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The resonance spectra of magnetic~field-induced surface states are studied in fields in the
range 0—250 Oe at 36 GHz in high-purity Cu single crystals, Using the known Fermi-surface
geometry of Cu, we identify the locations of the resonant electrons on the Fermi surface. We
carefully consider the resonance line shape to interpret the observed dR/dH (field derivative
of the real part of the surface impedance) peak positions and determine the Fermi velocity
point by point along the central zones in the (100) and (110) planes. Various types of surface
perturbations and their effect on the line shapes of the resonances are discussed, together
with some considerations of the effect of tipping the field out of the sample plane.

I. INTRODUCTION

Magnetic-field-induced surface-state reso-
nances!™ have in the past few years evolved from
the realm of curious low-field structure in the
surface impedance of metals®® to a well-understood
solid-state phenomenon. Detailed experimental
studies®'” of these surface states, which correspond
to electrons moving in skipping trajectories along
the surface, have previously been carried out in
metals and semimetals where the resonances were
assigned to small cylindrical portions of Fermi
surface (FS), i.e., those electrons most seriously
perturbed by the lattice potential. In Cu, however,
the observed resonances are due to “honest” me-
tallic electrons on spherelike sections of FS.

The identification of these electrons is made possi-
ble by knowledge of the shape of the Cu FS and is
facilitated by an at least rough idea of the electron
velocity variation over the FS. The identification
of the location on the FS of the resonant electrons
is crucial in obtaining a measure of the velocity
and scattering rates at points on the FS. We pre-
sent here the results of a study of the surface-
electron resonances in Cu and the velocity infor-
mation derived from them. We explore the de-
pendence of the resonances on field tipping and sur-
face condition, and examine a situation where the
surface-state signals provide FS geometry infor-
mation. A separate publication is intended toelab-
orate on a preliminary report® on the electron-
phonon scattering rates in Cu.

II. EXPERIMENTAL NOTES

As in cyclotron resonance experiments, the sam-
ples form a wall of a resonant cavity. Using a
conventional microwave spectrometer, we measure
the field derivative of the real part of the surface
impedance, dR/dH, as a function of the applied
magnetic field at a fixed microwave frequency.
Details concerning the apparatus and techniques
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are amply described elsewhere. %"

The Cu samples used in the experiments were
spark cut from large single-crystal boules grown
by the Czochralski method. The starting material,
nominally 99. 999% pure, was obtained from the
American Smelting and Refining Co. The samples
were subsequently annealed in a partial oxygen
atmosphere (4x10™ Torr) at 1000 °C for about 5
days. The resulting residual resistivity ratio of
the samples ranged from 10000 to 40 000.

After lapping, the samples were electropolished
in a 2: 1 solution of orthophosphoric acid and water
according to a procedure quoted by Tegart.® Since
specular reflection of the electrons at the surface
is necessary for the existence of surface-state
resonances, proper surface preparation is an es-
sential ingredient for successful experiments.
Tegart recommends about 30 min of polishing time,
but we find that ten or more hours are desirable
to give the best resonance spectra. In addition,
care must be taken to thoroughly wash the samples
after polishing to remove any acid residue.

HI. SURFACE-IMPEDANCE CALCULATIONS AND THE
GEOMETRY OF THE Cu FERMI SURFACE

Microwave transitions between the quantized
surface levels give rise to a spectrum of dR/dH
resonance peaks as a function of applied magnetic
field H. The field positions of the resonances
allow a determination of the parameter (K/vz°),;
here K is the radius of curvature on the FS for the
resonant electrons and v their velocity, and 1
designates components of these quantities in the
plane normal to the magnetic field. In this section
we discuss how one obtains (K/vz%), by fitting the
experimental spectra to a calculation of dR/dH,
and how to determine the points on the FS which
contribute the resonant electrons.

A. Line Shapes

Calculations of the surface-impedance resonances

3866



Kl MAGNETIC SURFACE LEVELS IN Cu—OBSERVATION AND ...

have been made by Nee, Koch, and Prange (NKP)?
for the case of cylindrical FS. For perfectly specu-
lar reflection at the surface, the line shapes and

the positions of peaks in the dR/dH resonance spec-
trum are found to depend on three fitting param-
eters: B, I'*=1/wt, and (K/v;°),. Here

1 v\ 21
B= =) 3 @)
(2w) K)J), &
where w is the microwave frequency, & the anoma-
lous-skin-effect (ASE) skin depth, and 7 the elec-

tron relaxation time. The resonance condition® is
given by

Hpn= (/) 02 (a,-a,)*22K/v:%, (2

where a,, is the mth root of the Airy function. NKP
find that for the dominant peaks the resonance con-
dition is satisfied at the dR/dH maximum to within
a few percent. For the most part, therefore, the
parameter (K/vz°), determines the position of the
resonances whereas I'* and g determine their widths
and relative amplitudes. By fitting the proper 8
and I'* and by taking into account deviation from
the cylindrical FS geometry (&, broadening—%,
being along the field direction in reciprocal space),
we calculate the corrections to the resonance con-
dition in order to interpret the dR/dH maxima
more exactly.

