creates atomic disorder, pro-
ducing unsaturated bonds that enhance intervalley and
diffuse scattering. Chemical etching produces faceting
that also gives unsaturated bonds and diffuse scattering.
There are practically no areas on a chemically etched
(111) surface for which the local normal Nloc is parallel
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to C3 ; instead Nloc is mostly tilted from C3 by 60°. Be-
cause Nloc is not the normal N to the median plane, re-
flection becomes diffuse, whether reflection from the
facets is specular or diffuse. Such diffuse reflection has
two results: first, the measurements described above of
the reduction in q as N is inclined from C3 ; second, the
absence of an additional TEF peak at H50.56H0 (V.
Tsoi, 1975; Bozhko and Tsoi, 1987). If a surface is ter-
raced or faceted, and electron reflection from the ter-
races and facets is specular, additional TEF peaks must
occur (see Korzh, 1981; Bozhko et al., 1984; Tsoi et al.,
1992). Their absence indicates diffuse reflection. The
only caveat is that the electrons giving such peaks must
enter C at small angles, and roughness produced near C
at installation could suppress this peak.

Of course, these qualitative ideas about the impor-
tance of bonding and surface charge still need detailed
theoretical underpinning. For example, how is q affected
by mutual bond saturation as the bond concentration
increases, and what determines the surface charge?

To summarize, the observed values of qe and qh , on
several fresh and damaged Bi surfaces and one polished
Sb surface, cannot be understood simply in terms of in-
travalley surface reflection of free carriers, where q for
each surface is determined by the ratio of atomic rough-
ness to ldB for both electrons and holes. Rather, qe and
qh display behaviors of carriers in a crystal lattice, where
atomic-scale roughness greatly enhances intervalley
scattering, thereby reducing q. Also important is the
presence of surface charge associated with band band-
ing, which, on a given surface, can screen such roughness
for one charge sign only, reducing intervalley scattering
and increasing q for that charge sign. In Secs. VI.D and
E we describe experiments to look for evidence of inter-
valley scattering and surface charge associated with
band bending.

C. Drift electron focusing and q(u)

In the previous section, the analysis of TEF experi-
ments with the usual geometry focused upon the ratio of
neighboring peak heights, which determines the prob-
ability of specular reflection at normal incidence,
q(p/2)—designated by q. In principle, the shape of the
TEF peaks contains information about the probability of
specular reflection at all angles q(u) (V. Tsoi, 1975; V.
Tsoi and N. Tsoi, 1977), but it is hard to deconvolute the
information. Derivations of q(u) from analysis of
higher-order peaks are described in Sec. VI.E.1, where it
is concluded that band bending affects the results.

In this section we describe an experiment (M. Tsoi
and V. Tsoi, 1995, 1996b) using an unusual TEF geom-
etry, that lets q be directly measured for arbitrary k on
the Fermi surface. If the applied field H is rotated away
from perpendicular to the EC line, electrons incident at
some u will still be focused at the collector C after re-
flection from halfway between the emitter E and C. By
rotating H, it is thus possible to map out q(u). In Bi, this
technique requires very short EC separation, L
;10 mm, as one must study the scattering of electrons in
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the vicinity of the limit point of the Bi Fermi surface, the
velocities and mean free paths of which are an order of
magnitude less than those of electrons on the central
cross section of the Fermi surface. We begin by explain-
ing how this geometry allows q(u) to be determined.

Consider the scheme in Fig. 4(c), starting with a metal
with a spherical Fermi surface. The sample surface is in
the (xz) plane, H is along the z axis, and nonequilibrium
electrons are injected isotropically into the sample at the
origin with the Fermi energy «F . The density r(R) of
electrons incident onto the sample surface without re-
flection is singular on the magnetoid curve (intersection
of the caustic surface with the sample surface) that con-
nects the point (0,D52Rc) with the points (6pD ,0). A
collector C of area S placed at R registers a number N of
electrons equal to the integral of r(R) over S, which
depends on the magnitude and direction of H. For a
given R, N is maximal at the H where the magnetoid
crosses C—a TEF peak occurs. This process is drift elec-
tron focusing (DEF) (Grishin, 1983; M. Tsoi and V.
Tsoi, 1995, 1996b). The r(R) of electrons incident onto
the surface after one reflection is singular on the concen-
tric magnetoid curve that connects the points (0,2D)
and (62pD ,0). When the magnetoid crosses C, a TEF
peak occurs, with amplitude proportional to q(u).

For analyzing the published measurements for C3iN,
the electron Fermi surface in Bi can be approximated as
an ellipsoid in the trigonal plane with its largest axis
parallel to C1 . The density function r(R) for a spherical
Fermi surface is transformed into that for an ellipsoid by
simple expansion or compression along the z axis. In this
way, one can find the magnetoid for arbitrary direction
of H in the (xz) plane. Electrons focused onto different
points on a magnetoid have different incident angles u
ranging from p/2 to 0. One can thus measure q(u). In
the published experiment, a contact line was fixed close
to C1 with contact separation about 10 mm, and u was
changed by rotating H. The DEF spectrum involves a
different point on the magnetoid for each direction of
H—i.e., each angle w between H and C1 corresponds to
a different u. w was changed from p/9 to p/2 in steps of
p/36. Focusing spectra with the contact line close to C1
are shown in Fig. 17(a). The focusing lines at H above
100 Oe are due to focusing of electrons after intervalley
scattering (see Sec. VI.D.1). The locations of these
peaks on the H axis allow the determination of the con-
tact line direction with respect to C1 . The focusing lines
at H;40 Oe and 80 Oe arise from drift electron focus-
ing. For a given geometry, all parameters needed to cal-
culate q(u) are known. Figure 17(b) shows the DEF
spectra of Fig. 17(a) after each curve has been rescaled
to give the same amplitude for the first DEF peaks,
shifted along the V axis arbitrarily for clarity, and the
background has been compensated. The change in q(u)
is clear.

Tsoi and Tsoi (1995, 1996b) analyzed the data of Fig.
17 with Eq. (3), which assumes only intravalley scatter-
ing. The circles in Fig. 8 show that most of the q(u) data
points are compatible with Eq. (3) with h5338 Å. How-
ever, points at small u are slightly higher than predicted.
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This deviation could be due to shading effects that de-
crease the effective roughness height but are not ac-
counted for in Eq. (3) or to screening of surface rough-
ness at small angles of incidence by surface band
bending (Secs. IV.C and VI.E). Tsoi and Tsoi suggested
that the large value of h5338 Å might arise from irregu-
larities in the mold in which the samples were grown.
Damage from tip installation might also contribute.

D. Intervalley scattering

The electronic structure of metals and semimetals is
usually multivalley, allowing the possibility of intervalley
transitions. Intervalley scattering of conduction elec-
trons at a surface is of great interest. It drastically modi-
fies the electron kinetics in confined samples and results
in anisotropic size effects (Rashba et al., 1976). Switch-
ing on intervalley scattering can dramatically change
electron kinetics in metals in a magnetic field (Kapelio-
vich, 1988). The multivalley electron spectrum of Bi is
well suited to quantitative studies of intervalley scatter-
ing, because its geometry is simple and well known. As
explained in Sec. II.A, the elongated electron ellipsoids

FIG. 17. Collector voltage U vs H for drift electron focusing.
(a) Focusing spectrum with the angle between H and L varying
from 20° to 85° in steps of 5°. From M. Tsoi and V. Tsoi, 1995.
(b) The data rescaled to make the amplitudes of the first drift
electron focusing peaks the same. The data have also been
shifted along the U axis arbitrarily for clarity and the back-
ground has been compensated. After M. Tsoi and V. Tsoi,
1995.
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of the Bi Fermi surface can be well approximated as
cylinders, where the electrons move in planes perpen-
dicular to the cylinder axes. The presence of intervalley
scattering can be demonstrated by aligning E and C so
that C lies out of these planes, in which case surface
intervalley scattering is required for injected electrons to
reach C (hereafter, the word surface before intravalley
reflection or intervalley scattering will be omitted).
Other geometries will involve combinations of intraval-
ley and intervalley scattering, allowing their relative im-
portances to be found for different crystal faces and sur-
face roughnesses. Such determinations can be complex,
as they require knowledge of the relative contributions
of processes with different path lengths, and thus differ-
ent mfp corrections.

The Fermi surface structure of Bi precludes interval-
ley scattering from the (111) surface by the usual specu-
lar reflection process in which pt is conserved. Interval-
ley scattering requires either participation of a surface
reciprocal-superlattice vector (or an artificial surface
reciprocal-lattice vector—see Sec. VII) or else diffuse
scattering (Tsoi and Kolesnichenko, 1980). One would
like to know the separate contributions of each alterna-
tive. The first is called a ‘‘correlated’’ transition, as the
final momentum of the electron, pt

25pt
11Gt , is well

defined. For transitions between electron valleys in Bi,
the required Gt is half the usual G for the surface plane,
necessitating a surface reconstruction (Tsoi and
Kolesnichenko, 1980). The second, called an ‘‘uncorre-
lated’’ transition, involves no restrictions on pt , except
that pt

1 and pt
2 lie on the sending and receiving cylin-

ders, respectively. In the second case, Dpt must be pro-
duced by surface roughness. Since the intervalley scat-
tering transition takes the electron across a large
fraction of the Brillouin zone, Dp must be ;h/a0 , and
only a roughness size ;a0 can be effective. To distin-
guish both transitions from ‘‘specular’’ ones, we desig-
nate their probabilities by the symbol h—i.e., hc and huc
for correlated and uncorrelated scattering.

Tsoi and Kolesnichenko (1980) note that hc is limited
in Bi by the overlap of the cross sections of the two
electron ellipsoids involved, which is small since they are
thin and oriented almost perpendicular to each other.
The ratio of the number of electrons undergoing corre-
lated intervalley scattering to the total number of elec-
trons scattered is only ;0.1. As the electrons can go to
two valleys, the probability of going to either is ;0.05.

In Sec. VI.D.1 we focus on electron-electron interval-
ley scattering, and in Sec. VI.D.2 on electron-hole inter-
valley scattering. For simplicity, we designate electron-
electron scattering as just IVS, except where specificity
is needed to avoid ambiguity. We shall see that the prob-
ability of electron-hole scattering is small, and thus usu-
ally negligible, except in geometries where it is explicitly
selected.

1. Electron-electron intervalley scattering

Again approximating the electron ellipsoids in Bi by
cylinders, we find that the skip lengths Li along the
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sample surface for focused electrons on different ellip-
soids are given by 2Rc(w i50)/cos wi , with w i the angle
between H and the largest axis of ellipsoid i. Figure 18
shows the ellipsoids (left side) and schematic drawings
(right side) of the allowed skip paths for electrons to
travel from emitter E to collector C as described in Sec.
II.B. Here we need two cases for NiC3 . Case 1, HiC1 ,
LiC2 , is shown in the upper half of Fig. 18 for fields that
give focusing when the emitter E is located at E and the
collector C is located at A, O, B (first peak), P (second
peak, first IVS peak), M, K (first IVS peak), or C (third
peak, second IVS peak). Case 2, HiC2 , LiC1 , is shown
in the lower half of Fig. 18 for peaks: without reflections
(C at A, B), after one reflection—IVS (C at O), specular
reflection (C at M, K); after two reflections—one IVS
and one specular reflection or two IVS (C at P, D); after
three reflections—three IVS, two IVS and one specular,
or one IVS and two specular (C at C). Circles and
crosses denote points at which electrons are focused af-
ter intravalley reflection and intervalley scattering. At
points with no signs, electrons are focused without sur-
face reflection.

In the cases we consider, H stays in the plane of the
sample surface, perpendicular to N. Bozhko and Tsoi
(1987) describe supplementary studies of intervalley
scattering with H out of this plane. The first direct iso-
lation of intervalley scattering was reported by Tsoi and
Kolesnichenko (1980) for polished Bi surfaces using the
two crystal orientations shown in Fig. 18. We start with
the experimental data in the upper curve in Fig. 19(a),
which is for case 1. This curve gives qM;0.65. From the
schematic in Fig. 18 for case 1, we see that the first peak
in the upper curve of Fig. 19(a) occurs for the field at
which electrons are collected at O, and involves only

FIG. 18. Projections onto the sample plane NiC3 of the elec-
tron valleys of Bi (ellipsoids) and of the trajectories for the
electrons that give focusing peaks in HiC1 (upper half5case 1)
and HiC2 (lower half5case 2). E is the emitter. Focused elec-
trons fall upon the surface at A, B C, D, K, M, O, and P. The
arrows indicate possible electron directions after surface re-
flection. Symbols s and 1 indicate electrons focused after in-
travalley and intervalley scattering. After intervalley scatter-
ing, an electron changes its direction of motion.
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electrons on one ellipsoid that reach O without being
scattered. The height of this peak, which we call A1 , sets
the scale for all other peaks. For a cylindrical Fermi sur-
face, A15D3I3R3(b/L)1/2, where I is the current, R
the contact (E) (tip) resistance, and D a constant asso-
ciated with the Bi Fermi surface (Tsoi and
Kolesnichenko, 1980). The amplitudes of the subsequent
peaks in this geometry (the second and third peaks oc-
cur for the higher fields for which electrons are collected
at P and C, respectively) involve both intravalley and
intervalley scattering. If intervalley scattering is weak,
the second peak will be dominated by the contribution
from intervalley scattering of electrons on one ellipsoid
traveling along path EP, so that qM'q for such scatter-
ing. But this peak will also contain small contributions
from intervalley scattering of electrons starting on other
ellipsoids and traveling along EAP and EBP, respec-
tively. Both intravalley and intervalley scattering are
present at P, C, etc., causing the amplitudes of the sec-
ond and higher peaks to depend upon both the relative
probabilities of intravalley and intervalley scattering
and, via Eq. (7), the different path lengths involved in
different itineraries from E to C.

FIG. 19. Collector voltage U vs H for a Bi sample with NiC3 :
(a) H'L; (b) /HL570°. The upper curves are for LiC2 and
the lower ones for LiC1 . For the lower curves, the gain of the
system was increased fivefold. These data are plotted for a
different value of L than those in V. Tsoi and Kolesnichenko,
1980.
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Fortunately, case 2, leading to the lower curve in Fig.
19(b), allows a more direct isolation of intervalley scat-
tering. In this geometry, Fig. 18 shows that electrons on
one ellipsoid must travel around that ellipsoid’s long
axis. The specific characteristics of the Bi electronic
spectrum preclude such electrons’ contributing to the
peak amplitudes. Thus electrons emitted at E can move
only along lines EM or EK. For the first peak, which
occurs at the field where the collector C is located at O,
there is no direct path from E to O without surface re-
flection, and specular intravalley reflection alone cannot
bring these electrons to C. Observing TEF, when it is
prohibited under intravalley scattering alone, provides a
direct proof of intervalley scattering, and the amplitude
of the first peak directly measures its probability. Defin-
ing h for this peak as the ratio of the peak amplitude A18
to that of A1 defined above (for the same I and R), Tsoi
and Kolesnichenko (1980) derived h'0.05. Since elec-
trons can come to the final valley from two other valleys,
the probability of scattering from one valley to another
is h'0.025. As this value is comparable to the maximum
probability of coherent scattering noted above, Tsoi and
Kolesnichenko could not decide whether h was more
coherent or incoherent. From the lower curve in Fig.
19(a) the ratio of the amplitudes of the first and second
peaks in this geometry is 0.5. Arguing that this ampli-
tude would be dominated by the paths EAMPC and
EBKDC, which involve two intravalley processes and
only a single intervalley one, the authors estimated the
ratio of the second peak to the first (which involves only
a single intervalley process), as simply the product of
two intravalley processes, finding decent agreement be-
tween the measured value, 0.5, and calculated value
0.6530.6550.42.

