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dure is based, may depend on the quality of the
sample surface.

Finally we would like to point out some conse-
quences of the preceding results for the interpre-
tation of two-photon experiments. In calculations
of the polarization dependence of excitonic two-
photon absorption,’® it has been assumed that the
exciton states reached in the process transform
according to the irreducible representations of
the point group of the crystal. This has to be al-
tered in the case of two-photon transitions which
are also one-photon active. From the foregoing
it is evident that these states should be classified
according to the group of the polariton wave vec-
tor K, and the polariton should be regarded as
the final state of the transition. Because the de-
generacy between longitudinal and transverse
states is lifted, a more complicated angular de-
pendence of the two-photon absorption should re-
sult. These features will be demonstrated in a
forthcoming paper.
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Using a very pure single crystal of magnesium we have observed large-amplitude oscil-
lations in the transverse magnetoresistance which result from the direct interference of
normal-state electron waves. The amplitudes of these interference oscillations appear to
be independent of the AT broadening of the Fermi distribution. The primary result of our
experiment shows that these waves are phase coherent at 1.2°K over macroscopic dis-
tances of at least 0.01 mm; this corresponds to a quasiparticle lifetime of at least 2 x10711

sec.

In our study of the transverse magnetoresis-
tance of magnesium we have observed large-am-
plitude oscillations resulting from the direct
interference of electron waves. Unlike the de
Haas -van Alphen and de Haas —Shubnikov oscilla-
tions, which are consequences of the phase co-
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herence and quantization of electron states on
closed paths, these oscillations are due to the
quantum interference of electrons on different
branches of an open trajectory. The effect we
have observed is the physical equivalent of the
Mercereau experiment,’ in which the interference
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is generated between phase-coherent supercon-
ducting states. In our experiment, however, the
phase coherence is in the normal state and is
preserved over macroscopic distances without
the benefit of an enevgy gap.

The Mercereau interferometer consists of
superconducting paths which interact through
points of weak coupling provided by thin oxide
layers. In our normal-state interferometer, it
is the crystal itself which, in the presence of a
magnetic field, determines the electron trajec-
tories, or the “geometry” of the interferometer.
The crystal also furnishes the points of weak
coupling by means of magnetic-field—induced
tunneling across the small energy gaps® separat-
ing path segments of the trajectories.

Figure 1 shows the transverse magnetoresis-
tivity of a magnesium single crystal as a function
of magnetic field strength H for a special case
in which the magnetoresistivity is dominated by
a tiny group of electrons consistuting only about
107* of the total electron density of states. The
three pertinent features of this curve are (1) the
monotonically increasing background resistance
upon which are superimposed (2) large-amplitude,
low-frequency oscillations and (3) smaller-am-
plitude, high-frequency oscillations, both of
which are periodic in H~!. Normally we would
interpret all such oscillatory behavior as the
direct result of magnetic quantization of the
density of states & la Onsager.® The thermal
broadening of the Fermi distribution function
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FIG. 1. Transverse magnetoresistivity p (H) of a
magnesium single crystal at 1.2°K for i1 along a [1070]-
type crystal axis and the current J along a [1120]-type
axis. Both the monotonic background magnetoresistivity
and the large-amplitude, low-frequency oscillations
are insensitive to variations in temperature up to 4.2°K.
The small-amplitude, high~-frequency oscillations vary
with temperature, decreasing by a factor of 15 in go-
ing to 4.2°K where they are barely visible.

leads directly to a predictable temperature de-
pendence for the amplitude®* of such oscillations
since the resolution of the quantized energy lev-
els depends upon the ratio of the energy-level
separation to 27. All previous experiments\on
the temperature dependence of the amplitude of
the de Haas-~van Alphen-like phenomena have
agreed with the predictions of theory, as do the
high-frequency oscillations shown in Fig. 1. In
contrast, the amplitude of the low-frequency
oscillations is manifestly insensitive to vavia -
tions in T over the range of temperature used in
our experiment (1.2-4.2°K). This fact implies
that these oscillations do not result from quan-
tized Landau levels or, equivalently, from quan-
tized closed orbits. Fortunately, our knowledge
of the electron states in magnesium® is detailed
enough to allow us to eliminate the possibility of
a quantized closed orbit; the frequency in H of
the smallest closed orbit is more than one order
of magnitude larger than the observed frequency.
Furthermore, the interpretation that these oscil-
lations result strictly from interference is not
only consistent with our prior knowledge of the
electron states, but also, in fact, the details of
the effect could have been predicted quantitatively.