In practice we concentrate on the m=2, n=1
transition which, for the values of 8 and I'* observed
experimentally, has the largest amplitude. The
resonance factor (a, —al)"”2 has the value 0. 432,
but the dR/dH peak position H, will generally ap-
pear shifted by a few percent from the value H,,.
The magnitude of the shift depends on the values
of g and I'*, as well as the 2y broadening effect.

To explore the k4 broadening effect we consider
a section of Cu FS for which the calculation can be
done exactly—the neck oriented normal to the sur-
face in a (111)-plane sample. The neck has the
form of a hyperboloid with a circular cross section.
As in Fig. 1, the skipping electrons lie on a nar-
row belt centered about the line v,=0. The skip-
ping angle, i.e., the width of the v,=0 belt, is on
the order of 1 deg, measured with respect to the
neck center. Thus the trajectory between reflec-
tions from the surface can be taken as part of a
circle, with curvature equal to the value at the v,
=0 point. Along the effective zone K, varies as
Ko cosb and vy, as vp cosf, where 6 is the angle
the normal to the FS makes with the x axis. H is
taken to lie along the y axis. K is the perpendicu-
lar radius of curvature at 6=0, and we have as-
sumed a constant v around the zone (justified be-
low). Thus along the zone, (K/vz°)i’? varies as
(Ko/vs®)/2/cosf. This variation in the resonance
parameter produces the 24 broadening. Just as is
the case for a ky-dependent mass in cyclotron
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resonance, the major contribution to the surface-
state resonance is due to electrons with the ex-
tremal value of the resonance parameter. The cal-
culation proceeds by cutting the v,= 0 belt into
cylinderlike sections with axes along ﬁ, and adds
up the appropriate contributions of each of the cyl-
inders.” This process is relatively simple for
constant 8 and I'* along the v,= 0 zone as is the
case for our prototype neck. The spectrum for
each segment is just that of the central cylinder
[tor which (K/vz%), is an extremum], but is scaled
up in field by the increase in (K/vz%)!/2 and adjusted
in amplitude by a factor that accounts for the rela-
tive number of trajectories and their coupling to
the rf field.

The &, sum to be performed is

dR
T L Akin0x (k)Y (R F (v(kyn) H; B T*)
®)
where %, denotes the kg coordinate of the nth cy-
lindrical segment. The rf current is taken to be in

the x direction. vy(ky,) is the scale factor for the
normalized field 4, i.e.,

e (v /2 /2
= =£- w =
h 7 (ZK >1 H=vyH . (4)
The function F represents the dR/dH spectrum
calculated for a cylinder and scaled to proper field
according to the value of v.

Rewriting Eq. (3) in terms of 6, we have

d

IR T 26,086,0, (6) V(6 F(VH; 5 T*) , (5)
n

which for our neck case reduces to

(LI A6, cos®0,F(vH; B; T*) . (6)
dH 5

The identical result is obtained for spherical FS
geometry. In carrying out the summation we use

z <>

FIG. 1. Neck on the Fermi surface of Cu with the zone

of skipping electrons.
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FIG. 2. Calculated lines for the 1— 2 transition for

select values of angular length of the skipping electron
zone.

intervals of constant width A6, .

In order to examine how electrons resonating
near the extremum in (K/v;*)}/? contribute to the
observed dR/dH signal, we carry out the summa-
tion to various values of a cutoff angle 6=6,. The
change in the line shape of the 1- 2 transition as
0. is varied is seen in Fig. 2. The calculation is
for representative values of f=0.5 and I'*= 0. 075.
The line increases in amplitude as more and more
“cylinders"’ contribute, and broadens asymmetrical-
ly as the (K/vz%)}/2 parameter increases the field
location of each cylinder contribution as 1/cos6.

It is evident from the figure that the product of
line amplitude and width, which is a measure of
the absorption strength, does not saturate until
6,~35° that is, electrons on a segment of the
v,=0 belt extending 35° on both sides of 6=0 con-
tribute significantly to the final line shape. The
peak position %, and relative linewidth at half-
amplitude'® Ah/h, are plotted as a function of 6,
in Fig. 3. The solid line gives the results for the
neck, Comparing these with a cylindrical FS cal-
culation (6,—~0°), we find that at saturation (0,
~ 35°) the width has increased by 30% and peak
position has shifted from 0. 428 to 0. 439. To ex-
plore how the broadening and shift depend on the
details of the FS model, we examine in Fig, 3 two
other examples. The first of these (light dash line)
weights each cylindrical segment equally but re-
tains the anisotropy v(ky) for the neck model; i.e.,
we replace cos®d, by cosé, in Eq. (6). The second
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model simulates a more rapid variation in y(ky) .
In the function F, v is taken to vary as cos26, in
place of cos8, while the factor cos®6, is retained

in the summation of Eq. (6). The increased anisot-
ropy leads to saturation at lower values of 6, as is
evident from the heavy dash line in the figure. The
final linewidth and peak position values also de-
pend on the details of the FS model.

The peak position %, varies also with the choice
of values for 8 and I'*, We have computed the cyl-
inder spectra for a number of 8 and I'* combina-
tions. The resulting peak positions are plotted in
Fig. 4. For the special case 8= 0. 50, we show a
curve which includes spherical 2y broadening. It
becomes clear that unless 8, T'*, and FS anisot-
ropy are quite accurately known, %, and hence the
calculated vy are uncertain. Evidently this uncer-
tainty is minimal when I'* is small. In that limit
the dR/dH peak occurs at the field H,,, as defined
in Eq. (2), regardless of the 8 value or FS anisot-
ropy.