To check their attribution of the peak in the lower
curve of Fig. 19(a) to intervalley scattering, Tsoi and
Kolesnichenko (1980) rotated H by 20° away from the
perpendicular to L (but still with H'N). Since the ori-
entations of L and the ellipsoids do not change, the di-
rections of motion of the electrons remain the same
(Fig. 3). However, the step lengths change as 1/cos w as
the angle w between H and the cylinder axis changes.
From Fig. 18, for LiC2 , taking intravalley scattering
from one ellipsoid as dominant, one expects no change
in the relative amplitudes of the peaks in the upper
curves of Fig. 19 and a change in the H scale by only
(1/cos 20°)—since H was initially parallel to the cylinder
axis (w50°). Indeed, the only difference between the
upper curves of Figs. 19(a) and (b) is this minor change
in H scale. For LiC1 , in contrast, Fig. 18 predicts more
radical changes. The ability of intervalley scattering to
focus electrons at O was contingent upon the skip
lengths for EA and AO (EB and BO) being the same—
both proportional to (1/cos 30°). But rotating H by 20°
makes the ratio of the step lengths noninteger
(cos 10°/cos 50°'1.5). Only when the ratio of the step
lengths is a prime number can intervalley scattering give
weak peaks, the locations of which depend upon w. The
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two weak peaks in the lower curve in Fig. 19(b) agree
with this analysis; for details see Andrievskii et al. (1985)
and Bozhko et al. (1989).

Two subsequent studies set out to address the two
main questions left unanswered by Tsoi and
Kolesnichenko, namely, (a) is intervalley scattering
mostly correlated or uncorrelated? and (b) how does h
depend upon surface roughness? Andrievskii et al.
(1985) also used a polished (111) surface. Bozhko et al.
(1989) used both a polished (111) surface and an ion-
and chemically etched one, along with surfaces of other
orientations. We briefly outline the strategy followed
and the main results obtained.

These studies involved more complex analyses of how
peak heights changed as H was rotated to change its
angle w with L. Such rotations allow different intervalley
scattering processes to be turned on and off. The analy-
ses required correcting the contributions from electrons
taking different paths from E to C for effects of the
finite mean free path l. In Bozhko et al. (1989), l was
measured simultaneously in the same sample. Figure 20
shows examples of TEF data as a function of w. The
ratio of the height of the second peak to the first,
(A2 /A1), is shown as open diamonds for the polished
surface and open circles for the etched one, and the ratio
of the third peak (A3 /A1) is shown as filled circles for
the polished surface. Note that the fractional decrease in
A2 /A1 is larger in the etched case and that the ratio
A3 /A1 is a nonmonotonic function of w. From analysis
of data such as those in Figs. 19 and 20, Andrievski et al.
(1985) and Bozhko et al. (1989) both concluded that un-
correlated intervalley scattering usually dominated h.
Bozhko et al. (1989) found that when the (111) surface
was artificially roughened—compare the open circles
and diamonds in Fig. 20—q for intravalley scattering
dropped from 0.65 to ;0.2, while h for intervalley scat-
tering grew from ;0.05 to ;0.2. As 0.2 exceeds the up-
per limit for correlated intervalley scattering (Sec.

FIG. 20. Dependence of A2 /A1 (L and s) and A3 /A1 (d) on
tilt angle w (in degrees) of H from C1'L, H'NiC3 . From
Bozhko et al., 1989.
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VI.D), they concluded that intravalley and intervalley
processes were about equally probable for the rough-
ened (111) surface.

2. Electron-hole intervalley scattering

Transverse electron focusing has also been used to
investigate electron-hole intervalley scattering transi-
tions, which are especially interesting because they ap-
parently determine a wide variety of anisotropic size ef-
fects (Rashba et al., 1976), as well as the sample
resistance in the static skin effect (Kapeliovich, 1988).
Magnetoresistivity measurements (Murzin, 1982) show
that the probability of electron-hole transitions is very
small, ;1022 –1023. Directly observing these transitions
with TEF was not easy, but was done using a special
geometry that gives focusing only after electron-hole
transitions. To fully characterize the subprocesses in-
volved, Sveklo and Tsoi (1989a) noncollinear point con-
tacts, with the electron-hole transitions occurring at in-
termediate locations between emitter E and collector C.

Since the separation between electron and hole ellip-
soids in the Bi Brillouin zone is comparable to the basic
reciprocal-lattice vector G of the Bi lattice, electron-
hole intervalley scattering involves a large Dpt , which
requires surface roughness on an atomic scale. Electron-
hole intervalley scattering thus requires such surface
roughness.

Figure 21 shows the measurement geometry. To ob-
tain the largest TEF amplitudes for both hole and elec-
tron peaks, the samples are oriented with NiC2 , so that
the largest axes of the hole ellipsoid and one of three
electron ellipsoids are in the plane of the sample surface.
If an emitter is installed at point 2, then for the best
electron focusing, the collector must be installed on the
line 2-1, perpendicular to the largest axis of the electron
ellipsoid. For the best hole focusing, in contrast, the col-
lector must be installed on the line 2-3, perpendicular to
C3 . Since Rc depends upon the angle between H and
the ellipsoid axis (for the electron ellipsoid, see Sec.
II.A), electron and hole focusing can be seen at the
same value of H, despite the large difference in their
ellipsoid sizes. As the mean free path of holes is much
shorter than that of electrons, the contact separation
must be small (;50 mm) to see hole focusing.

If surface scattering induces electron-hole transitions,
then one should be able to produce transverse electron
focusing using this three-point contact geometry with
the alternative choices of contact 1 (3) as the emitter
and contact 3 (1) as the collector. This is the geometry
actually used. Contacts 1 and 2 were fixed on one sup-
port, about 100 mm apart, with facilities to place them
simultaneously on the sample surface. By rotating the
sample, the contact line was adjusted as desired, using
the amplitude of the TEF peak as reference. Contact 3
was then installed so that the line 2-3 (1-28) was or-
thogonal to C3 , using the hole TEF peak as a reference.
The separation of contacts 2 and 3 was about 50 mm. By
rotating H in the surface plane, it was possible to reach a
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situation in which the electrons emitted by contact 1
were focused onto 2, and simultaneously holes emitted
by 2 were focused onto 3 for fixed H size and direction.
At the same time, holes emitted by contact 1 were fo-
cused onto 28, and electrons emitted by 28 were focused
onto 3. The collected current is the sum of excitations
arriving by these two paths.

This scheme allowed the following: (1) observation of
the electron TEF peak with contacts 1 and 2; (2) obser-
vation of the hole TEF peak with contacts 2 and 3; (3)
observation of focusing of electrons (holes) after hole-
electron (electron-hole) surface transitions with contacts
1 and 3—with the capability to shift each transition be-
tween 2 and 28 by reversing the direction of H and in-
terchanging contacts 1 and 3; (4) simultaneous observa-
tion of focusing of electrons and holes onto the same
contact at the same magnetic-field value with contact 2

FIG. 21. Geometry for observing electron-hole and hole-
electron surface transitions. (a) Projection of the hole ellipsoid
(A) and one electron ellipsoid (B) of the bismuth Fermi sur-
face onto the plane perpendicular to C2 ; (b) Projection of the
orbits of focused electrons (1-2; 28-3) and holes (2-3 and 1-28)
onto the sample plane. The contacts are located at points 1, 2,
and 3. Lines 1-2 and 28-3 are perpendicular to the largest axis
of the electron ellipsoid; lines 2-3 and 1-28 are perpendicular to
the major axis of the hole ellipsoid. H'N.
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as collector, contact 1 as electron emitter, and contact 3
as hole emitter (Sveklo and Tsoi, 1989a). Here, we focus
on cases (1)–(3).

Figure 22(a) shows TEF spectra for electron focusing
with E51 and C52 (curve 1)—TEF amplitude
3.131026 V; hole focusing with E52 and C53 (curve
2)—TEF amplitude 0.4231026 V; and electron-hole in-
tervalley scattering, with E51 and C53 (curve 3)—
TEF amplitude 0.0131026 V.

Two other potential mechanisms must be examined
for the TEF peak in curve 3 of Fig. 22(a), focusing of
current carriers on nonextremal orbits on the Fermi sur-
face (drift electron focusing, Sec. VI.C), and trajectory
reproduction of the electric field of a point contact
(Kolesnichenko et al., 1982). The first is excluded by the
Fermi surface shape and the mfp’s of the current carri-
ers. The second would produce a signal two orders of
magnitude too small. Thus electron-hole intervalley

FIG. 22. Collector voltage U vs H for a Bi sample with the
geometry of Fig. 21: (a) 1, focusing of electrons (contact 1 is
the emitter E and 2 is the collector C); 2, focusing of holes
(contact 2 is E and 3 is C); 3, focusing of electrons (holes) that
have undergone an electron-hole (hole-electron) transition
(contact 1 is E and 3 is C). The gain was increased by a factor
of 6.32 for curve 2 and 31.6 for curve 3. (b) Case 3 of (a), but
with only contacts 1 and 3 on an otherwise perfect surface, and
U scale in nV. From Sveklo and Tsoi, 1989a.
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scattering transitions must produce the TEF peak in
curve 3 of Fig. 22(a).

A further check of the TEF peak source was made by
examining how its amplitude varied when H was ro-
tated. The signal dropped off rapidly away from the
maximum, because to see the hole and electron TEF
lines at the same value of H requires an H direction
within about 10° of the line between contacts 1 and 2. A
small deviation d from this direction causes a large dis-
placement @2Rc52Rc(w50)/ cos(w1d), with w about
80°] of the point onto which electrons are focused,
thereby shifting the focused electrons away from the col-
lector.

Thus curve 3 of Fig. 22(a) is due to electron-hole in-
tervalley scattering processes. As noted above, this
curve contains contributions from excitations following
two different paths in Fig. 21(b), electrons emitted from
E51, converted to holes at 2 and focused onto C53,
and holes emitted from E51, converted to electrons at 2
and focused onto C53. The difference lies in the pres-
ence of the contact at 2 that produces local damage, but
none at 28, where the surface is ‘‘perfect.’’ Inverting H,
and simultaneously inverting the roles of the contacts to
E53 and C51 shifts the electron-hole transitions to 28
and the hole-electron transitions to 2. Such an inversion
did not change the amplitude of the TEF peak, showing
that heh5hhe (Sveklo and Tsoi, 1989a).

As noted above, surface roughness is required for
electron-hole intervalley scattering to occur. In the pro-
cesses described so far, roughness was produced at point
2 by damage due to contact installation. The importance
of such damage was studied by fixing the relative orien-
tation of contacts 1 and 3 while moving them to a differ-
ent part of the surface, where contact 2 was absent, so
that both locations 2 and 28 were undamaged. Figure
22(b) shows that the TEF peak amplitude for such un-
damaged surfaces was much smaller than that for one
damaged surface and one undamaged one, and that the
peak was also much broader [note that the U scale is mV
in 22(a) but only nV in 22(b)]. Clearly the probability of
electron-hole (hole-electron) surface transitions is en-
hanced by the defects produced during contact installa-
tion.

Converting hM to h (see Sec. IV.D.2) using the TEF
peak shapes in curves 1 and 2 of Fig. 22(a) to estimate
the ratio b/L led to the following estimates of the prob-
abilities of electron-hole intervalley scattering transi-
tions heh and hole-electron transitions hhe for undam-
aged and damaged surfaces (Sveklo and Tsoi, 1989a):
heh1hhe'0.02 for the undamaged area, and heh'hhe
'0.04 for the damaged area.

E. Surface band bending

1. q(u): TEF at multiples of H0

If surface band bending is present in Bi, then it should
exert a profound influence upon the scattering of elec-
trons incident on a rough surface, by producing a long-
range (@a0) potential that stops electrons from reach-
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ing the surface (Sec. IV.C.). The minimum scale of the
potential roughness is approximately the Debye screen-
ing radius, rD@a0 , so this screening stops electrons from
feeling any atomic roughness. The electrons then see a
smoother potential that should suppress the intervalley
scattering channel that requires atomic-scale roughness
to occur, and should cause the electrons to be scattered
more specularly. Higher-order TEF peaks, at multiples
of the first TEF peak field H0 , involve electrons imping-
ing at normal incidence. These peaks are the focus of the
present section. An abrupt steplike cutoff of diffuse scat-
tering when the incident angle decreases, due to band
bending, can shift higher-order TEF peaks to lower
fields and decrease the separation between them (V.
Tsoi and N. Tsoi, 1977). The physics is that electrons
incident at the high angles that usually dominate the
multiple TEF peaks are greatly reduced by diffuse scat-
tering, leaving mostly the low-field tail of specularly re-
flected electrons incident at smaller angles. The higher-
order TEF maxima then occur at smaller values of H
than the usual multiples of H0 .

The heavy curve in Fig. 23(a) is a TEF spectrum for
NiC2 (V. Tsoi and N. Tsoi, 1977). Note that the decay of
amplitude is sharp, the higher-order TEF peaks shift to

FIG. 23. Evidence for band bending. (a) Collector voltage U
vs H/H0 . The solid curve depicts data for H'NiC2 with
L'HiC1 and L50.15 mm. The dashed curves 1–3 are calcu-
lated for q(u), the probability of specular reflection at all
angles, with the forms of curves 1–3, respectively, in (b). (b)
Probability of specular reflection at all angles, qM vs u (de-
grees). The solid circles in (b) show the ability of band bending
to reproduce the q(u) of curve 2 using parameters given in the
text. After V. Tsoi and N. Tsoi, 1977.
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lower fields, and the separation between peaks 2–5 is
less than H0 . For comparison, for NiC3 [Fig. 13(a)] the
decay of amplitude is much slower, and the higher-order
peaks are located very closely at multiples of H0 . As
noted in Sec. VI.A, no evidence of differences in surface
roughness for these two surfaces was seen by either op-
tical or electron microscopy.

Tsoi and Tsoi (1977) used the solid curve of Fig. 23(a)
and the geometrical model of TEF (see Sec. I) to derive
the q(u) given by curve 2 in Fig. 23(b). As the deriva-
tion is complex, we refer the reader to that paper for
details. When we reverse the process, the dotted curve 2
in Fig. 23(a) shows that this derived q(u) fits the experi-
mental data rather well. The sensitivity of the fits in Fig.
23(a) to variations in the curve in Fig. 23(b) is illustrated
by the alternative coupled curves labeled 1 and 3.

We conclude by asking how well the q(u) of curve 2
in Fig. 23(b) can be explained by band bending. To do
this, we estimate the band bending needed to reproduce
that q(u). We assume only intravalley scattering and
include refraction by requiring conservation of electron
energy as the electron approaches the surface. Taking
q(p/2)50.13 from Fig. 23(a) and assuming q(u)51 for
u below the cutoff, we are left with only one adjustable
parameter, V0 /«F . Curve 1 in Fig. 24 shows the q(u)
derived assuming V0 /«F50—no band bending. Curves
2–6 show the cutoff of diffuse scattering with decreasing
u for V0 /«F50.1, 0.2, 0.4, 0.6, and 0.8. Comparing these
curves with curve 2 in Fig. 23(b) we see that q(u)51
below the cutoff will not do. If, instead, we take q(u) for
scattering from the potential barrier to have the form of
the dashed curve in Fig. 24, corresponding to q(p/2)
50.8 [i.e., h;50 Å in Eq. (3)] and V0 /«F50, and choose
for the physical surface itself V0 /«F50.7 [(i.e., V0'15
mV) and q(p/2)50.13 (h;130 Å)], we predict the solid
circles in Fig. 23(b). These show that band bending with
reasonable parameters can fit the derived q(u) of curve
2.