Our experiment only measures effects due to
electron states on the Fermi surface. Figure
2(a) shows the portions of the Brillouin zone and
Fermi surface that are pertinent to our discus-
sion (see Ref. 5 for more detail). The locus of
those states with wave vector K which are in-
volved in the interference is shown by the darker
lines. There are three relevant facts to be con-
sidered:

(1) The electrons respond to an applied mag-
netic field H in accord with the Lorentz-force
equation

.
>

-
ﬁk—crxH, (1)

where T is the group velocity of the electron
wave packet in real space. Thus, the trajectory
in K space occurs with constant energy, for our
purposes the Fermi energy, and is mirrored by
an identical trajectory in real space scaled by
the factor 7ic /eH and rotated by 7/2 about H.

(2) Any electron that moves under the influence
of H from point 1 to point 6 is on an open tra-
jectory,® which pumps current along the axis of
our crystal in real space, and in so doing totally
dominates the magnetoconductivity.

(3) In a finite magnetic field, the probability
that an electron will traverse from “1” to “6”
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FIG. 2. (a) A cross section of the Brillouin zone and
Fermi surface for magnesium (ot to scale). The
letters A, K, K, H, and L designate symmetry points
of the zone. (b) The real space-orbit segments that
make up the interferometer; the weak links occur at
crystal Bragg-reflection planes.

(K611) %) is less than unity because of the pres-
ence of the three junctions J,, J,, and J; at which
there are finite probabilities of interband transi-
tions via magnetic breakdown.? J, and J, are
equivalent junctions specified by the same transi-
tion probability p,, but these are not equivalent
to J, which is specified by a different probability
p.. The transition probabilities for the various
paths are

[€2|0) 2= [<65") [ =p,° = exp(~H,/H),
[K2[1)[2=[(65)]2=1-p %,

[<4137)[7 = [K4'13)|= p," = exp(~H,/H),

[(4[3) 7= [<4’]37) 7= 1-p,?, (2)

where we have also indicated the dependence of
these on the magnetic field. H, and H, are con-
stants characterizing the junctions.

The equivalent trajectory segments which make
up our “interferometer” in real space are shown
in Fig. 2(b). The points designated correspond
to the same points in Fig. 2(a). To calculate
I(611)P, one needs the following information about
phases.

(1) The transmitted and reflected wave func-
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tions, respectively [#) and |7), at a junction
must be orthogonal. Thus, if
[¥)=(1-p) exp(i¢,)

and

|£)=p exp(ig,),
then (¢,~¢,)=(m+3)7. We will choose the con-
vention ¢, =0 and ¢,=7/2.
(2) There is a phase change along each line
segment due to the vector potential A. This is
given by

3-’ -
P23™ Pus = (e/h’c)fz A-dr,

and
37— -
Doyt = Py = (e/h'c)le A-dt. (4)
An important quantity is the phase difference
0= Pa3— Qorzy= (e/ﬁc)HQ) (5)

where @ is the area enclosed by one pair of arms
of the interferometer.

Using the above information to evaluate the
probability amplitudes we find that the transmis-
sion probability through the entire interferometer
is

[<6|1)|?=I,+ I, cosé + I, cos 20, (6)
where
Io = (1—p2)2(1 "191)4 + 417221)12(1—?1_)2 + (1—P2)2P14,

L= 41)1?2(1_f’l)(l—.bz)[plz‘(l“l’l)z]a

12= —2(1—p2)2(1—P1)2P12. (7)