With the exception of signals from the (110 ) point
(where the term (110) point is taken to mean the
point where the (110) axis intersects the Fermi
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FIG. 3. Fractional half-width and peak position of the
1— 2 transition vs angular length of the skipping electron
zone. The solid curves correspond to the neck case or
to a spherical Fermi surface and the dashed lines to
variations discussed in the text.
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surface), data used in obtaining velocities have I'*
values ranging from 0. 025 to 0. 05, and B values

in the range 0.4-0.55. Admittedly the exact 2y
anisotropy is different for each experimental point,
but for most cases it is such that the extremal
value of the resonance parameter is a minimum
with a more or less parabolic variation about this
value. Thus the spherical 2, broadening that ap-
plied in the neck case can be taken as characteris-
tic of most of the data. The different curves of
Fig. 3 give us a measure of the probable uncertain-
ty that results from this simplification. For I'*
=0. 025 we therefore find that with 2, broadening,
h, ranges from 0. 433 to 0. 436, and for I'*=0. 05
from 0.433 to 0.439. For the interpretation of the
resonance peaks in Cu, the representative value

of 2,= 0. 435 has been chosen when the extremal
value of the resonance parameter is a minimum,
In view of the foregoing discussion, we expect this
value to be correct to about 1%. We also note that
in our experiments on the temperature dependence
of the resonance, ° there is not observed any signif-
icant shift of 2, with I'* between 0. 025-0. 15. This
result is expected from the curve of Fig. 4 with
B=0.50 and ky broadening included. By contrast,
recent data in Bi for which B is on the order of 0.4
shows a distinct downward. shift in peak position
with increasing I'*,

We return now to a consideration of the resonance
spectrum of the neck model. Figure 5 compares
calculated and experimental curves. I'*=0,.0212
is chosen to match experimental peak widths, and
B=0. 50 gives the best fit to the observed peak-
amplitude ratios. The uncertainty in the choice of

B is about 10%. In normalized field units, the 1-2
transition peak falls at 2,= 0. 434. The calculated
curve achieves a satisfactory fit to the experimental

[¢]
I
R
~N
x B‘=O.5
r=0.0212 )
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cm
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FIG. 5. Comparison of the experimental resonance

spectrum (upper trace) with the calculated spectrum
(lower trace) for the neck geometry. The dominant reso-
nance at 25 Oe is the 1— 2 transition. (dR/dH units are
arbitrary.)
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trace. We shall have occasion to discuss remain-
ing discrepancies in a later section.

B. Fermi-Surface Considerations

The preceding discussion concerned itself with
the question of how to extract from the experimen-
tal traces an extremal value of (K/vz’),. To com-
plete the interpretation of the signals we must next
raise the question of where on the v,=0 zone the
measured value applies, i.e., to locate the reso-
nating electrons. For certain high-symmetry di-
rections of the magnetic field we can make an a
priovi identification of the location of the (K/vz%),
extrema, but in general a considerable amount of
computational effort is required. The effective
point could, in principle, be located experimentally
making use solely of the known FS geometry. One
could measure signal amplitude as a function of the
direction of the linearly polarized rf currents. An
amplitude maximum occurs at such angle where
the current direction coincides with ¥ on the zone
v,=0. For sufficiently simple FS geometry, this
would yield a unique point. In the present experi-
ments we proceed in a different manner, making
use of an iterative calculational scheme that both
identifies the location of resonating electrons and
derives an experimental velocity value for them.

We describe the Cu FS geometry in terms of the
analytical expression derived by Halse!! from de
Haas-van Alphen (dHvA) data. Halse estimates
radius vectors of his surface to be correct to 0. 2%.
The FS geometry obtained by Lee!? using an inde-
pendent analysis of dHvA data agrees with Halse’s
work and would serve as an equally good starting
point. In any case, both K, and the direction of
v along the v,= 0 zone are known to sufficient ac-
curacy. In principle, the iteration scheme now
proceeds as follows. Along the zone we postulate
some arbitrary but reasonable distribution of vy
values, possibly some constant value. For each
direction of H we now obtain the location of the
(K/v£%), extremum and thus assign observed reso-
nance signals to specific locations on the FS. Thus
experimentally measured H, value together with the
K, for that location yields a value for the velocity
of these particular electrons which, in general, is
different from the initially assumed value. The
new values obtained in this fashion define a new vp
anisotropy along the zone which, in turn, serves
for the next iteration. We recompute the location
of extremal values, to find yet another velocity
distribution. As we shall illustrate below, the
process converges so rapidly that after only a few
iterations experimental and calculated resonance
fields agree. The iteration scheme is made even
easier by using [as we do for the case of the (110)
zone ] the v plots derived by Lee!® from an analy-
sis of cyclotron resonance data, for the most part
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that of Koch, Stradling, and Kip. 14 After the itera-
tions we arrive at a point by point plot of v r onthe FS
which, together with the FS geometry of Halse, is
exactly consistent with the observed surface-elec-
tron resonance.