FIG. 24. Calculated angular variation of q, q(q), q in degrees,
using Eq. (3) and taking account of refraction. Curves 1–6 use
q(90°)50.13 from Fig. 23(a) with band-bending parameters
V0 /«F50, 0.1, 0.2, 0.4, 0.6, and 0.8. The dashed curve is for
q(90°)50.8 and V0 /«F50, appropriate for helping to fit the
data of curve 2 in Fig. 23(b).
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2. Artificial band bending

Here we describe an experiment that further strength-
ened the case for band bending and surface charge in Bi
when it suppressed intervalley scattering by changing
the charge on a surface. Since, in the usual TEF geom-
etry, intervalley scattering contributes only part of the
reflection, isolating its contribution was not trivial.

The usual TEF scheme was used to focus electrons in
a Bi single crystal with NiC3 and LiC2 (Sveklo and Tsoi,
1992, 1993). To maximize the change in reflection due to
an external electric field, the surface was Ar1 ion etched
to maximize the initial probability of intervalley scatter-
ing. An external electric field was created with a special
capacitor, shown in Fig. 25, in which one electrode was
the sample and the other a thin Al film evaporated onto
a dielectric insert. A thin layer of insulator was first de-
posited onto the sample surface, and rectangular slits
10031000 mm2 were made in the insulator using photo-
lithography. Then the Al film was evaporated onto the
insulator through a mask. Any short circuit was removed
by applying a voltage ;10 V between the film and
sample, giving a current large enough to burn out the
film along the slit edges. Electrical connection was made
to the Al film with conducting glue. Photoresist and SiO
were tried as alternative insulators. A centrifuge was
used to create a photoresist film ;1-mm thick. The SiO
was evaporated thermally to a thickness of ;0.5 mm.

An emitter and collector were placed in neighboring
slits in the insulator [Fig. 25(b)], and TEF spectra were
taken with and without a voltage on the capacitor. The
voltage was near the limit of the insulating material. Af-
ter SiO was evaporated onto the sample surface, q in-
creased by ;0.1–0.15 relative to the q for a reference
area on the sample surface, but applying an electric field
did not affect the TEF spectrum. With the photo-

FIG. 25. Setup for observing the effect of an external electric
field on the reflection of conduction electrons from a sample
surface. The deposited Al film is hatched, the insulating film is
cross hatched: (a) Top view. (b) Sectional view of the capaci-
tor: E, emitter; C, collector; 1, Al film; 2, insulating film; 3, Bi
sample; U voltage source; R, ballast resistance. Two trajecto-
ries are shown, one without reflection (solid curve) and one
after a single reflection (dashed curve). From Sveklo and Tsoi,
1992.
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resist, however, a voltage of 230 V (electric field
;263105 V/cm) gave a noticeable effect.

Figure 26 compares TEF spectra with 230 V (heavy
curve) and with 0 V (light curve) on the capacitor. Ap-
plying 130 V did not affect the spectrum. Applying 230
V, in contrast, led to the appearance of the third peak,
which was unresolved at 0 V. The rest of the TEF spec-
trum hardly changed.

The crucial point in explaining such behavior is that,
under diffuse scattering, a change in q, dq due to inter-
valley scattering does not affect the amplitude of the
second TEF peak (seen when the collector C is placed at
point P in the upper half of Fig. 18) because the Fermi
surface consists of three identical ellipsoids (except for
rotation in the plane of the sample surface). A change
dq due to intervalley scattering at point O onto two
other ellipsoids is completely compensated by interval-
ley scattering back from these other two ellipsoids at
points A and B. The height of the second peak is thus
independent of whether intervalley scattering is present.
For the third peak, in contrast, C must be located at C in
the upper half of Fig. 18. There are now many more
possible paths from E to C, and no cancellation is re-
quired (for details see Sveklo and Tsoi, 1992, 1993).

To summarize, the electric field should produce a
change in peak amplitude that depends upon the field
polarity, and this crucial test is satisfied. The two most
prominent features of the data of Fig. 26, no change in
A2 and a significant increase in A3 , can be explained by
a simple model involving intervalley scattering on the
electron Fermi surface of Bi. The small probability of
specular reflection inferred from the experiments does
not allow the amplitudes of TEF peaks beyond the third
to be observed.

VII. CONDUCTION-ELECTRON SURFACE RESONANCES

In previous sections, we have shown how different
perturbations can change the magnitudes and locations
of the usual TEF peaks in metals and semimetals. In this
section we show how a singularity in the scattering of
electrons in a particular state can lead to new peaks.

In quantum mechanics, the capture of an incident par-
ticle by a target to form a compound state, which later
decays to release the particle (Landau and Lifshitz,
1965), so profoundly affects the scattering cross section
that it is given a special name: resonant scattering or
resonance. Surface resonances in solids have been seen
with several external probes. In molecular-beam scatter-
ing the phenomenon is called ‘‘selective adsorption’’
(Heinz et al., 1982; Benedek and Valbusa, 1987). For
electrons, surface resonances were first seen in high-
energy scattering (Kikuchi and Nakagawa, 1933) and
later in low-energy scattering (McRae and Galdwell,
1964). McRae (1979) reviewed the excitation of elec-
tronic surface resonances by low-energy electrons. Exci-
tation of electronic surface resonances by conduction
electrons is similar, but has features specific to a degen-
erate Fermi system.
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Here, we describe the use of TEF (Tsoi, de Wilde
et al., 1996) to see conduction-electron surface reso-
nances (CESR)—resonant transitions of conduction
electrons into and back out of electron surface states in
the presence of H aligned parallel to the surface. The
trick is that such resonances produce new TEF peaks.
The surface states can be of two kinds: (1) Surface mag-
netic (edge) states such as those seen in metals with H
parallel to the surface (Khaikin, 1960, 1969; Nee and
Prange, 1967), where electrons skip closely along the
sample surface under specular reflection. The electron
must make several skips before being scattered
diffusely—i.e., q must be '1 for orbits intersecting the
surface at small angles. (2) Electron quantum levels in a
potential well produced by surface band bending (Secs.
IV.C and VI.E). It is not yet known which of these con-
trols the behavior we describe.

As in the other resonant situations mentioned above,
singularities in the scattering indicatrix can occur for
conduction-electron surface scattering if an incoming
electron can make transitions into and out of a surface
state while conserving pt—i.e., under resonance condi-
tions. In the TEF experiments, a surface grating pro-
vided the surface reciprocal-lattice vector G needed for
such conservation. Conduction-electron surface reso-
nance can occur with either intravalley or intervalley
scattering (Sec. VI.D), but the new peaks due to intra-
valley contributions must lie on the slopes of much
larger standard TEF peaks and have not yet been seen.
In contrast, the new peaks due to conduction-electron
surface resonance and intervalley scattering have been
isolated by clever use of the contact geometry and field
orientation to eliminate the much larger standard intra-
valley and IVS TEF peaks.

In Sec. VII.A we describe the physical grounds for the
observed behavior of conduction-electron surface reso-
nances and explain where one expects new peaks if in-
tervalley scattering processes are dominant. In Sec.

FIG. 26. Collector voltage U vs H for zero voltage across the
capacitor (light curve) and for 230 V (heavy curve). Arrows
indicate expected TEF peak locations. From Sveklo and Tsoi,
1992.
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VII.B we shall see that the data display both the quali-
tative and the semiquantitative behaviors expected.

A. Physics underlying conduction-electron
surface resonances

Figure 27(a) shows how a surface reciprocal-lattice
vector Gt5G1 or G2 can conserve tangential momen-
tum [Eq. (1)] in trapping a particular incident bulk elec-
tron k1 at the Fermi energy «F into a surface state in
which ks is parallel to the surface. We treat elastic scat-
tering (i.e., conservation of electron energy) and, for
simplicity, assume kS5kF , thereby neglecting the depth
of any surface level below «F . The surface-state disper-
sion is also taken to be the same as in bulk. Because in
Bi, ldB'100 nm, Gt could be provided by an artificial
grating on the Bi surface much larger than atomic scale.

Figure 28 illustrates the intravalley and intervalley
processes that can contribute to the TEF signal of inter-
est, showing the steps taken by electrons in moving
along the Bi surface when the electron ellipsoids are
replaced by cylinders. As the electrons on each cylinder
move in a plane perpendicular to the cylinder axis (Sec.
II.A), electrons emitted at E move along lines EA, EB,
and EC. Arrows with kinks indicate changes in planes of
motion upon intervalley scattering (compare to Fig. 18).
Open circles indicate the usual transverse electron fo-
cusing locations along the three lines of electron emis-
sion (one for each electron ellipsoid), with both intraval-
ley and intervalley contributions. Solid circles indicate
the focusing locations for resonant scattering. Note that

FIG. 27. Surface resonance geometries. (a) Trapping of an
electron k1 into a surface state ks via reciprocal vector G1 or
G2 . (b) Skipping orbits in an applied magnetic field that give
the usual TEF at distances 2rc and 4rc , and focusing via reso-
nant scattering into a surface state at 2l and 3l . (c) Skipping
orbits for trapping into surface states with a finite lifetime,
adding a correction D to the skipping length with focusing now
at 2 and 3 (28 and 38 for D50) for the two cases with opposite
ks .
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it takes two skips (at least one scattering from the inter-
face before detection) to give a singularity in the reso-
nant processes. In Fig. 28, the first solid circles along EA
(or EB) are shown further out than the first open circles.
Thereafter, the separation between solid circles along
EA is smaller than that between open ones, because a
skip length is less than the cyclotron diameter that de-
termines the separation between those open circles. The
lengths of the skips are compared with those of the usual
intravalley semicircles along EC in Fig. 27(b), showing
resonant electrons jumping along the surface in an ap-
plied field H. For ks

15ks2Gt and kS5kF , the skip
length for an intravalley process along EC is l
52Rc„(2kFGeff2Geff

2 )/kF
2
…

1/2, where Geff is the compo-
nent of Gt perpendicular to the cylinder axis, as only
that component is effective (for paths along EA and EB,
Rc is twice that for the path along EC). Conduction-
electron surface resonance singularities in r(x) along
EC (Sec. II.B) would then occur at x52l , 3l , etc. As in
ordinary focusing, these singularities should give collec-
tor voltage peaks as a function of H when x5L . How-
ever, for the intervalley scattering processes actually
studied, where L is along EC, the conduction-electron
peaks after scattering occur at the locations indicated by
crosses in Fig. 28. The resulting length along EC, l*
54RC$@2kFGt/22(Gt/2)2#/kF

2 %1/2 and x52l* , 3l* , etc.,
should give collector voltage peaks as a function of H
whenever x5L . Lastly, since the resonance skipping or-
bits of Figs. 27 and 28 involve correlated absorption and
remission of electrons, they do not require specular re-
flection. Hence multiple TEF peaks occur independently
of whether reflection is specular or diffuse.

FIG. 28. Projection of the electron valleys (ellipsoids) of Bi
onto the (kxky) plane, along with the expected focusing loca-
tions for the indicated orientation of the magnetic field and the
grating grooves. Open circles denote ordinary focusing loca-
tions, solid circles surface resonance singularities, and crosses
surface resonances involving intervalley scattering (denoted by
bent arrows). Tilting the field away from C1 shifts the surface-
resonance intervalley scattering singularities away from EC
(dashed lines). Contact installation along EC8 (slightly tilted
from EC) reduces intravalley TEF peaks because the focusing
location then only slightly overlaps the collector, but a proper
q restores the intervalley scattering peaks (dashed lines).
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B. Samples, data, and analysis

The measurements were made with the otherwise
standard TEF geometry of Fig. 1, with emitter current
'1 mA. Photoresist was applied to the surface of a Bi
crystal perpendicular to the threefold C3 axis, and holo-
graphic interferometry was used to make a grating with
period g5170 nm (surface reciprocal vector Gt52p/g)
and L slightly off parallel to C2 (x axis). A grating on the
Bi crystal surface was reactive ion etched to a groove
depth '100 nm.

The electron mfp was comparable to the contact sepa-
rations >100 mm. Thus (Sec. IV.D.2), the usual interval-
ley scattering contributions to TEF in Bi are suppressed
relative to intravalley ones, because the intervalley scat-
tering path length is twice as long. However, electrons
hopping via surface resonances have shallow trajectories
[Fig. 27(b)], with shorter path lengths that enhance their
TEF signal. These factors aid in seeing the conduction-
electron surface resonance signals.

Figure 28 shows that the slight misalignment of EC
from C2 noted above should switch off the usual intra-
valley TEF contributions, but a small rotation of H can
then bring intervalley scattering back.

Figure 29(a) shows typical TEF recordings vs H at 1.5
K for the alignment of H needed to give intervalley scat-
tering and for rotations q of H away from this align-

FIG. 29. Transverse electron focusing signals for different dis-
tances between E and C parallel to C2 : (a) The field is nor-
malized to the focusing field H0 . Both H and the grooves of
the surface grating are parallel to C1 . R0 and R1 indicate the
usual TEF signals, and l2 , l3 , and l4 surface-resonance signals.
The lowest TEF curve shows the strong suppression of surface
resonances in a rotated magnetic field (q changes by 2 degrees
between curves). (b) The curve with the largest q has been
subtracted from the others, to better show the decrease in col-
lector signal with increasing q. From M. Tsoi et al., 1996.
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ment. Because the position of the first peak R0 is pro-
portional to 1/cos q, and different values of L were used
in the measurements, the abscissas were rescaled to
bring the first peaks together—H/H051. All the curves
then show similar features. Peaks R0 and R1 are the
usual first two TEF peaks at H0 and 2H0 , with q too
small for the peak at 3H0 to be seen. The peaks labeled
l2 , l3 , and l4 are anomalous and are not seen without a
surface grating. They are not located at 3H0 , 4H0 , 5H0
but are approximately related as 2l , 3l , and 4l , as ex-
pected from the model described above.

Rotating H through small angles q around the best
alignment provides a check that these anomalous peaks
are due to intervalley scattering, since such rotations
should switch off intervalley scattering, but hardly affect
the already reduced intravalley scattering. Figure 29(a)
shows that the surface resonances are strongly sup-
pressed for qÞ0, but the two usual intravalley TEF
peaks are not.

In Fig. 29(b), the surface-resonance singularities
(l2 ,l3 ,l4) have been enhanced by subtracting the curve
in Fig. 29(a) with the smallest resonance peaks. The at-
tenuation of these singularities with increasing peak
number is clearly much less than that of the ordinary
TEF peaks (R0 ,R1). Such behavior also supports the
picture of enhanced specular reflection of selected elec-
tron states resonantly coupled to surface states, since
such a correlated process should give little loss of elec-
trons from one peak to the next.