I, is the noninterference portion of the current
through the interferometer which results from
the inequality of amplitude on the various paths.
I, is the portion of the interference current
which results from wave transfer across the
middle junction, that is, from the primed to the
unprimed paths and vice versa, while I, is the
portion for which the wave does not cross the
middle junction. Note that the phase difference
¢ in Eq. (5) is just 27 times the amount of mag-
netic flux enclosed within half the total area of
the interferometer. This amount of flux is un-
restricted, i.e., unquantized, The dimensional
scale factor, v =7ick/eH, shows that the linear
dimensions of our interferometer decrease as
H™'; the area @ decreases as H™? so that the
total flux also decreases as H™'. Thus the peri-
odicity of the interference pattern is proportion-
al to H™! as shown in the data in Fig. 1. The
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experimental periodicity is 7.3 x10°% G™!, which
agrees well with the theoretical prediction of
7.7x10°% G-! based on our knowledge of the elec-
tron states with wave vector k.° At the lowest
field for which we have observed these interfer-
ence oscillations (~2500 G) the length of the in-
terferometer is nearly 0.01 mm. Thus, phase
coherence exists in the normal-state electron
wave over at least this distance.

Our best estimates (which are subject to some
uncertainty) for the constants in Eq. (2) are H,
=10 kG and H,=1 kG.” With these numbers, at a
field of 25 kG, p, and p, are 0.82 and 0.98, re-
spectively, and I, and I, are 0.011 and 0.000017,
respectively. Hence, at this field strength, little
of the second-harmonic 26 interference should
exist relative to the fundamental in both the mag-
netoconductivity and magnetoresistivity. This
agrees well with the experimental data in Fig. 1.
Equation (7) shows that the second harmonic in-
creases relative to the fundamental at lower
field strengths as is also evident in the data.
Using the Pippard effective-path formalism® we
have calculated the ratio of the contribution to
the magnetoconductivity of these interfering elec-
tron states to that of all other states on the
Fermi surface; our results are within a factor
of 3 of the experimental data.

A more detailed quantitative comparison be-
tween theory and experiment for all values of
H requires both more extensive experimental
data and more sophisticated calculations of the
magnetoconductivity. Part of this study will be
the direct determination of the exact values of
H, and H,; this will be of importance not only
from the viewpoint of obtaining a quantitative
understanding of this interferometer, but also
from the viewpoint of quantitatively understanding
magnetic breakdown.

Of greater importance, however, is the fact
that numerical precision in the comparison of
theory and experiment is not essential for the
immediate utilization of this electron-wave inter-
ferometer. This noteworthy feature results from
the presence of the interference junction at the
exact center of the interferometer. If the typi-
cal distance for which the electron wave main-
tains coherence is ), then the probability that
coherence will be preserved for a distance L is
exp(—=L/x). The intensity I, requires phase co-
herence only between adjacent junctions (a dis-
tance L/2), whereas the intensity I, requires
phase coherence over twice this distance, i.e.,
over the entire length L of the interferometer.

Thus, for a given H, the experimental ratio I:1,
=F(H) exp(~L/A), where F(H) can be determined
experimentally under conditions for which x> L.
As reported above x=0.01 mm for these high
purity crystals. If effective scattering pertur-
bations which decrease ) are introduced into

the crystal, this decrease may be directly ob-
served in the ratio I;:,. Most future work will
be directed along these lines. For example, an
investigation of the coherent interference-ampli-
tude ratio as a function of temperature will yield
information about the electron-phonon interac-
tion; likewise, the introduction of controlled
impurity concentrations will yield information
about the quasiparticle-impurity scattering cross
sections.

Our current bound, x> 0.01 mm, can be con-
verted into an equivalent bound for the lifetime
of the electron quasiparticle by invoking our de-
tailed knowledge of the band structure of mag-
nesium. Integrating electron velocities along
orbit segments, we find that it requires 1.86
x10-" sec for a quasiparticle to traverse an
interferometer of length L =0.01 mm. Although
at 1.2°K in magnesium with an impurity concen-
tration of about one part in 108 the electron-
quasiparticle lifetime may be limited by phonon
or impurity scattering, the electron-electron
scattering lifetime is no smaller than 2x10~"
sec.
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