In concluding this section on the analysis of the
data, we draw attention again to the fact that an
accurate knowledge of FS geometry is a prerequi-
site to the kind of detailed study of surface-electron
resonances that we present here., While in princi-
ple K, can be measured from the curvature shift, *
in practice for a complete program this would be
quite tedious and yield less accurate curvature
values than those available from analysis of dHvVA
effect data.

IV. EXPERIMENTAL RESULTS, ANALYSIS, AND
DISCUSSION

In this section we present data on surface-elec-
tron resonances in four sample planes of Cu. We
describe the field positions of observed peaks and
examine their anisotropy with field direction. We
use the iteration scheme outlined above to identify
the location of resonant electrons on the FS and to
obtain values of their velocity.

A. Experimental Data
1. (100) Plane

In Fig. 6 values of H, (the magnetic field position
of the 1— 2 resonance transition) are plotted
against 6, the angle the field H makes with the
(100) direction in the sample plane. For H||{100),
two series of resonances are observed: one with
H, at 22.7 Oe, the other at 56.9 Oe. The first of
these is observed most strongly with microwave
currents J.; polarized perpendicular to H, whereas
the 56. 9~-Oe peak is strong when the polarization
direction is nearly parallel to H, indicating that
the velocities of the two groups of resonant electrons
are nearly perpendicular. Upon rotation of H away
from (100), the 22, 7-Oe peak moves slowly up in
field (@-c in Fig. 6), whereas the 56. 9-Oe peak
immediately splits: one branch (b’ -d) rising steep-
ly in field, the second (b-c’) descending to merge
with the a@-c branch at §=45°,

We next wish to examine the question of how to
identify resonant electrons on the Fermi surface.
Figure 7 shows for example the spectrum observed
along (100) in the (100) plane with currents aligned
perpendicular to H. In addition to the major series
with H, near 23 Oe, the weak resonance near 57 Oe
is evident for this polarization. The fact that the
22. 7-Oe resonance shows no splitting with rotation
of H away from (100) is sufficient for an a priovi
identification of the resonant electrons. Without
prior knowledge of the variation of v, along the
v,=0 zone, it is evident that such a resonance is
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FIG. 6. (a) Anisotropy of 1— 2 resonance positions

in the (100) sample plane of Cu vs 6 the angle between the
field direction and the (100) axis. (b) Corresponding
locations of the resonant electrons on the central (100)
zone of the Cu Fermi surface.

due to a single point centered at ¢=0°, i.e., in
this case the (100 ) point marked a in Fig. 6. For
this point, the observed H, value together with
Halse’s value of the curvature radius K= 0. 3731
x108 cm'l, yields a Fermi velocity of vz=1.11
x10% cm/sec.

The resonance b, b’ in Fig. 6, where splitting
is observed with field rotation about the symmetry
direction, must arise from equivalent (K/vps)}/2
extrema located symmetrically about ¢ = 0°. Knowl-
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edge of their exact location requires a computation
of the resonance field Hy; as a function of position
angle 6 in the Fermi surface and presupposes
knowledge of both K and v along the zone. Using
the velocity values derived below, we compute the
H,, variation indicated in the insert of Fig. 7.
The minima at ¢ =0° and ¢ =+ 77.2° identify the
location of resonance electrons, and simultaneously
yield H, values to be compared with experiment.
For other field directions in the (100) plane the
peak positions are calculated in the same way and
are given by the solid line in Fig. 6. The letter
labels of the points correspond to the branches
showing how each point moves as H is rotated.
From the experiment on the (100) plane we learn
about only those electrons located within the ranges
a-c, b—c', and b’ —d.

2. (110) Plane

"The anisotropy plot of the (110) plane in Fig. 8
is considerably more complex than that of the (100)
Nevertheless, the movement of the peak
positions with field direction has been unraveled
from the experimental traces, and the resonant
electrons corresponding to the various branches
are indicated in the figure. Again the solid lines
give calculated peak positions to be compared with
the experimental points.

Points a and e, observed respectively with H
along (110) and (100) are examples of a priori iden-
tification as already discussed for the (100) plane.

The a point provides no new information since it is
the same (100) point seen in the (100) plane. The
resonance appears at exactly the same field since
K,is unchanged from its (100)-plane value, i.e.,

the FS is locally spherical in the vicinity of the
(100) point. The spectrum corresponding to the
point e, in fact to the whole branch e-j, is observed
experimentally only at temperatures between about
10 and 25 °K because at lower temperatures the

d, d’ and f, f’ spectra mask the e series. At the
higher temperatures, the e series emerges because
the scattering rate for the e point increases much
less rapidly than for the other points. The e spec-
trum is also unusual in that its 8 value is only about
0.25. The assignment of B and I'* values for this
series is more uncertain because of the relatively
weak resonance signals. Calculations show that
for low B values the 2 -3 transition has the largest
peak amplitude. We have consequently determined
the 1~ 2 peak position (as plotted in Fig. 8) by
measuring the 2 - 3 peak position and scaling

by the factor 0.740. The I'*value is fit as 0. 075
and thus the cylinder calculation gives 7,=0.418
(see Fig. 4). The parameter (K/vz"), is a maxi-
mum at point e for H || (100); hence, %k, broadening
is expected to give a correction down from 0. 418.
Assuming this correction is as large as the up
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FIG. 7. Surface-state resonance
spectrum in the (100) plane of Cu.
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1— 2 resonance field along the
zone of skipping electrons; the
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to the field positions of the two
'1— 2 resonances observed.
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correction for a resonance parameter minimum,
we obtain z,=0.408. With these adjustments and
making use of the measured 2 - 3 peak position of
60. 0 Oe at 35. 90 GHz, we arrive at H,=44.4 Oe
for the (110 )-point resonance. Using K=1.623
x10% cm™ as obtained from Halse’s geometry, we
obtain vp=1.11x10°% cm/sec. Because of relatively
weak signals and consequent uncertainty in the val-
ues of B and I'*, the possible error in this velocity
value is larger than for most other orientations.