The observed behaviors all qualitatively agree with
expectations for intervalley scattering. The resonance
peaks should be at x52l* , 3l ,* and 4l* with l*
54RC$@2kFG/22(G/2)2#/kF

2 %1/2. Using kF50.530
31028 m21, one expects the first focusing peak for sur-
face resonances at 3.4H0 . The actual first peak occurs
about 25% lower. The difference in fields between the
peaks at l2 and l3 (or l3 and l4) is also not exactly half
the field of peak l2 . Both disagreements can be removed
(Tsoi, de Wilde et al., 1996) by assuming that a finite
lifetime for the electrons trapped in surface states re-
quires adding a distance D to the skipping orbit length l*
under focusing conditions [Fig. 27(c)]. D>(0.3)l* gives
the observed focusing fields of 2.3H0 , 3.4H0 , and 4.4H0
to within experimental accuracy. However, since pos-
sible surface band bending and differences in dispersion
of surface and bulk states have been neglected, the
agreement is not definitive. A more complete theory in-
cluding higher-order diffraction effects is still needed.

VIII. INTERCRYSTALLINE BOUNDARY

A general theoretical analysis of conduction-electron
transmission through an intercrystalline boundary is not
trivial, because the p spaces of the adjacent crystals are
rotated relative to each other, giving many possible elec-
tron states after transmission. Theoretical principles for
the problem were given by Pippard (1965), and some
aspects were treated by V. Tsoi et al. (1992), but the
topic is still in an early stage where experimental guid-
ance is crucial. For fundamentals of interfaces, see Sut-
ton and Balluffi (1995). Experimentally, transmission
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and reflection of electrons from intercrystalline bound-
aries are essentially unstudied. The only direct study
known to us is that by Sharvin and Sharvin (1979), who
used the symmetry of a twinning plane in Al to obtain a
radio-frequency size effect (the Gantmakher effect) that
required correlated transmission of electrons through
the interface plane, with the two sample surfaces and the
interface all parallel to each other. TEF studies should
thus be fruitful.

The possibility of using TEF to study reflection and
transmission of conduction electrons at an interface be-
tween two conductors was recognized early on (V. Tsoi
et al., 1992), but only recently carried out. Section IX
describes TEF studies of reflection at an N/S interface.
In the present section we describe the first results of a
TEF study of transmission and reflection at a ;30° in-
tercrystalline boundary of a Bi bicrystal (M. Tsoi et al.,
1997). The measurements were made with the technique
of laser-induced electron excitations described in Sec.
III, with the emitter E scanned and the collector C fixed.
By allowing visualization of a two-dimensional nonequi-
librium electron distribution, this technique greatly sim-
plifies the problem of determining the behavior of elec-
trons after transmission or reflection. However, it also
brings complications. Since a real surface is inhomoge-
neous, and the EC distance changes as the emitter
moves, quantitative data analysis is not simple. More-
over, differences can occur between the situation de-
scribed and the more natural case to analyze in which E
is fixed and C is scanned. The pattern structures are es-
sentially the same, but the way they come about is dif-
ferent. For ease of exposition, we describe the data as if
E were fixed and C scanned. We shall see evidence that
the boundary usually transmits electrons with high prob-
ability, but sometimes does not transmit them at all. This
latter behavior may indicate that the Bi boundary can
become superconducting under as yet unclear condi-
tions.

Studying electron transmission and reflection at an in-
tercrystalline boundary is especially easy in Bi, because
the electron valleys of the Fermi surface are cylindrical.
As described in Sec. II.A and illustrated in Figs. 3(c),
30(a), and 30(b), if H is applied at an angle w to the axis
of a cylindrical Fermi surface, the motion of an electron
is a circle of Larmor radius Rc5pFc/(eH cos w) in the
plane perpendicular to the cylinder axis. Electrons
specularly reflected from the surface skip along the sur-
face, staying in the same plane, independent of the di-
rection of H. Changing the direction or magnitude of H
changes only Rc . In Fig. 30(b), the sample surface is
taken to be the (xy) plane, the intercrystalline boundary
is the (yz) plane, and H lies in the (xy) plane. When H is
parallel to the cylinder axis, the motion of an injected
electron in p space [Fig. 30(a)] is cyclical along the line
a8-b8-c8, corresponding to motion in r space [Fig.
33(b)] along the line E-b-c, etc., repeating the previous
skip along the x axis. When H is tilted from the cylinder
axis by w, the electron moves along the line a8-b* -c8 in
p space [Fig. 30(a)] and along the line E-b* -z* -c , etc.,
[Fig. 30(b)] in r space.
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To treat electron transmission through an intercrystal
line boundary, we assume that the half-spaces x,0 and
x.0 are occupied by the same material, but that the
Fermi-surface cylinders in adjacent crystals are trans-
formed into each other by rotation around the pz axis
through an angle g. Transmission through the boundary
thus results in rotation of the plane of electron motion
[Fig. 33(b)]. The skipping paths in adjacent crystals are
shown as the thick lines E-O and O-C. The incident
electron hits the interface at point z (or z* depending
upon the direction of H) and follows a possible path
z-d-e, etc. (z* -d* -e* , etc.). Note that in the half-space
x.0, H is tilted from the axis of the Fermi-surface cyl-
inder by the angle w1g .

In Bi, the electron Fermi surface consists of three cyl-
inders. Hence in each crystal there are three planes of
electron motion. The intersections of these planes with
the surface—skipping paths—are shown in Fig. 30(c)
(solid lines depict skipping paths in one crystal, dashed
in the other). In an applied magnetic field, depending
upon the orientation of H and the intercrystalline
boundary, it is possible to observe both electron trans-

FIG. 30. Motion and skipping paths of electronic excitations
injected through emitter E on the surface [(xy) plane] of a
conductor with a cylindrical Fermi surface: (a) In p space, two
thick lines (a8-b8-c8 and a8-b8* -c8) represent two different
directions of the magnetic field H lying in the (pxpy) plane. (b)
In real space, without the intercrystal boundary, lines E-b-c ,
etc., and E-b* -z* -c* , etc.; refracting at the intercrystal
boundary [(yz) plane]—lines with and without asterisks indi-
cate two directions of the magnetic field H. The heavy line
E-O-C shows the refracting skipping path. (c)–(e) Schematic
drawings of the skipping paths (1–3 and 18–38 in adjacent crys-
tals), propagating along the sample surface (arrows indicate
the direction of propagation for a given orientation of H). The
three paths for each crystal are due to the three ‘‘cylinders’’ of
the Bi Fermi surface (see text). (c) No interface (all paths—
1–3 and 18–38—shown coming from one emitter). (d) and (e)
electron transmission through a boundary [paths 1-18 in (d)
and 2-28, 2-18 in (e)] and electron reflection from the boundary
[path 1-3 in (d)] for two different boundary orientations, AA8
and BB8].
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FIG. 31. Drift flux and ballistic TEF transmission through a bicrystal interface: (a) 2D grey scale density plot of the drift flux
through the interface (indicated as a white line), with H550 Oe about in the x-axis direction. Lighter color indicates higher flux.
For (x, y), the flux enters from about (200,0) and exists at about (150,400). (b) and (c) Density plots for ballistic TEF, (b) with no
interface and H510 Oe about in the x-axis direction—three ordinary TEF peaks are visible centered at roughly (430,10),
(440,120), and (450,240), and the emitter position is about (420,110)—out of the scanned area; (c) transmission through the
interface (indicated as a white line) with H56 Oe in the x-axis direction. Two broad, weak TEF peaks are visible after electron
transmission through the interface, one at about (25,135) and one at about (170,110); the emitter position is out of the scanned
area at about (130,–50). The white squares within (90–130, 0–50) are due to the enhanced contrast needed to make the two weak
peaks visible.
mission through a boundary and reflection from it. Fig-
ures 30(d) and 30(e) illustrate these possibilities for
boundary orientations AA8 and BB8 with g'30°, near
the value in the experiments.

The measurements (M. Tsoi et al., 1997) were made
on an accidentally grown Bi bicrystal, the surface of
which was etched to make the intercrystalline boundary
visible. Electron reflection from that surface at large
angles of incidence was diffuse, with a high probability
of electron-electron intervalley surface scattering (Sec.
VI.D). The C3 axes of the two single crystals were par-
allel to each other and tilted by 12° to the normal to the
sample surface. X-ray diffraction showed that the orien-
tation of the single crystals was such that they trans-
formed into each other by a rotation of about 30 degrees
around the C3 axis.

The emitter and the collectors for reflected or trans-
mitted signals were located on the same face of the bi-
crystal slab. Two sets of measurements were made, one
involving drift flux and one ballistic flux. To observe drift
flux, the energy relaxation mfp l« must be greater than
or equal to the E-C separation. For observation of bal-
listic effects, the ballistic electron mean free path lb must
be long enough to give ballistic motion from E to C.

A. Drift flux

For this case, the setup was optimized to visualize re-
fraction of the conduction electrons at the intercrystal-
line boundary. A drift (nonballistic) flux was created by
increasing the magnetic field H to make Rc only about
half the emitter size. In this case, the series of ballisti-
cally produced focusing peaks on the sample surface
that one would expect for a smaller H collapse together,
and one expects to see just the propagation of excita-
tions along the sample surface in directions perpendicu-
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
lar to the axes of the electron ellipsoids [skipping paths
in Figs. 30(b)–(e)]. The flux consists of two parts: (1)
electrons reflected specularly from the surface; and (2)
electrons that undergo random (diffuse) intravalley re-
flection, but with excitation energyÞ0. The electrons
stay in the same plane in r space and continue to skip
along the same line, forming the drift flux after either
specular or diffuse scattering, but not after intervalley
scattering, which results in spreading and damping of the
flux. Far enough from the emitter, mostly glancing elec-
trons contribute to the flux for two reasons. First, these
electrons have much shorter path lengths (they move
almost in a straight line, and contributions of other elec-
trons are suppressed because of inelastic scattering
events). Second, the reflection of glancing electrons is
highly specular (Sec. VI.C).

Since E is scanned, in principle, both transmission and
reflection could be detected by a single collector for cor-
rect geometries. M. Tsoi et al. (1997) set the direction of
H so that relatively high electron fluxes could propagate
along the surface for two ellipsoids: propagating from E
to the boundary on one ellipsoid, and then, after trans-
mitting through the boundary, propagating to C on a
different one. For this direction of H, any reflection was
too weak to be clearly resolved.

One might have expected the initially highly directed
flux on each ellipsoid to deplete rapidly as it propagated,
due both to intervalley scattering (Sec. VI.D), which
transfers electrons from the flux for one ellipsoid to
those for the other two, and to finite-lifetime effects,
which take excitations out of the directed flux. The sur-
face etch used to make the intercrystalline boundary vis-
ible might even have exacerbated such effects. The ob-
servation of focused signals means that intervalley
scattering is less effective for grazing incidence reflec-
tions.
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FIG. 32. Two plots for ballistic TEF of at-
tempted transmission through an unusual
plane: (a) topological graph, rotated by over
90° from (b) the grey scale one to make its
features more visible; (b) two-dimensional
grey-scale density plot of a plane located at
the boundary between the darker (low) and
lighter (higher) areas. Both figures show three
TEF peaks before the flux reaches the plane,
and no transmission.
Figure 31(a) shows a typical experimental 2D grey-
scale pattern of the diffusive flux. The white line indi-
cates the position of the interface and the white rect-
angle indicates where the incident and transmitted fluxes
encounter it. The incident flux comes from the bottom
center, and the transmitted flux exits at the top, left of
center. The transmitted flux is clearly rather high under
these conditions.

B. Ballistic flux

For the ballistic flux, H was chosen to make Rc about
the point-contact/interface separation, much larger than
the microcontact size. The ballistic trajectories project
into the sample as shown schematically in Fig. 30(b).
Preliminary measurements involving drift flux were used
to find the best positions for observing TEF peaks due
to interface transmission. Once the directions of incident
and transmitted flux were established, C was set ;100
mm from the interface and E was scanned to determine
the value and the direction of H that gave the most in-
tense focusing peaks due to transmitted electrons.

Results for the ballistic fluxes are depicted in Figs.
31(b) and (c), which compare the behaviors seen with
and without an interface. Figure 31(b) shows three
gradually broadening and weakening focusing peaks for
no interface. Figure 31(c) shows, on a magnified scale,
just two peaks (due to two different electron ellipsoids)
after transmission through the interface (indicated as a
white line), one fairly well defined at about (25,135) and
one less well defined at about (170,110). This picture
clearly shows focusing peaks after electron refraction at
the boundary. The concept of extremal displacement
can be used to analyze TEF under electron transmission
and reflection at a boundary (V. Tsoi et al., 1992). We
omit detailed analysis of the origin of the TEF peaks
after transmission, only indicating, first, that the focused
electrons impinge upon the boundary at about normal
incidence and, second, that after refraction (a correlated
transmission—not random or chaotic, which would de-
stroy focusing under the conditions specified) the elec-
trons are focused onto the sample surface. Such focusing
was made possible by proper choice of the magnitude
and direction of H.

Sometimes (M. Tsoi, 1997), a different pattern was
seen, with no transmission at the interface. As shown in
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Fig. 32, there was the usual TEF pattern when E and C
were on the same side of the interface, but only a flat
background when they were on opposite sides. Such pat-
terns were stable for a few days over a long portion of
the interface (;1 mm), but then disappeared. Such spo-
radic behavior must be connected with changes in
sample characteristics, but conditions for its appearance
were not established. Boundary scattering has to be in-
elastic and very strong to shorten the elastic electron
mfp so drastically. The problem is to isolate a source
that can be present sporadically, with no deliberate ac-
tion taken to change the sample. This sporadic behavior
was tentatively attributed to interface superconductivity.
As will be discussed in Sec. IX, an N/S interface has a
very high resistance to energy flux (low thermal conduc-
tance). Thus nonequilibrium excitations cannot be trans-
mitted through the interface. Superconductivity of
stressed Bi (Chester and Jones, 1953) or Bi films evapo-
rated onto a cold substrate (Buckel and Hilsch, 1954) is
well known, and changes in stress might change the
grain boundary from superconducting to nonsupercon-
ducting. A tip crash onto the interface might also do so.
If a superconducting plane can be clearly established in
a conducting system, this TEF technique would allow
study of its reflection and transmission of excitations—
i.e., study of two-dimensional superconductivity.

IX. NORMAL-METAL/SUPERCONDUCTOR INTERFACE

The reflection of conduction electrons from the N/S
interface between a normal metal (N) and a supercon-
ductor (S) involves a novel phenomenon, called An-
dreev reflection, which is fundamentally different from
the scattering of an electron from a non-S interface. An-
dreev reflection was introduced by Andreev (1964) to
explain the observation of strong interface thermal resis-
tance, but practically no interface electrical resistance,
when a magnetic field forces a superconductor into the
intermediate state where N and S layers alternate (Za-
varitsky, 1960). When an electron from N hits an N/S
boundary, a Cooper pair is created in S and a hole is
reflected back into N. The momenta of the incoming
electron and outgoing hole are almost the same. Mo-
mentum is thus conserved, as well as current, since the
sum of the (equal) currents of the incoming electron and
reflected hole is carried away by the Cooper pair that
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propagates into the superconductor. There is thus prac-
tically no interface electrical resistance, but there is a
large interface thermal resistance, because the energy of
the reflected hole is equal to that of the incoming
electron—i.e., there is ‘‘energy flux reflection.’’ For per-
pendicular incidence onto the N/S interface, the velocity
of the outgoing hole (opposite to that of the incoming
electron) is the same as that for a specularly reflected
electron. However, for any other angle of incidence, the
directions of the velocities of the hole and the specularly
reflected electron will differ, and the difference grows as
the angle of incidence decreases.

A number of indirect observations of Andreev reflec-
tion have been made by means other than TEF: electri-
cal and thermal conductivities, single-point-contact re-
sistances, etc. (see references in Krylov, 1980; V. Tsoi
et al., 1989). Usually, an alternative explanation for the
observed behavior is possible, making proof of Andreev
reflection inconclusive. One experiment that unambigu-
ously showed the presence of Andreev reflection was
carried out by Krylov and Sharvin (1970), using the
radio-frequency size effect.

A fundamental feature of Andreev reflection is that
the current carrier in N changes the signs of its charge
and mass and inverts its velocity. Because TEF can reg-
ister the effects of the kinetic behaviors of a small group
of current carriers, both before and after reflection from
an N/S interface, and is also sensitive to the sign of the
charge of the carrier, it was recognized early on (V. Tsoi,
1975) as having a unique capability for directly observ-
ing these changes under Andreev reflection. In Sec.
IX.B we describe two different TEF geometries used to
investigate Andreev reflection, each with its advantages.
In Sec. IX.C we show how one geometry of TEF was
used to observe the change in sign of charge directly and
the change in sign of mass indirectly, and in Sec. IX.D
how the other was used to directly observe the change in
sign of velocity. In Sec. IX.E we describe how TEF can
be used to study the probability of Andreev reflection
from an N/S interface, and in Sec. IX.F we briefly note
studies of the dependence of Andreev reflection on en-
ergy and temperature and the difficulties incurred. An
observation (Sec. IX.G) that the first negative Andreev
reflection peak at temperatures well below Tc can be
much larger than the equivalent positive TEF peak at
temperatures just above Tc shows that screening
strongly affects intravalley scattering. Analysis of effects
of screening on TEF under intervalley scattering shows
that the Bi/Sn interface studied contained patches of
N/S interfaces and bare N surfaces.

A. Andreev reflection

In the ground state of a Fermi system at T50 K, all
electron states below the Fermi energy «F are filled and
all states above are empty. An excitation may occur in
two ways. First, an electron with «F can gain energy
«8—‘‘electron excitation.’’ Here the prime (8) distin-
guishes excitation energy «8 (.0) from electron energy
«5«F6«8. Such an excitation will respond like an elec-
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tron to electric and magnetic fields. Alternatively, an
electron with «5«F2«8 can go up to a state with «F .
The system again gains energy «8, but its kinetics will be
that of the empty hole state, or hole ‘‘excitation.’’ In-
creasing the momentum of such an excitation results in
decreasing energy, so the excitation’s mass is negative;
the excitation’s velocity is directed opposite to its mo-
mentum. Thus to get a hole excitation with energy «8
and momentum p, we must put into the electron state
$p,«5«F2«8% a quasiparticle with a positive charge to
compensate for the electron charge and a negative elec-
tron mass so that it will then move like an electron.

Under Andreev reflection, an excitation changes its
signs of charge, mass, and velocity—i.e., an electron ex-
citation turns into a hole excitation with opposite veloc-
ity, and vice versa (Andreev, 1964). For perpendicular
incidence onto the N/S interface, the velocity of the out-
going hole is the same as that for a specularly reflected
electron. However, for any other angle of incidence, the
directions of the velocities of the hole and the specularly
reflected electron will differ, and the difference grows as
the angle of incidence decreases. In this review we limit
ourselves to the usual superconductors (D<10 K!«F),
so the incident and reflected excitations move oppositely
(Andreev, 1964).

B. TEF techniques for studying Andreev reflection

Two different TEF geometries have been used to
study Andreev reflection, each with its advantages.

Bozhko et al. (1982) created the N/S interface at the
same surface on which the microcontacts were installed
[Fig. 33(a)]. In this case, one must avoid superconduct-
ing short circuits between the contacts, and between
each contact and the superconductor. This geometry is
advantageous for seeing the change in sign of charge and
mass and for measuring the probability QA of Andreev
reflection.

Benistant et al. (1983) fabricated the N/S interface on
the opposite side of a single-crystal plate from the mi-
crocontacts [Fig. 33(b)]. This geometry automatically
isolates the microcontacts from the superconductor.
However, the thickness of the plate must be smaller
than the electron mean free path, so that excitations can
reflect from S and reach the collector without being oth-
erwise scattered, the probability of which depends
strongly on the excitation energy. If the plate thickness
is less than half the contact separation, then for the usual
electron scattering from the opposite surface of the
plate, the TEF peak is cut off when the electron orbit no
longer fits inside the plate, i.e., when the Larmor radius
is larger than the plate thickness. Such behavior, ob-
served by Sato and Yonemitsu (1986), generates no new
TEF peaks, but does give a small singularity in the de-
pendence of U(H) when the largest possible orbit just
fits into the plate (Korzh, 1975; Kolesnichenko, 1992).
The configuration of Fig. 33(b) allows a nice illustration
of the concept of extremal displacement (V. Tsoi et al.,
1992). Figure 34 shows how the displacement of a re-
flected electron changes with incident angle under



1677Tsoi, Bass, and Wyder: Studying conduction-electron/interface interactions . . .
specular reflection [Fig. 34(a)] and under Andreev re-
flection [Fig. 34(b)]. Specular reflection from the oppo-
site side of the plate produces no extremal displace-
ments and thus no new focusing peaks. Andreev
reflection from the opposite surface of the plate, in con-
trast, does. The reversal of all velocity components in
Andreev reflection leads to an extremal displacement—
‘‘pileup’’ of reflected orbits—at a distance L from the
source, the value of which is determined by the ratio
d/Rc , where d is the plate thickness and Rc the Larmor
radius. Decreasing d/Rc increases the amplitude of the
TEF peak, which is largest when d/Rc50—when all
electrons have zero displacement along the surface un-
der Andreev reflection from the opposite surface of the
plate. TEF then occurs in zero magnetic field with zero
emitter-collector separation—one microcontact is both
emitter and collector.

The first single point-contact TEF measurements were
made by Benistant, van Gelder, et al. (1985). The
method is analyzed by Benistant (1984). This scheme
has subsequently been tried to study high-Tc supercon-
ductors (Gray, 1988; Hoevers et al., 1988; Hoevers, van
Bentum et al., 1989; Jing et al., 1989; Hoevers, 1992),
where the gap can be comparable to «F (thus Dp/pF
;1) and the mfp’s are very short. Detailed discussion of
this topic is outside the purview of the present review,
but we warn the reader that not all experimental and
theoretical problems are as yet resolved. The most im-
portant experimental problem is creating a perfect N/S
interface. High Tc also introduces new phenomena into

FIG. 33. Schematic drawings of the TEF arrangement for An-
dreev reflection with (a) the superconducting (S) film (thick
lines) between the emitter E and collector C on M, and (b) the
S film on the opposite side of M. The quasiparticle paths that
produce electron-focusing peaks are shown for H5H0 and
2H0 .
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Andreev reflection, e.g., excitation velocities are not al-
ways in just the opposite direction. The peak amplitude
will then depend on the excitation energy, even for an
Andreev reflection probability of 1. Transverse electron
focusing theory has yet to be modified to take proper
account of such features.

C. Change in sign of charge

The type of excitation injected into a metal by an
emitter—electrons or holes—is determined by the polar-
ity of the applied voltage, and the polarity of the poten-
tial spike at the point onto which the excitations are
focused is determined by the type of focused excitation.
Thus, for a fixed field direction, injection and detection
of electrons gives potential spikes at the collector of one
polarity, and injection and detection of holes gives the
opposite polarity. These polarities are independent of
whether reflection from the surface is specular or dif-
fuse, so long as the type of excitation does not change
under reflection. If, however, the sign of the excitation
charge changes upon reflection, as in Andreev reflection,
then the charge of the entity detected will be opposite to
that emitted, and the polarity of the TEF peak will re-
verse. It is this characteristic, along with others that we
reiterate in the next paragraph, that allows TEF in the
usual geometry to directly detect a change in sign of
charge under Andreev reflection.

In the TEF geometry with the S metal between the
two contacts, the reversal of velocity upon normal inci-
dence onto the N/S interface is the same for Andreev
reflection and for specular reflection. Moreover, as de-
scribed in Sec. II, the motion of a charged particle under

FIG. 34. Electron trajectories in a thin plate under (a) specular
reflection or (b) Andreev reflection from the opposite surface
of the sample. The arrow indicates the emitter location.
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a uniform H depends upon the ratio e/m . Thus if under
Andreev reflection the velocity is reversed, and the signs
of both the charge and mass also reverse, the reflected
particle should move along a path similar to that of the
incident particle. With this geometry we thus expect An-
dreev reflection to give a TEF spectrum with the peaks
located at the usual places, but with the fundamental
change that the polarities of neighboring peaks
alternate—i.e., odd TEF peaks (produced by an even
number of reflections, and thus by ‘‘detected electrons’’)
have the same polarity as the first TEF peak, and even
TEF peaks (produced by holes) have opposite polarity
(Kolesnichenko, 1992).

Bozhko et al. (1982), Tsoi and Yakovlev (1987), V.
Tsoi et al. (1989), and Sveklo and Tsoi (1989b) directly
observed this sign change under Andreev reflection us-
ing a Sn film deposited between the two point contacts
on a face of a Bi crystal. The major experimental prob-
lems to be solved were isolating the contacts from the Sn
film and making the Sn-free regions around the contacts
much smaller than the separation between the contacts.
When photolithography was used to make a large con-
tact separation over a thick Sn film, the N/S interface
was stable for more than a year. However, when the Sn
film was very thin (;500 Å), so that installing the con-
tacts under high potential burned off the Sn film around
the contacts, the interface degraded in a few weeks. We
shall see in Sec. IX.D that the alternative geometry of
Fig. 33(b) also gives negative Andreev peaks, but in a
reversed field (Benistant et al., 1983).

Figure 35 shows a six-peaked TEF spectrum under
Andreev reflection, in agreement with the picture just
described. The alternating positive and negative peaks
are direct evidence of the sign change in the charge of
the carrier during reflection. The fact that the negative
peaks occur halfway between the positive ones, with the

FIG. 35. Collector voltage U vs magnetic field H under mul-
tiple Andreev reflection for a Bi sample with a surface Sn film.
NiC3 , H'LiC2 . The curves are shifted along the U axis for
clarity. The upper curve is for T54.2 K.Tc53.7 K, and the
lower one for T51.7 K,Tc . The polarities of odd and even
TEF peaks differ because of Andreev reflection. From V. Tsoi
et al., 1989.
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field in the same direction, is at least indirect evidence
that the sign of the mass also changes.

D. Change in sign of velocity

The TEF scheme of Fig. 33(a) is not suitable for prov-
ing the change in sign of velocity, because at normal
incidence the velocities after specular reflection and An-
dreev reflection coincide. Isolating the change in sign of
velocity under Andreev reflection requires using glanc-
ing incidence, where specular and Andreev reflection re-
sult in almost opposite directions of velocity. Observing
TEF with a thin sample in the geometry of Fig. 33(b)
allows an elegant demonstration of the inverse velocity
direction after Andreev reflection (Benistant et al.,
1983), which gives a new extremal displacement and
thus an additional TEF peak. As this peak involves only
a single Andreev reflection, its polarity is opposite to
that of the usual TEF peaks.

Figure 36 shows the TEF peaks seen at 4.2 K on thin
single-crystal Ag plates before (a) and after (b) and (c) a

FIG. 36. Collector voltage U vs magnetic field H at 4.2 K for
Ag single crystals under different conditions. (a) and (b) are
for sample 1 with and without a Pb layer on the bottom sur-
face. (c) is for sample 2 with a Pb layer, showing focusing of
electrons and holes on different types of orbits: (a) ‘‘electron’’
(belly) orbits, focused directly (a1) or after one or more re-
flections from the upper Ag surface (a2 ,a3); (b1 ,b2) ‘‘hole’’
(four-cornered rosette) orbits; (g) Andreev-reflected particles
on belly orbits. Increasing numbers label curves with increas-
ing point-contact distances; different distances give different
focusing fields. The voltage and field scales differ for 1H and
2H . After Benistant et al., 1983.



1679Tsoi, Bass, and Wyder: Studying conduction-electron/interface interactions . . .
Pb film was evaporated onto the opposite surface from
the point contacts. When the sample temperature is be-
low Tc57.2 K for Pb the Pb film gives an S/N interface
at the Ag surface. The peaks a and b are ordinary TEF
peaks. Their positions in the magnetic field agree with
the Ag Fermi surface and the experimental geometry.
The dip g, which has opposite polarity to the other
peaks, occurs only after applying the Pb film. Its location
and behavior agree with the expectations for Andreev
reflection given above. For a detailed analysis of the
spectrum see Benistant et al. (1983) and Benistant
(1984).

The data of Fig. 36 are direct evidence for the change
in sign of velocity. Combining the results of Figs. 35 and
36 shows that both velocity and charge change sign.

E. Probability of Andreev reflection

For specular reflection from a surface, q5An11 /An
for n.1. The determination of the probability of An-
dreev reflection, QA , from An11 /An is less straightfor-
ward. Under the usual specular reflection, the velocity
component parallel to H is not reversed. Thus only elec-
trons on the Fermi surface with velocity components in
this direction small enough that they do not drift beyond
the outer edge of the collector will be collected. In An-
dreev reflection, however, every time an initially in-
jected electron is transformed into a hole, its velocity
parallel to H is reversed, and the drift of the hole paral-
lel to H after reflection cancels that of the electron be-
fore reflection. On a spherical Fermi surface, this pro-
cess allows injected electrons that would have missed
the collector under specular reflection to be collected
under Andreev reflection. The increase in collection is
especially strong for even peaks (odd number of reflec-
tions), since total drift is completely canceled. For odd
peaks, the ‘‘last’’ electron or hole skip is always the same
as the first one, and a drift remains.

Analysis for a spherical Fermi surface, based upon
simple geometry, predicts that the amplitudes of the
even peaks should be proportional to (b/L)1/4, while
those for the odd peaks should be proportional to
(b/L)3/2 as for specular reflection, but with different
prefactors (Bozhko et al., 1982; V. Tsoi et al., 1989; Kol-
nesnichenko, 1992). If QA is near unity and b/L is small,
the even peaks for Andreev reflection should thus be
gigantic compared to the usual TEF peaks. This predic-
tion has not yet been tested.

For a cylindrical Fermi surface (such as for electrons
in Bi), in contrast, the TEF peaks for Andreev reflection
behave similarly to those for specular reflection. There is
no distinction between odd and even peaks, and QA
should be given by QA5An11 /An (V. Tsoi et al., 1989),
so long as the N/S interface is homogeneous. If it has
patches of bare N, the situation becomes complex. An-
dreev reflection screens surface roughness, since the ve-
locity direction of the reflected excitation is opposite to
that of the incident excitation, independent of surface
roughness (Andreev, 1964). It can thus be described by
‘‘geometric optics’’ and a perfectly flat surface. For a
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bare N surface, in contrast, q is determined by the sta-
tistical structure of surface roughness. If the N/S inter-
face has patches of bare N surface, one will see a com-
bination of ordinary reflection and Andreev reflection,
with the Andreev reflection proportional to the N/S
percentage. Moreover, specular reflection from a bare N
surface contributes to each TEF peak oppositely in sign
to Andreev reflection. If q1QA51—i.e., reflection is
either specular or Andreev—the peak polarity is deter-
mined by the sign of (q2QA), and if q5QA , only the
first TEF peak remains (V. Tsoi et al., 1989). Section
IX.G contains evidence that Bi/Sn samples with a thin
Sn film can have patched surfaces. The best estimate for
QA for a given surface is, then, the largest value mea-
sured at a variety of different places on the surface. The
possible presence of a potential barrier at some N/S in-
terfaces (Blonder et al., 1982) adds still further compli-
cations (see V. Tsoi et al., 1989 and references therein).
V. Tsoi et al. (1989) estimated QA'1 for a Bi/Sn sample
with a patchy thin Sn surface.