Before concluding the discussions on the (110)-
plane data, we again consider the (110) direction
spectrum to illustrate that very careful, painstak-
ing analysis is required to identify the resonant
electrons. Figure 9 shows the data for H || (110).
The @ peak, as mentioned earlier, is readily iden-
tified as due to the ¢ =0°, (100)-point electrons.
Two other resonances b and ¢ are identifiable in
the data. As the insert shows, these are expected
from two additional extrema inthe resonance param-
eter at values of ¢=24.0° and 39.3°. As a final
point, we show in Fig. 10 data for which the cur-
rent direction is aligned parallel to H and along
(100). Previous discussions of surface-electron
resonances envisioned cylindrical FS models and
emphasized that optimal data were obtained in the
perpendicular polarization mode. The resonances
f, f' (see Fig. 8) involve electrons whose velocity
is directed nearly parallel to (100), and they con-
sequently are seen best in the H ||J,; configuration.
The spectrum in Fig. 10 shows no trace of reso-
nances ¢ and d, d’ which are inhibited by the polar-
ization.

3. (111) Plane

The (111)-plane spectrum is dominated at all

magnetic field directions by signals from neckelec-
trons as sketched in Fig. 1. There is not ob-
served any anisotropy of this signal as the field is
rotated. Additional weak resonances with consider-
able anisotropy are presumably due to other v,

=0 zones, but could not readily be interpreted be-
cause our computation method, in which the FS
geometry is expressed as a cubic equation, is

not applicable in this plane. The neck-electron
signal is that shown previously in Fig. 5.

The isotropy of the neck spectrum with field
direction is easily understood on the basis of the
Halse FS which predicts a constant curvature radius
around the neck, Ky=0.101x10% cm™. The constant
peak position then implies a constant velocity, vg
=0.672x10% cm/sec. ® The resonant electrons
thus simply follow the field H around the neck as
H is rotated, remaining centered at a point 90°
from the field direction.

4. (112) Plane

The signals observed in the (112) plane are plot-
ted in Fig. 11. We have not calculated the (K/vz°),
distributions for magnetic field directions in the
(112) plane. Nevertheless, we can make some
progress in identifying the resonant electrons based
on the procedure that we have learned in the (100)
and (110) planes.

Consider the point labeled ¢ in Fig. 11. This
peak is observed most strongly with H 11 (111) for
J.¢ L H but weakly with a shifted peak position for
the other polarization. A very similar anisotropy
is observed in the (110) plane about H 1l (111)

(point g of Fig. 8). The peak positions are identi-
cal. We thus identify the resonant electrons as
lying on the neck just as in the (110) plane. As the
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FIG. 8. Anisotropy of 1— 2 resonance positions in the

(110) sample plane of Cu vs 0 the angle between the field
direction and the (110) axis. (b) Corresponding locations
of the resonant electrons on the central (110) zone of the
Cu Fermi surface.

field is rotated to the (110) axis, the effective

point slides off the neck to a point d, which is equiv-
alent to d” for this axis. As expected we observe
the splitting of d, d’ as H is rotated away from
(110). Peak b in Fig. 11 does not split upon rota-
tion of H away from (111); thus it can only be at-
tributed to the points b lying on the v,= 0 zones on
the out-of-plane necks sketched in the figure. A
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calculation of the relevant curvature based on the
hyperboloid neck geometry (Fig. 1), together with
the previously determined v on the neck, yields
the observed peak position for point 5. When H is
rotated from (111) to (110) the effective point at

b slides along the v,= 0 zone to point ¢ which with
reference to Fig. 8 lies at ¢ =64, 9°, The relevant
curvature radius of this point we calculate as K
=0.132x10°% cm™. At f=35.90 GHz, thevalue of H,
is 25.8 Oe. We consequently obtain the velocity vy
=0.720x10° cm/sec for this point. Finally, again
from symmetry considerations resonance e can
only be assigned to the points near the out-of-plane
necks as in the figure.

B. Fermi Velocities

Only for those points on the FS where an a priori
identification was possible does the data on peak
positions directly yield velocity values. To generate
both the location of and velocity values for resonant
electrons inthe more general case, we now resort
to the iteration scheme.

We illustrate the general procedure with the (100)
plane data. The velocity at both (100) and (110)
points was found to be equal to 1.11x10% cm/sec.
As a first approximation we take, as given by the
dotted line in Fig. 12, the flat distribution, where
all electrons between 6=0° and 45° are assigned
the same value, v=1.11x10% cm/sec. Using this
distribution we compute the positions of the (K/
st)l extrema for each field direction in the (100)
plane, thus identifying the locations of the reso-
nating electrons. The K, value at such a point,
together with the measured resonance peak field
H,, provides now a new value of velocity for the
FS point. After such a first iteration we arrive
at the distribution given by the dashed line in Fig.
12, This distribution serves as the starting point
of the next iteration, until finally (solid line in
Fig. 12) we arrive at a distribution of velocities
which is consistent with the data to within experi-
mental error.

For the case of the (110)-plane data, we choose
for convenience as the starting approximation the
distribution of velocities given by Lee. !® After
these iterations we arrive at velocity values con-
sistent with the data.

Tables I and II provide a summary of the experi-
mentally determined peak positions H,, together
with the velocity values and locations of resonant
electrons in the (100) and (110) sample planes.

The analysis in Table II has been limited to 5° steps
whereas the data (compare Fig. 8) were taken on an
even finer grid. Table III and Fig. 13 give a com-
parison of the velocity values derived by Lee and
Halse with those obtained in the present experi-
ments.
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FIG. 9. Resonance spectrum
in the (110) plane of Cu as an ex-
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ample of overlapping multiple
series of peaks. The 1— 2 reso-
nances marked correspond to the
indicated extrema in the calculated
fields vs location on the zone of
skipping electrons.

C. Discussion

The agreement between our vy values which are
determined experimentally point by point, and
those of Lee and Halse which come from unravel-
ling the orbital velocity averages obtained from
experimental cyclotron masses, is in general quite
satisfying. To examine to what extent the remain-
ing discrepancies are significant, we consider
briefly the uncertainties in our vy values.

There are three possible contributions to such
errors. First, there is the error involved in de-
termining an experimental value of a peak position

and microwave frequency. Second, we must
consider the uncertainties in fitting the line shapes.
Finally, we examine to what accuracy we can lo-
cate a point on the FS and the consequent uncer-
tainty in the radius of curvature used to compute
Vp.

In determining H,, the possible calibration error
of £0. 3% plays a role. The reproducibility of a
given resonance peak has been found to be some-
thing like +0. 25%, which represents the uncertain-
ties involved in determining the peak position. The
microwave frequency is known to an accuracy of
£0.1%. We consequently arrive at an estimated

[ T

dR/dH

Cu (110)
| ﬁll <100>
[ Ui H

ol 23602 GHz

[ T=24°K
| i
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FIG. 10. Resonance spectrum in
the Cu (110) plane observed with rf
current polarized parallel to the ap~
plied field.
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FIG. 11. (a) Anisotropy of 1 — 2 resonance positions
in the (112) sample plane of Cu vs 6 the angle between the
field direction and the (111) axis. The dashed lines are
drawn smoothly through the experimental points. (b)
Corresponding locations of the resonant electrons on the
zones of skipping electrons for the (112) plane of the Cu
Fermi surface.

, possible error of +0. 7% in the peak position for
a given frequency (recall that H,« w*/?). In addi-
tion, the “true” peak position may also be altered
by the presence of an overlapping peak. Only in
the (110) plane does this pose a serious problem.
Where the peak position was known to be signifi-

cantly shifted due to overlap, it was not used in
the vy computation. The interpretation of the ex-
perimental resonances in terms of the NKP line-
shape theory, > modified to include %, broadening,
is a very significant factor in determining vy. As
we discussed in Sec. III, the uncertainties in de-
termining the parameters B and I'* for the fitting
procedure are important since they result in un-
certainties in the normalized-field peak position
h,. With the assumption that the theory describes
the line shape correctly, the value of 7, is judged
reliable to better than +1%. Finally, we consider
the contribution of the uncertainty in the FS geom-
etry used in calculating vr. For the symmetry
points, i.e., those with a priori identification
where we know exactly the location on the FS of
the resonant electrons, only the uncertainty in the
value of K at that point is important. For the more
general case, there is also the uncertainty in the
location angle ¢ to be considered. The uncertainty
in the value of K comes from two sources. The
first is that we have assumed a locally circular
orbit. This gives a negligible error since the
skipping angle is 1° or less. The second source
is the 1° or 2° uncertainty in sample-plane align-
ment, Together with possible error in location
angle ¢, we estimate that possible error in the
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-— — — First lteration
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1 1 1 s \ "
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FIG. 12. Velocity values of successive iterations for
the (100) zone starting with a constant distribution. The
free-electron velocity v,=1,5779 X 10% cm/sec. The angle
¢ denotes Fermi-surface locations on the (100) zone rela-
tive to the (100) axis.
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TABLE I. Resonance fields and Fermi velocities for
the (100) plane in Cu. @ gives the direction of the magnetic
field relative to the (100) axis. H, is the observed 1— 2
transition peak position at the given microwave frequency.
¢, measured from the (100) axis, locates the resonant
electrons on the Fermi surface. :