F. Dependence of Andreev reflection on energy
and temperature

Since increasing the emitter voltage U0 increases the
energy of injected excitations, it seems apparent that
TEF should allow studies of the energy dependence of
Andreev reflection, giving D(k), the anisotropy of the
energy gap D in k space. In practice, however, such stud-
ies are not straightforward. This topic is outside the pur-
view of the present review, but we briefly describe some
problems. For details see V. Tsoi et al. (1989).

The first problem is that, unless L is smaller than the
electron mean free path l, which decreases rapidly with
increasing «8, excitations decay rapidly to near «F be-
fore reaching C. Transverse electron focusing still occurs
(V. Tsoi et al., 1989), but the desired effects become ex-
ponentially small and can be masked by other effects
having nothing to do with highly nonequilibrium elec-
trons. Thus one can only reliably investigate QA(«8) for
energies «8 for which l(«8),L . Figure 37 depicts the
effect of changing U0 on the TEF spectrum under An-
dreev reflection for Bi/Sn, using a modulation technique
with an accelerating bias voltage (V. Tsoi and Yakovlev,
1987). In Bi with L,100 mm, the focused excitations
had energy «8;1 meV (V. Tsoi et al., 1989). In Bi/Sn,
only for L,100 mm (U0,1 meV) did the experimental
results show a dependence of QA upon U0 (V. Tsoi
et al., 1989). Figure 38 shows examples of the energy
dependences found from figures such as Fig. 37 for L
,100 mm and for different polarities of U0 . Unexpect-
edly, the data turned out to be strongly affected by the
polarity of U0 . The falloff in Fig. 38 is much faster for
electrons (solid circles) than for holes (open circles).
That this difference is not due to a difference in relax-
ation rates between electrons and holes was shown re-
cently in TEF studies of highly nonequilibrium excita-
tions using L;5 mm (M. Tsoi et al., 1996). In that paper,
focusing of electrons with energy 0.7–1.5 «F was seen.
Such a short L should allow quantitative TEF studies of
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the energy dependence of Andreev reflection at Bi/S in-
terfaces, including interfaces with high-Tc materials.

The second problem is that finite T.0 K must be
taken into account in analyzing TEF data on the energy
dependence of QA , since excitations with «8;kBT are
generated, some with «8,D and some with «8.D . Im-
portantly, Joule heating raises the local emitter tempera-
ture to higher than the bath temperature, and the emit-
ter temperature changes with U0 .

G. Screening of surface roughness
by the electronic potential

Experiments on screening of surface roughness at an
N/S interface for both intravalley and intervalley scat-
tering were performed on Bi/Sn interfaces produced by
thermal evaporation of ;500-Å-thick Sn films in UHV
onto surfaces of Bi crystals with NiC3 that had first been
cleaned by Ar1 ion etching (V. Tsoi et al., 1989). By
analogy with the screening of surface roughness by sur-
face charge described in Sec. VI.E, surface irregularities
in the N/S interface must be screened by the electron
pair potential in S, with screening length of order the
coherence length j@a0 .

1. Intravalley and intervalley scattering

Figures 35 and 39 show TEF spectra above and below
Tc for HiC1'L-oriented Bi, with a Sn film between E
and C. Under normal reflection (T.Tc), qM is low
('0.2). Presumably, as discussed in Sec. VI, surface
roughness suppresses specularity. Decreasing T to below
Tc both inverts the polarity of the second peak—due to
the change in charge sign under Andreev reflection—
and strongly increases its amplitude to nearly that of the
first peak. This increase cannot be due to compensation
of electron-hole drift along H (Sec. IX.E), because the
Fermi surface of Bi is cylindrical. Rather, it seems to be
clear evidence for screening of roughness under An-

FIG. 37. Variation of Bi/Sn TEF spectra with reference volt-
age: curve 1, V053.9 mV, curve 2, V050.7 mV, curve 3, V0
50 mV. NiC3 , LiC2 , L582 mm. Arrows show H0 and 2H0 .
From Tsoi and Yakovlev, 1987.
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dreev reflection for both intravalley and intervalley scat-
tering. From Sec. VI, we recall that only when both are
screened can the height of the second TEF peak (one
reflection) be close to that of the first peak (no reflec-

FIG. 38. Probability of Andreev reflection, qA (5QA as mea-
sured by TEF), vs emitter voltage U0 for different polarities of
U0 under Andreev reflection. Different graphs indicate mea-
surements on different areas of the sample surface: d, U0
,0; s, U0.0. After V. Tsoi et al., 1989.
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tion). In addition to screening small-scale roughness (h
!j) that would usually produce diffuse intervalley scat-
tering, Andreev reflection has the unique ability to
screen even large-scale roughness (.ldB), because the
inversion of the excitation velocity is independent of the
direction of the local surface normal.

2. Intervalley scattering alone

The geometry of the lower half of Fig. 18—
LiC1'H—where the first TEF peak is due solely to in-
tervalley scattering—was used to investigate whether
the N/S interface was partly bare N, i.e., patched
(Sveklo and Tsoi, 1989b). If the first TEF peak is still
seen below Tc with unchanged polarity, then part of the
interface must be bare N, and the decrease in amplitude
of this peak when T goes below Tc measures the bare N
fraction (Sec. IX.E). Figure 40 shows TEF scans above
and below Tc .

(1) The presence of the first electron-focusing peak
for T,Tc means that intervalley scattering must still be
occurring, but such scattering is incompatible with a
fully N/S interface, which must screen intervalley An-
dreev reflection (j@ao ; Sec. VI.D), thereby eliminating
coupling between different valleys.

(2) The peak’s polarity does not change, even though
it is produced by electrons reflected from the surface.
Thus the reflection does not involve a change in the type
of excitation and, again, its presence requires ordinary
intervalley scattering from a bare N surface that is rough
on an atomic scale.

(3) The peak’s amplitude drops by about 75%, a be-
havior very different from intravalley scattering, where
A1 hardly changes as Tc is crossed (Figs. 35 and 39). The
surface must thus be patched. Either the Sn film is com-
posed of islands, or there is an insulating layer at the
Bi/Sn interface, or both conditions coexist. The first al-
ternative is consistent with the presence of a fairly large

FIG. 39. Collector voltage U vs magnetic field H for a Bi
sample with a surface Sn film for T53.80 K, 3.78 K, 3.74 K,
3.70 K, and 2.78 K (curves 1–5). The curves are shifted along
the U axis for clarity. Arrows indicate the usual TEF peak
positions. From Bozhko et al., 1982.
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Bi Auger peak after deposition of the Sn (Sveklo and V.
Tsoi, 1989b). For the second, the small «F of Bi (50.027
eV), causes an insulating layer with a thickness of only
one monolayer to have a low transparency: ;1022.
Stringent cleanliness of the N/S interface is essential.

(4) The background U(H) markedly weakens for T
,Tc . Such weakening is reasonable, since below Tc
there are both electron and hole backgrounds that con-
tribute oppositely to the total (V. Tsoi et al., 1989).

From the ratio of the amplitudes of the first TEF peak
in Fig. 40 for T,Tc and T.Tc , Sveklo and Tsoi (1989a,
1989b) derived a bare-N fraction of about 1

4. The specu-
larity is low enough to correctly yield the practically
complete disappearance of the second peak for T,Tc .
These conclusions were independently confirmed by
Sveklo and Tsoi (1989b) using an alternative geometry,
LiC2'H, and measuring changes in amplitude of the
second peak as H was rotated.

X. ELECTRON REFLECTION FROM THE 2D
ELECTRON-GAS CHANNEL EDGE

Recent improvements in lithographic and focused-
ion-beam (FIB) techniques for making complex micron-
and submicron-sized structures, combined with en-
hanced transport mobilities of electrons in the 2D elec-
tron gas in GaAs-AlxGa12xAs heterojunctions (giving
mfp, lm , up to 100 mm), have made possible TEF studies
of the 2D electron gas. The first such studies were those
of Beenakker et al. (1988) and van Houten et al. (1988,
1989). Beenakker and van Houten (1991) have reviewed
studies published through 1990. We update that review,
following it in using B for the magnetic field, directed
perpendicular to the plane of the 2D electron gas.

FIG. 40. Collector voltage U vs magnetic field H in a Bi
sample with NiC3 , LiC1 , and H'L, and covered by a Sn film
having Tc53.7 K: curve 1, T54.2 K; curve 2, T51.7 K. The
curves are shifted along the U axis for clarity. From Sveklo and
Tsoi 1989b.
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Reasoning from the simple geometrical model of
TEF, one might expect analysis of TEF in the 2D elec-
tron gas to be simpler than in the 3D electron gas, since
the 2D Fermi surface is just a circle. In practice, how-
ever, most published TEF studies of the 2D electron gas
do not meet the conditions W!L,lF needed for the
geometrical model to apply. When this geometry is com-
bined with situations in which quantum effects can be
crucial, analysis becomes complex and is, as yet, uncer-
tain. At least the following issues must be considered:
(1) As described in Sec. IV.D.2, even when the geo-
metrical model is applicable, a two-dimensional Fermi
surface, such as that of the 2D electron gas can lead to
large differences between the quantity measured by
TEF, qM , and the real probability of specular reflection,
q. (2) The combination of a circular Fermi surface plus
W/L;1 leads to very large densities of focused elec-
trons at the first TEF peak location—the collector volt-
age for directly focused electrons can be only a factor of
10 or so less than that across the emitter, about 103 times
larger than is found for the cylindrical Fermi surface of
Bi (Sec. VI). The resulting large local disturbance of the
electrochemical potential due to electron ‘‘pileup’’ can
act as an additional electron emitter, contributing TEF
amplitudes at just those fields where the condition lF
,L leads to reduction of the usual specular TEF peaks.
(3) If the temperature is low, the contact separation L is
small, and the contact width W is reduced to ;ldB ,
then TEF in the 2D electron gas can be dominated by
quantum effects. Simultaneously, there are only a few
conduction channels in such contacts due to lateral con-
finement (W;ldB), and not many Landau levels in the
2D gas because of the high focusing field. Transverse
electron focusing must then involve nonadiabatic condi-
tions, in which transitions occur between different Lan-
dau levels. Lack of ability to rigorously combine these
various phenomena leads to larger than usual uncer-
tainty in inferring q from measured values of qM .

We shall see the following: scattering of electrons
from the channel edge seems to be more specular for
edges defined electrostatically by Schottky gate deple-
tion than for edges made by ion beams; the mfp mea-
sured by TEF is several times smaller than that mea-
sured from transport (mobility) measurements, but has a
similar temperature dependence; hot electrons can
propagate long distances in a 2D electron gas; and quan-
tum effects predominate at very low temperatures or
when the point-contact widths are comparable to ldB .

Because the Bi electron Fermi surface is almost cylin-
drical, and the electron Fermi energy, mass, and ldB are
all comparable to those of the 2D electron gas given
below, we expect electrons in the 2D gas to behave
rather like those in Bi. We shall sometimes use Bi as a
comparison standard.

A. Samples and experimental techniques

The 2D electron gas is confined at the
GaAs-AlxGa12xAs interface within a heterostructure
wafer grown by molecular-beam epitaxy. Typical 2D
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electron-gas parameters in a high-mobility hetero-
structure are as follows: sheet carrier density, ns
;1 –531015 m22; Fermi wave vector, kF;0.08–0.15
nm21; Fermi velocity ; 3 3 105 m/s; and GaAs effective
mass50.067 me , where me is the free-electron mass.
Zero-field resistivity measurements yield transport mfp’s
lm;10–100 mm. ns can be varied either by exciting
‘‘persistent’’ photocarriers by illumination, or electro-
statically by applying a voltage to a separate gate placed
above the 2D electron gas, thereby depleting the elec-
tron gas under the gate (Thornton et al., 1986).

Two different wafer-patterning techniques (and their
combinations) have been used to obtain 2D electron-gas
channel boundaries with contacts for TEF studies: (1)
electron beam lithography, and (2) focused-ion-beam
implantation.

(1) Lithography is followed by a wafer surface treat-
ment through a mask, usually with wet or ion etching.
The contacts are defined electrostatically by means of a
split gate on top of the heterostructure. Increasing nega-
tive gate voltage depletes the electron gas under the
gate, until beyond the depletion threshold ;20.6 V no
mobile carriers are left under the gate. The 2D electron-
gas boundary between the two point contacts is a deple-
tion potential well below the gate which, for large nega-
tive gate voltages, extends beyond the gate pattern by
up to a few tenths of a mm. This process gives constric-
tions of variable width W, down to widths comparable to
lF (quantum point contacts). The precise dependence of
W on gate voltage is typically history dependent (van
Houten et al., 1988)—thermal cycling and large positive
gate voltages shift the depletion threshold—but trans-
port measurements seem to be reproducible if the
sample is kept cold and the gate voltage not strongly
varied.

(2) An advantage of focused-ion-beam techniques is
their ability to draw directly without a mask. The im-
planted ions greatly increase the resistance of the ex-
posed regions, both by disrupting the lattice of the het-
erostructure and by implanting acceptors into the donor
layer. Channeled ion implantation can be used to pat-
tern a more deeply buried 2D electron gas (Hornsey
et al., 1993a).

Some measurements have used an equivalent of the
standard TEF scheme, with two or more point contacts
beside each other on the 2D electron-gas boundary.
Others used a grid scheme (Nakamura et al., 1990) with
multiparallel quasi-one-dimensional channels to observe
TEF. The electron transmission probability of such a
grid varies with B, as cyclotron motion returns the elec-
trons to the grid, reducing the transmission probability
and increasing the resistance. The result is peaks in re-
sistance for grid spacings that are multiples of the cyclo-
tron diameter 2Rc . This scheme allows smaller contact
separations than the scheme described above, since ter-
minals do not have to be attached to each channel. How-
ever, quantitative analysis is more complicated.

Transverse electron focusing spectra have also been
seen using only optical lithography (Gao et al., 1994)
and with small (W55 mm) ohmic contacts diffused 25
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mm apart into the edge of a 2D electron-gas mesa (Spec-
tor et al., 1990b), a process that simplifies the fabrication
steps. In principle, TEF should be seen with needle
point contacts to bulk doped semiconductors (Trzcinski
et al., 1987), but no such studies have yet been reported.

B. Results and analysis

1. Focusing spectra

Representative examples of experimental TEF spec-
tra for electrostatically produced channel boundaries
and contacts, as well as these produced by focused-ion-
beam techniques, are given in Figs. 41–45.

Figures 41–43 show spectra for electrostatically de-
fined contacts measured using a structure equivalent to
the standard TEF scheme. At 1–4 K, there are a large
number of the usual TEF peaks at the usual locations.
However, the peaks initially grow larger with increasing
peak number and do not seem to become wider as H
increases. As T decreases, a strong fine structure devel-
ops and grows in size down to about 300 mK. This fine
structure is insensitive to injection voltages up to values
comparable to 300 mK, but injection voltages@kBT/e
smear the fine structure in a manner analogous to a tem-
perature increase. Figure 42 shows that both the TEF
peak heights and the fine structure depend upon the
gate voltage and thus upon the point-contact widths.
The geometrical contact widths for the samples of Figs.
41 and 42 were W'0.25 mm. In Fig. 43, the electrostati-
cally limited widths were estimated to range from W

FIG. 41. Transverse electron focusing spectra for 2W/lF'1
and L;3 mm, 4 K.T.30 mK. Expected TEF peak positions
are shown by arrows. As T is reduced from 4 K, fine structure
is resolved, and small Shubnikov-DeHaas oscillations appear
at high reversed fields. The large negative peak near B50 at
30 mK is a series magnetoresistance effect—see van Houten
et al. (1989). From van Houten et al., 1988.
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;0.25 mm for the lowest gate voltage, Vg520.53 V, to
W;0.02 mm for the emitter and ;0.08 mm for the
collector—quantum contacts (W;ldB'0.04 mm) for
Vg521.25 V. Those in Fig. 43 were estimated to stay at
about W;1 mm.