Hy(expt) VR
9 (Oe) ¢ (free-electronunits:
(deg)  (f=35.90 GHz) (deg) 1.5779x 108 cm/sec)
0 22.7 0 0.702
56.9 12.8 0.791
3% 63.4 13.3 0.7915
5 22.7 1.15 0.704
48,6 12.0 0.789
67.7 13.6 0.799
7 75.1 14.1 0.790
9 82.5 14.3 0.790
10 22.8 2.15 0.709
43.1 11.05 0.781
11 90.65 14.55 0.794
13 101.9 14.9 0.7935
15 22.9 3.15 0.717
38.5 10.5 0.777
117.3 15.3 0.787
16 125.8 15.7 0,787
17 134.8 15.9 0.789
18 147.6 16.4 0.782
19 157.6 16.75 0.786
20 22.9 4.0 0.727
34.8 9.75 0.778
178.4 17.25 0,773
21 198.3 17.75 0,767
22 217 18.6 0.772
23 239.5 19.25 0.776
24 273 20.3 0,767
25 23.2 5.2 0.738
32.1 9.25 0.774
321 21.8 0.746
30 23.6 6.5 0,752
30.05 8.6 0.767
35 24.1 6.9 0.755
28.1 8.2 0.767
40 24.7 7.25 0.7605
26,5 7.85 0.768
45 25,7 7.55 0,760

2The a-c and b-c’ branches of Fig. 6 are only tabulated
at 5° intervals in 4.

value of K amounts to +1%.
Combining the uncertainties according to the
formula used to calculate vp, i.e.,

vr = o (B ) oy )
FL = e (Hp > 1 1)
we arrive at an estimated possible error in vy of
+1.5%. Because of small peak amplitudes observed,
the (110) point in the (110) plane is an exception:
The increased uncertainty in both H, and fitting
parameters I'* and B8 leads to a net uncertainty of
+3.0%.

As a check on the above error analysis we can
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examine the internal consistency of our velocity
values since there are a number of points on the
FS whose velocities are determined in more than
one sample plane. The (100) point is observed in
both the (110) and (100) planes, and the values of

v r obtained are identical. The neck is common to
the (111), (110), and (112) v,= 0 zones, and a reso-
nance due to the neck point occurs in all three
planes [at all field orientations in (111), point g of
Fig. 8 in (110), and point @ of Fig. 11 in (112)].

In free-electron units we have vy=0. 426 from the
(111) plane, vp=0. 427 from the (110) plane, and
vp=0,428 from the (112) plane. Another such
common point is that at ¢ = 64. 9° on the (110) zone.

The (112) data gives vp=0.456, whereas we de-
termine v p= 0. 451 from the (110)-plane data (free-
electron units).

Keeping in mind that the presently derived v
values have an uncertainty of +1. 5%, we now re-
turn to examine the differences apparent in Table
III and Fig. 13. Substantial disagreement between
our value and those of Halse occurs from ¢=0° to
5° in the (100) zone and from 0° to 10° in the (110)
zone. Disagreement with Lee’s values, outside of
experimentalerrors, is in the range 10°-20° in
the (100) zone and from about 15°-35° in the (110)
zone. Both Lee’s and Halse’s velocities when in-
tegrated according to
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TABLE II. Resonance fields and Fermi velocities for the (110) plane in Cu.
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(dk is the path-length element) yield the experi-
mentally observed cyclotron masses, '* and it would
be of interest to compare our vy values in these

0 gives the magnetic field direction

relative to the (110) axis. H, is the observed1—2 transition peak position at the given microwave frequency. ¢, mea~-
sured from the (100) axis, locates the resonant electrons on the Fermi surface.

Hy(expt) vp H, (expt) vp
0 (Oe) (free-electronunits: 0 (Oe) ¢ (free-electronunits:
(deg) (f=35.90 GHz) (deg) 1.5779x 10% cm/sec)  (deg) (f=35.90 GHz) (deg) 1.5779% 10° cm/sec)
22,7 0 0.702 26.3 7.6 0,771
0 27.55 39.3 0,703 30.3 30.2 0.7805
28.55 ~ 242 50 36.2 67.5 0.597
45.7 71.0 0.6775
22.8 1.0 0.7025 58.6 90.0 0.698
27.55 39.4 0.6905
5 27.95 ~24% 27.75 8.4 0.775
28.65 39.35 0.698 31.7 28.5 0.784
31.3 ~23% 55 34.6 67.9 0.614
41.8 70.7 0.679
22.8 3.0 0.716 54.8 90.0 0.6975
10 27.45 39.45 0.685
30.2 39.4 0.689 29.6 8.8 0.776
34.1 ~23% 60 33.4 68,25 0.625
39.0 70.5 0.6775
22,8 4.0 0.728 51.6 90.0 0.700
15 27.3 39.5 0.683
31.9 39.5 0.683 31.7 9.8 0.7805
37.4 ~23% s 65 32.5 68.7 0.634
36.6 70.45 0.680
22.9 5.4 0.745 49.2 90.0 0.701
20 27.35 39.25 0.691
33.7 39.6 0.682 34.3 10.4 0.784
41.8 ~22,5% e 31.9 68.85 0.6385
70 34.7 70.4 0.681
23.0 6.0 0.752 47.2 90.0 0.703
25 27.45 37.5 0.717 198.7 17.4 0.7855
35.9 39.7 0.682
47.5 ~22% 37.8 11.1 0.788
31.5 69.0 0.643
23.4 6.4 0.755 75 33.4 70.1 0.6765
30 27.55 36.25 0.735 46.0 90.0 0.703
38.0 44.6 0.4555 122.0 16.6 0.7835
90.0 90.0 0.696
42,2 11.8 0.787
23.8 6.8 0.7615 31.4 69,1 0.644
27.95 33.6 0,761 80 32.4 69.9 0.673
35 63.9 72.2 0.690 45.0 90.0 0.703
39.6 44,7 0.443 86.9 15.4 0.790
.2 9.0 0.704 48.1 12.9 0.789
24.55 7.1 0.762 31.4 69. 2 0.6455
28.55 31.5 0.771 85 31.7 69.7 0.6655
40 39.3 64,45 0.431 45.2 90.0 0,702
56.0 71.7 0.685 68.4 14.1 0.789
69.3 %0.0 0.702 56.1 13.5 0.791
25.5 7.4 0.7675 90 31.4 69.4 0.656
29.3 30.75 0.777 44.4 90.0 0.7025
45 37.8 66,25 0.538
50.3 71.5 0.682
63.3 90.0 0.699