Data for samples prepared with a focused ion beam,
which have fixed geometrical contact widths, are shown
in Figs. 44 (W;1 mm) and 45 (W;0.4 mm). The spec-
tra in Fig. 44 are for a Hall configuration. The data of
Fig. 44(a) taken at 1.7 K, look similar to normal TEF
data for Bi or a metal—peaks occur only at the usual
focusing locations, and the peak heights decrease and
widths increase with increasing peak number. In con-
trast, the data of Fig. 44(b) taken at 0.12 K, are like
those at the lowest temperatures in Fig. 41—there is fine
structure on the usual TEF peaks, the peak heights ini-
tially grow, and the widths are usually almost indepen-
dent of peak number. Figure 45 shows that a multiple-
grid geometry with a sample prepared by a focused ion
-

FIG. 42. Dependence of TEF spectra on gate voltage (and
thus on point-contact width) for an electrostatic sample with
L;3 mm at 50 mK. A large negative gate voltage corresponds
to narrow emitter and collector contacts. From van Houten
et al., 1989.

FIG. 43. Collector voltage vs B for five emitter-collector dis-
tances from L54 –64 mm as a function of magnetic field for an
electrostatic sample. The vertical scale varies among the curves
to facilitate comparison of their periods. From Spector et al.,
1990a.
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beam yields peak locations that correlate well with TEF
expectations.

Most published 2D electron-gas TEF spectra fall
within the range of behaviors shown in Figs. 41–45. TEF
peaks are always seen at the expected focusing fields.
For electrostatic edges, the peak amplitudes usually ini-
tially increase with increasing peak number, and the
peak widths stay roughly constant (Beenakker et al.,
1988; van Houten et al., 1988, 1989; Spector et al., 1990a,
1990b, 1992; Heremens et al., 1992; Gao et al., 1994). For
focused-ion-beam edges, the peak amplitudes usually
decrease with increasing peak number and the peak
widths increase.2 In both cases, at temperatures well be-
low 1 K, short-period oscillations usually appear in the
TEF spectra. In one study, such oscillations were seen at
1.4 K with gate voltages negative enough to reduce the
contact widths to ;20 nm (Gao et al., 1994).

In this section, we focus on the following anomalous
features of the data of Figs. 41–43 and 44(b): (1) the
short-period oscillations; (2) the lack of peak broaden-
ing with increasing peak number; and (3) the increasing
amplitudes of the first few TEF peaks in Figs. 41–43. In
the next section we consider the inferred values of q for
the 2D electron gas.

2See, for example, Hirayama and Saku, 1990; Nakamura
et al., 1990, 1991; Nihey et al., 1990; Nakazato et al., 1992;
Takaoka et al., 1992, 1994; Wakaya et al., 1992; Hornsey,
Thornton et al., 1993; Tsukagoshi et al., 1993; Wakayama et al.,
1994.

FIG. 44. TEF signal after removal of Hall resistance for a
focused-ion-beam sample measured with a two-point contact
structure with leads in a four-terminal Hall configuration: (a)
The sample was at 1.7 K after illumination. The field axis is
normalized to peak number. (b) Similar signal, but at T
50.12 K in the dark. Three sweeps (offset for clarity) show
reproducibility of the fine structure. After Hornsey et al., 1993.
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a. Short-period oscillations

Beenakker et al. (1988) attributed the short-period os-
cillations to interference arising from coherent electron
focusing when W;ldB . They supported this attribution
with a WKB calculation of the probability density of
electrons at the collector, assuming q51 and treating
interference of coherently excited magnetic edge states
(see also van Houten et al., 1989). The model qualita-
tively reproduced some features of the data: (a) the
main peak structure had the same periodicity as the
usual TEF peaks; (b) the peaks exhibited short-period
oscillations; and (c) the peak heights were nonmono-
tonic. However, the model predicted that the first few
peak heights should be essentially constant and that the
peak widths should increase with peak number. Neither
prediction was borne out by the data. Also, to obtain
qualitative agreement required assuming a very small
value of W/L (see also Goldoni and Fasolino, 1991).
The observed TEF linewidths suggest a larger effective
contact width, averaging over which should smear out
the oscillations. After publication of several increasingly
sophisticated analyses of TEF quantum behavior (Okiji
et al., 1992; Ueta, 1993, 1994), the latest paper (Ueta,
1995) argues that the short-period oscillations are due
mainly to diffraction of higher-order modes of the elec-

FIG. 45. Low-field magnetoresistance at T51.3 K for six
focused-ion-beam samples with different numbers (N) of chan-
nels, using grid geometry in the inset. Arrows indicate ex-
pected locations of TEF peaks for electron trajectories in the
inset: a (fundamental), b1 (first harmonic), b2 , (second har-
monic), and c (subharmonic). From Nakamura et al., 1990.
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tron waves in the point contacts. However, introducing
realistic parameters yields a structure an order of mag-
nitude smaller than that seen, and the model predicts a
monotonically increasing peak width with peak number.
For comparison, short-period oscillations superimposed
on TEF spectra were first seen in Bi, and initially attrib-
uted to quantized surface orbits (V. Tsoi, 1977). Komnik
et al. (1996, 1997) and Andrievskii et al. (1996) later as-
cribed Bi fine structure to diffraction.

Note that focusing with quantum point contacts re-
quires deviation from adiabatic injection (Landau num-
ber conservation; Glazman et al., 1988). For example, if
there is only a single-channel, adiabatic electron trans-
mission between this channel and the zero-number Lan-
dau edge channel where electrons skip along the surface
with trajectories enclosing half a quantum flux (or so)
gives no singularity at B0—no focusing occurs (Sec.
II.B). But just such transmissions in and out of the
current-carrying channels produce the collector voltage.
So TEF fine-structure analysis may also require taking
account of resonant electron transmission between the
emitter and collector via edge states (Sec. VII).

We conclude that quantum interference and diffrac-
tion must be involved in the fine structure in the 2D
electron gas, but the phenomenon is not yet completely
understood.

b. Peak broadening

Most of the 2D electron-gas TEF analyses described
in the previous section fail to explain the lack of peak
broadening with increasing peak number seen in most
studies of 2D electron-gas samples with electrostatic
edges. The usual peak broadening seen in metals and Bi
[Figs. 2 and 13(a)] is a geometrical effect due to con-
stancy of the angle DV within which electrons enter the
collector at multiple fields (Sec. IV). The growth in peak
width with increasing peak number is independent of
the value of DV or the divergence of the injected beam,
but is set by the ratio B/B0 , where the first TEF peak is
at B0 .

In the usual geometrical-model analysis, the width of
the first TEF peak, DB , is set by the ratio W/L . Quali-
tatively the wide peaks in the spectra of Figs. 41–45 sug-
gest that W/L is not small. Moreover, the data of Fig. 43
show that DB/B0 for the first peak is practically inde-
pendent of W/L . Similar behavior is seen in Bi, where
increasing L up to 1 mm does not lead to very narrow
TEF peaks (V. Tsoi and N. Tsoi, 1977; V. Tsoi, 1978).
Simply estimating a contact size W from the Sharvin
(1965) formula modified for the 2D electron gas is not
reliable. Apparently, increasing L increases the size of
the effective emitter, retaining W/L . In Bi, a very nar-
row TEF line was obtained only by combining a short L
(,100 mm), a nearly perfect contact installation (i.e.,
negligible disturbance of the contact area), and a very
small current (0.5 mA; V. Tsoi, 1980). Increasing the cur-
rent above ;10 mA converted this line into an ordinary
broad one. Sometimes this procedure was not
reversible—the peak stayed broad when the current was
again reduced. The contact voltage for the larger current
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
was still only ;1024 V (similar to values for the 2D elec-
tron gas so far), i.e., eV;1 K. Although the sample tem-
perature was 4.2 K, this small voltage produced a drastic
effect. A possible source of this behavior is that, even at
such a small current (voltage), the electron drift velocity
becomes equal to the sound velocity. Apparently, some
characteristic of electron kinetics in microcontacts under
high electron drift velocity (‘‘high’’ accelerating voltage)
increases the effective emitter size. If so, since the high
dielectric constant of Bi (@æ#'100, from Edel’man,
1976) greatly reduces electron-electron and electron-
phonon interactions as compared to the 2D electron gas
(@æ#;10, from Bennakker and van Houten, 1991), any
such effects should be even more important in the 2D
electron gas.

The TEF peak width could also be affected by the
angular distribution of emitted electrons (Beenakker
and van Houten, 1989; Molenkamp et al., 1990,
Baranger et al., 1991; Wakayama et al., 1994). The distri-
bution was found to depend upon the structure just at
the outlet of the emitter wire, rather than the direction
in which the wire points (Wakayama et al., 1994). Colli-
mation of an injected electron beam can reduce a TEF
peak width. Refraction at a split-gate emitter should
cause collimation, an effect similar to lens focusing
(Spector et al., 1990c, 1990d). The presence of collima-
tion seems to be signalled by the absence of asymmetry
in the TEF peaks in Figs. 41–43. This absence strongly
suggests that refraction and collimation play important
roles in determining 2D electron-gas TEF peak widths.

Lastly, we speculate about the possibility of reducing
peak broadening. If a 2D electron-gas boundary is
stepped, scattering should be diffuse for small angles of
incidence, but specular for normal incidence. Such a
q(u) should cause the TEF peak wings to be suppressed
at each reflection, reducing TEF peak broadening more
the larger the number of reflections. This situation is
opposite to that considered in Sec. VI.E.1, where diffuse
scattering at normal incidence shifted and broadened
the TEF peaks. Hornsey (1996) recently used Monte
Carlo simulations in the classical regime (contact
widths@lF) to study effects on the TEF spectrum of
varying the injector and collector widths, the specularity
coefficient, the injection divergence angle, and the elec-
tron mfp. While his calculations do not explain the lack
of growth of peak width with increasing peak number, it
should be straightforward to extend them to see if a
q(u) for a stepped boundary would properly suppress
TEF peak broadening.

c. Increasing peak amplitude

In the usual TEF picture, the TEF amplitude can only
increase from one peak to the next if defects reduce the
amplitude of the lower field peak (Sato and Yonemitsu,
1986). Such a picture is not plausible for the systematic
increase over several peaks seen in Figs. 41 and 43 for
2D electron-gas samples with electrostatic edges. The
behavior is most pronounced for quantum contacts
(ldB;W!L). As yet it has no satisfactory explanation.



1686 Tsoi, Bass, and Wyder: Studying conduction-electron/interface interactions . . .
We suggest four possible contributions that warrant fur-
ther study: (1) Magnetic-field-induced changes in the
electron density in a given subband, both in the contacts
and in the bulk electron gas. (2) Weak mfp effects, such
as are seen in Monte Carlo simulations of TEF in the 2D
electron gas (see Fig. 9 in Hornsey, 1996). (3) The phe-
nomenon of ‘‘pileup’’ discussed in the following section.
(4) Refraction (Spector et al., 1990c, 1990d) at a split-
gate collector—an effect similar to lens focusing (Spec-
tor et al., 1990b, 1992)—which depends on Rc and thus
on peak number.

2. Electron ‘‘pileup’’

Kolesnichenko et al. (1982) showed that the increase
in local chemical potential at locations where electrons
are focused could lead to ‘‘trajectory reproduction,’’
where these locations become additional emitters that
can both enhance the usual TEF peaks and produce un-
usual peaks. The two-dimensional geometry of the 2D
electron gas, combined with a relatively large emitter
width W, will enhance this effect, giving a new
phenomenon—electron ‘‘pileup’’—that can complicate
TEF spectra analysis. Kolesnichenko et al. (1982) pre-
dict a peak amplitude due to ‘‘pileup’’ proportional to
;exp$(WRc)

1/2/le%.
An apparent demonstration of this effect was the ob-

servation of a TEF spectrum with the setup of Fig. 46,
with the emitter and collector on opposite sides of a
wide 2D electron-gas channel so that regular TEF was
excluded. Two extra probes were located at the same
distance from the emitter and collector and either con-
nected to make an external short circuit or not. Trans-
verse electron focusing peaks were seen only when the

FIG. 46. Magnetoresistance due to TEF with two extra probes:
(a) connected by an external circuit; (b) unconnected, (c) the
magnetoresistance difference between (a) and (b). Peaks
shown by arrows come from electrons emitted from the lower
extra probes, as shown in the inset. The separation length be-
tween the emitter (collector) and the extra probe is 5 mm. The
inset is a schematic view of the sample and the measuring con-
figuration. From Takaoka et al., 1994.
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circuit was shorted. Although the shorting wire was
meters long, its resistance was low enough to adjust the
electrochemical potentials of the extra probes to pro-
duce a pileup of nonequilibrium electrons at the probe
nearest the collector C. Reemission of secondary non-
equilibrium electrons then produced TEF peaks. An
opening enhanced the apparent q due to pileup (Tsuka-
goshi et al., 1993; Takaoka et al., 1994), but an ohmic
contact reduced q (Spector et al., 1990b). The nature of
the connection of the pileup region with the rest of the
2D electron-gas channel must be important, but details
are not yet understood.

3. Inferred values of q

The large number of 2D electron-gas TEF peaks
in Figs. 41–45 and similar studies listed above led
their authors to infer that reflection from either an elec-
trostatic or a wet chemically etched 2D electron-gas
boundary is almost completely specular—q'1, and that
from a focused-ion-beam-produced boundary is substan-
tially specular—q>0.5. Two groups investigated the
variation of q with ns in focused-ion-beam samples and
reported opposite results. As ns decreased from 4 to
331015 m22, Wakaya et al. (1992) found q to decrease
slightly (0.74–0.54), whereas Tsukagoshi et al. (1993)
found it to increase slightly (0.5–0.65).

We agree that q is probably large in the 2D electron
gas and generally smaller for focused-ion-beam bound-
aries than for electrostatic ones. But complications in
determining q in the 2D electron gas suggest that deriv-
ing reliable values of q from qM in the 2D electron gas is
not straightforward.

First, for a cylindrical Fermi surface and a large
enough ratio of W/L , qM can be @ q (Sec. IV.D.2). The
observed widths of the TEF peaks in the 2D electron gas
(Figs. 41–46, 49, and 50) suggest that W/L is not small,
and thus that qM may be greater than q. Korzh (1975)
and Tsoi and Kolesnichenko (1980) describe TEF calcu-
lations that include nonlocal effects by self-consistently
solving the Boltzmann and charge neutrality equations
subject to modified Fuchs boundary conditions (Lifshits
et al., 1973). The rather general classical model that they
describe is easily solved numerically for a 2D electron
gas, giving the results in Fig. 47. Remarkably, TEF peaks
are present even when qFc50, as first predicted by Tsoi
and Kolesnichenko (1980).

Second, when W/L;1 and lb is short, the usual TEF
peaks could be suppressed [Eq. (7)] more than the con-
tributions from diffuse scattering and pileup (Sec.
X.B.2).

Third, weak ‘‘mfp effects’’ leading to initially increas-
ing peak heights were seen in Monte Carlo simulations
of TEF (see Fig. 9 in Hornsey, 1996) even without tak-
ing account of pileup.

a. Mean-free-path studies

The TEF mean free path lF has been derived for elec-
trons (Spector et al., 1990a, 1990b, 1992; Nakamura
et al., 1991; Takaoka et al., 1992; Wakaya et al., 1992;
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Tsukagoshi et al., 1993) and holes (Heremans et al.,
1992) in the 2D electron gas by measuring how the am-
plitude of the first TEF peak decreases with increasing L
[Eq. (7)]. Figure 48(a) illustrates the results. For com-
parison, some investigators deduced the mfp lm from
mobility (m) measurements, where lm5tnF , t
5m* m/e , and nF5hkF /(2pm* ), with t the relaxation
time and m* the electron’s effective mass. For W/L
!1, each scattering event is effective—it removes the
electron from DV, thereby decreasing the TEF peak
amplitude—and lF5lb between two successive scatter-
ings. More accurately (Tsoi and Gantmakher, 1969;
Gantmakher, 1974; Gasparov and Huguenin, 1993), the
efficiency of electron scattering depends on the elec-
tron’s location on its orbit—the efficiency is less for an
electron leaving the emitter or entering the collector.

In 2D electron-gas TEF studies of lF , W/L is not
small, so that under small-angle scattering lFÞlb . Ex-
periments also find lF,lm (Spector et al., 1990b, 1992;
Nakamura et al., 1991; Takaoka et al., 1992; Wakaya
et al., 1992; Tsukagoshi et al., 1993). Figure 48(b) shows
typical behavior. At low temperatures, lF;5 –20 mm,
lm;(4 –5)lF , and both lm and lF decrease similarly with
increasing temperature. This similarity in the tempera-
ture variations of lF and lm has been attributed to the
same scattering sources for both, with the smaller lF as-
cribed to greater ‘‘effectiveness’’ of scattering events in
removing electrons from the TEF signal—i.e., just a few
small-angle scattering events can stop an electron from
reaching the collector, but more are needed to reduce
lm . Similar values of lF and lF /lm were found for holes
(Heremens et al., 1992).

Four groups have examined the effect upon lF of
changing ns . Samples were prepared by e-beam lithog-

FIG. 47. Calculated TEF spectra in the 2D electron gas (see
text) for an isotropic distribution of electrons injected and re-
flected from the surface. The Fuchs parameters qFc are 0 (top
curve), 0.5 (middle curve), and 1 (bottom curve). The calcula-
tions assume b/L50.08, where b is the emitter size and the
collector is a point source (zero size). This zero size causes the
sharp angles. A finite-size collector smears out the sharp
angles. b was chosen to give a TEF peak width similar to that
seen by van Houten et al. (1988, 1989).
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raphy (Spector et al., 1990a; Nihey et al., 1990) or fo-
cused ion beams (Takaoka et al., 1992; Tsukagoshi et al.,
1993), and ns was varied electrostatically (Spector et al.,
1990a) or by illumination (Nihey et al., 1990; Takaoka
et al., 1992; Tsukagoshi et al., 1993). Figure 49 illustrates
the results. All groups found that increasing ns increased
the size of the first peak, which they attributed to in-
creasing lF . The ratio lF /lm was insensitive to ns .
Sources for increasing lF include increased screening of
remote impurities, decreased inhomogeneity in the 2D
electron gas (Spector et al., 1990a), and increasing nF
(since l}nF).

b. Hot electrons

As noted in Sec. IX.E, reliable data on hot-electron
focusing are difficult to achieve. Unless L is smaller than
the electron mean free path l(«8), which depends upon
the excitation energy «8, ‘‘hot’’ electrons decay to near
«F before reaching C, and the desired effects will be
exponentially small [see Eq. (7)] and masked by other
effects having nothing to do with highly nonequilibrium
electrons. Also, the most fundamental quantity in hot-
electron kinetics is the relaxation time t [or scattering
rate 1/t ; for needed modifications of Eq. (7), see M. Tsoi
et al., 1996] rather than l, since even when t is constant,
an increasing velocity with increasing «8 leads to in-
creasing l(«8), and thus increasing peak amplitude for
electron excitations, whereas decreasing velocity with in-
creasing e8 leads to decreasing l(e8) and thus decreasing

FIG. 48. Mean free paths. (a) Maximum peak amplitude of
magneto-oscillations, normalized to the emitter voltage, vs
emitter-collector distance L. (b) Mean free path vs tempera-
ture T. j, lm ; m, lF . Sample mobility at T50.3 K was
1.13107 cm2/(V s). From Spector et al., 1992.



1688 Tsoi, Bass, and Wyder: Studying conduction-electron/interface interactions . . .
peak amplitude. Lastly, increasing the emitter current
can also cause local Joule heating, producing electrons
and holes that might dominate the TEF spectra, since
their energies are less (thus their l’s longer) than those
of the highly nonequilibrium excitations.

FIG. 49. Study of ballistic propagation vs density. (a) Inset—
geometry used. Ohmic contacts are G –J and gates are 6–10. I
and J are .100 mm apart. The dotted line shows the mesa
edge; the dashed lines indicate electron paths for the first and
second focusing peaks. The horizontal scale is the gate voltage
(V8). j, electron density under gate 8 deduced from the os-
cillation period of the spectra in (b); n0 density outside of gate
8; m, amplitude of the first peaks of (b), in units of collector
current lcoll normalized to injector current I inj . The lines are
aids to the eye. (b) TEF spectra for the structure in the inset of
(a). Electrons injected from G propagate ballistically under
gate 8 and are collected at H. Each trace is taken at the indi-
cated gate voltage V8 . After Spector et al., 1990b.
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Several TEF studies have been made of highly non-
equilibrium (hot) electrons in a 2D electron gas (Laikht-
man et al., 1990; Williamson et al., 1990a, 1990b; Horn-
sey et al., 1993b). For excitation energies up to about 5
mV, Fig. 50 shows that proper peak shifting in B and
decreases of amplitude were observed, without any un-
usual behaviors, except that hot electrons with energy
«8;1.5 «F give l(«8) an order of magnitude larger than
predicted (see das Sarma, 1992 and references therein).
A similar result was also found with a quite different
experimental technique (Sivan et al., 1989). At higher
excitation energies, however, singularities occur: new,
small ‘‘TEF’’ peaks and inverse peaks similar to those
without any bias voltage. Laikhtman et al. (1990) attrib-
uted such peaks to electron transport in the second sub-
band. This attribution looks reasonable, since observing
focusing means that adiabatic injection is disturbed (Sec.
X.B.1). At high decelerating voltages, local heating
might have dominated in the studies of Williamson et al.
(1990b), Laikhtman et al. (1990), and Hornsey et al.
(1993), leading to inverse TEF spectra because of strong
suppression of contributions of highly excited holes hav-
ing long traveling time from E to C and generation of
electron excitations with low excitation energy. Super-
position of all of these focusing peaks with different po-
larities could also produce observed small additional
‘‘TEF’’ peaks (V. Tsoi, 1978). In contrast, Hornsey et al.
(1993b) argue, based in part on the data of Fig. 50, that
the effects attributed by Laikhtman to second subband

FIG. 50. Differential TEF magnetotransresistance for different
negative (source) and positive (sink) injection currents: (a) For
614 mA, with corresponding accelerating potentials; curves
offset. (b) For positive values of injection current up to 14 mA;
curves overlaid. The inset is a device schematic for transresis-
tance measurement; i5emitter, c5collector. From Hornsey
et al., 1993b.
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transport are due instead to changes in the dc transverse
electron focusing characteristics.

4. Miscellaneous

Goldman et al. (1994) and Smet et al. (1996) showed
TEF evidence of composite fermions. Nakazato et al.
(1992) found that a double grid structure gave complex
focusing patterns that could be understood by combin-
ing transmission through and backscattering from the
grids. Spector et al. (1991) found that beams of ballistic
electrons in the 2D electron gas pass through each other
without interacting. They ascribed this lack of interac-
tion to the highly polarizable nature of the 2D electron
gas, which strongly screens ballistically traveling elec-
trons. A short interaction time can also explain the ob-
servations. Spector et al. (1990c, 1990d, 1992) studied
ballistic electron optics.

Experiments (Heremans et al., 1992) and theory
(Goldoni and Fasolino, 1991) illustrate the use of TEF
to measure Fermi-surface contours in the 2D electron
gas and study anisotropy of the relaxation time t(k).
The principle of such studies is similar to that of the
Gantmakher effect (Gantmakher, 1974; Gasparov and
Huguenin, 1993). TEF is such a powerful tool for ana-
lyzing 2D electron-gas edge perfection and structure
that it has been used to optimize parameters for focused
ion beam implantation (Hornsey et al., 1993).

5. Conclusion

TEF studies of the 2D electron gas have uncovered
many interesting behaviors. Results at not too-low tem-
peratures, and for contact widths W.ldB , can be un-
derstood using the same model as for TEF in metals and
semimetals. Two items in this regime not yet understood
for ‘‘electrostatic’’ samples are the growth in amplitude
of the first few TEF peaks with increasing B and the
nongrowth of the TEF peak widths. More theory is also
still needed on the fine structure that occurs at low tem-
peratures or with narrower (quantum) contacts. Because
the Fermi surface is a circle, unless the ratio W/L is very
small, a large q is not needed to obtain peak ratios near
1. As shown in Fig. 47, with the Fuchs boundary condi-
tion, large peaks can occur for qFc50. Thus, while there
is probably significant specular reflection from bound-
aries of the 2D, the precise size of q remains somewhat
uncertain.

XI. SUMMARY, CONCLUSIONS, AND OPPORTUNITIES

We have described a variety of TEF studies, both of
conduction-electrons scattering at surfaces and of inter-
faces in metals and semimetals. These studies have
yielded important, often unique, information. However,
relatively few of the possible applications of TEF have
as yet been exploited. In this section we briefly summa-
rize what has been learned and indicate some opportu-
nities for future research. Most experiments can be ana-
lyzed with the geometrical model of ballistically
propagating electrons.
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We start with new vistas opened by recent experimen-
tal developments. The usual TEF needle contacts can be
moved to different portions of a surface to survey its
reflective properties, but once removed they cannot be
returned to exactly the same place, and they limit stud-
ies to samples with mfp;100 mm. We described some
measurements with needle-contact separations as small
as ;1 mm (see also V. Tsoi et al., 1996), and even
smaller separations should be possible with lithographic
point contacts. Small separations allow the study of
samples with short mean free paths, including
excitation-energy dependence, since the mean free path
(lifetime) decreases with increasing excitation energy off
the Fermi surface. Lithographic point contacts allow
leads to be attached at a series of fixed separations along
chosen directions in the crystal lattice, thereby allowing
studies of controlled processing of the reflecting inter-
face and complementary STM studies of the exact same
area. Focused light-generated excitations allow two-
dimensional mapping of excitation motion. Combining
such mapping with precisely positioned lithographic
contacts should allow unique studies of interfaces.

The short de Broglie wavelength in metals, ldB
;2 –4 Å, makes q sensitive to atomic-scale surface
roughness. Thus TEF observations of q.0.5 for low-
index planes of a wide range of metals indicate that
these planes have atomically flat regions. But little more
is known about the structures of the surfaces probed by
TEF. In only two metals, Ag and W, have TEF studies
been combined with STM studies of the microscopic sur-
face structure. In neither case was the surface a simple
Gaussian random distribution of heights. There is scope
for combined TEF and STM studies of both low-angle
index planes and miscut surfaces with well-defined steps.
Only in W has the variation of q with ldB been studied,
and the surfaces involved were not separately character-
ized. There has been only one TEF study of how q var-
ies with coverage of adsorbed gases and only two on its
variation with angle of incidence, q(u).

Little as yet is known about the anisotropy of scatter-
ing from different crystallographic surfaces or about the
energy dependence of scattering from metal surfaces.
The new techniques described above should allow TEF
studies of reflection and transmission of electrons from
the interface between two metals, including magnetic
metals, where conduction-electron/interface interactions
should be spin dependent. There should now be enough
precision to allow study of the structure and amplitude
of metal corrugation surfaces, including the dependence
of reflection upon the angle of incidence. Combining
TEF and STM or atomic force microscopy measure-
ments with ultrahigh-vacuum processing should permit
the study of changes in reflection due to controlled ad-
dition of small amounts of surface adatoms up to ada-
tom superlattices, chemical reactivity, surface phase
transitions, and in situ surface modification by ion mill-
ing, ion implantation, and annealing. High electron ex-
citation energy and higher temperatures should permit
the study of inelastic electron-surface (interface) inter-
actions, including the question of why surface phonons
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are generally ineffective in electron kinetics (see, for ex-
ample, Kim et al., 1997). Transverse electron focusing
could also be used to study the recently seen magnetic-
field-induced intercrystalline boundary motion
(Molodov and Shvindlerman, 1997).

In semimetals, large ldB;1000 Å should lead to q
;1 for Gaussian atomic-scale roughness. While large q’s
are found for reflections from some atomic planes in Bi,
much smaller q’s are found for reflection from others.
The smaller q’s are ascribed to intervalley scattering,
which can be very sensitive to surface roughness, but can
also be screened by natural or artificially induced band
bending. These phenomena warrant further study.
Light-generated excitations have been used to study re-
flection and transmission from a particular angle grain
boundary in Bi. Such studies can be extended to other
angles and to interfaces between other materials. Elastic
TEF peaks in Bi have also been induced by conduction-
electron surface resonance due to an artificially imposed
surface grating. Covering Bi with a material that induces
upward band bending at the interface could give
conduction-electron surface resonance without the need
for a grating. In principle, this resonance may also be
observed after inelastic trapping, as in molecular-beam
scattering (Heinz et al., 1982; Benedek and Valbusa,
1987). Transverse electron focusing plus conduction
electron surface resonance may then be used to study
surface-phonon dispersion.

TEF studies of normal metal/superconductor (N/S)
interfaces have, so far, been limited to Bi/Sn and Ag/Pb.
Such studies have shown qualitative evidence of all of
the required properties of Andreev reflection and made
possible introductory studies of its probability, its de-
pendence on energy, and how it is affected by screening.
In addition to more complete studies of these topics,
studies are needed of the anisotropy of Andreev reflec-
tion, anisotropy of the energy gap, interface states near
the N/S interface with energies less than the gap energy
D, and Cooper coupling of electrons on different valleys.
The new techniques described above should allow ex-
tension of some one- and two-point-contact TEF studies
to high-Tc superconductors.

Transverse electron focusing studies should now be
possible in mesoscopic (or ultradispersion) samples,
where the conduction-electron/surface (or interface) in-
teraction dominates. Lastly, diffraction patterns from
gratings with period g can be observed with TEF both
when ldB;g and when ldB!g (V. Tsoi, 1996). Trans-
verse electron focusing thus has the potential to measure
the conduction-electron coherence length, using an arti-
ficial surface grating of known structure and quality, or
the vortex lattice parameter in a superconductor depos-
ited onto a metal surface, using the known ldB and elec-
tron coherence length of the underlying metal.

Transverse electron focusing has already taught us
much about scattering at surfaces and/or interfaces in
metals, semimetals, and 2D electron gases. Nonetheless,
experiments so far have barely scratched the surface of
its potential. We hope that this review will stimulate fur-
ther interest in the topic.
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