2Approximate FS location: the 1—2 peak position is uncertain due to interference from other series; peak is not used

for vy calculation.
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TABLE III. Comparison of Fermi velocity values on
the Cu Fermi surface. The angle ¢, measured from the
(100) axis, locates the points on the Fermi surface. The
errors are as estimated in the works cited.

vp (free-electron units: 1.5779x 10° cm/sec)

¢  Present work Lee (Ref. 13) Halse (Ref. 11)
(deg) (+ 1.5%) (£ 1.5 to 2%) (= ~3%
(100) zone
(100) 0.702 0.704 0.66
5 0,737 0.730 0.70
10 0.777 0.753 0.76
15 0.790 0.762 0.78
20 0.761 0.749 0.77
25 o 0,734 0.76
30 0.722 0.74
35 0.714 0.72
40 cee 0.708 0.71
(110) 0.702 0.706 0.70
(110) zone
(100) 0.702 0.704 0.66
5 0.742 0.729 0.70
10 0.782 0.757 0.75
15 0.789 0.768 0.78
20 0.788 0,761 0.78
25 0.786 0.752 0.77
30 0.781 0.742 0.76
35 0.749 0,718 0.73
40 0.676 0.645 0.65
neck 0.427* 0.413 0.41
65 0.458 0.454" 0.45
70 0.670 0.655 0.66
75 e 0.705 0.71
80 LR 0.713 0.71
85 oo 0.710 0.70
(110) 0.702 0.706 0.70

*An average of the values obtained in the (111), (110),

and (112) planes.
YInterpolated from Lee’s table.

terms. To do so, however, requires that we ap-
proximate vy values in those angular ranges where
they could not be measured directly.

If we assume that our velocity curve coincides
with Lee’s curve in the (100) zone from 22° to 45°,
we obtain m,=1. 358m for the (100) zone. (Here
myg is the free-electron mass.) For the dog-bone
orbit we take our (110)-plane velocity values except
in the section ¢="75°-90°, where we assume Lee’s
values. This yields m,=1.256m,. Koch, Strad-
ling, and Kip!* measure for the (100) belly orbit,
m,=(1.370+0. 005, and m,= (1. 290+ 0. 005)m,
for the dog-bone orbit (using Halse’s identifica-
tion for this orbit), Our (100)-zone mass agrees
within the experimental errors with the measured
mass, but the dog-bone mass does not. In view
of the extrapolation between 75° and 90°, however,
it does not provide a crucial test. A more mean-
ingful comparison is the case of the neck orbit,
since we have measured a constant value of v for
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all points on the orbit. Our value!® of v is 0. 427
+0. 006 (in free-electron units) and represents an
average of our measurements in the (111), (110),
and (112) planes. With the neck radius of 0. 256
x10® cm™, we arrive at a mass value of m = (0. 440
+0.007)m,. Both Lee and Halse derive a neck
velocity of 0.413 to agree with the measured cyclo-
tron mass'? of m,= (0. 46 +0. 02)m,. Given the
relatively large uncertainty in the neck cyclotron
mass, our result is not inconsistent with this value.
It does however suggest that the cyclotron mass
value for the neck orbit should be somewhat lower.
Consideration of the effect of mass broadening
(the analog of our 2, broadening) on the measured
mass may contribute to such a lowering. In this
connection, it is of interest to note that Joseph
and Thorsen!” in dHVA measurements find m,
=(0.45+0.014)m,. In any case, the neck mass
comparison provides a good test of the reliability
of our velocity measurements.

In concluding our discussion of the velocity
values, we note that for recent Bi experiments’
the velocity distribution derived from surface-
electron resonances is definitely inconsistent with
the measured cyclotron mass.!® The velocity in-
tegral was found to yield m .= (0. 0077 + 0, 0002)m ),
which disagrees with the generally accepted value
of (0.0081+0,0001)m,. For Bi, however, the FS
geometry is not as well established as that of Cu,
and it is conceivable that the discrepancies would
be resolved with only minor adjustments in the
local curvature radius values,

V. GEOMETRY OF Cu FERMI SURFACE

Our interpretation of the surface-electron reso-
nances in Cu depends on the Halse geometry of the
Cu FS. Conversely, the extent to which our ob-
servations of the resonance signals agree with the
predictions of the Halse model confirms the general
features of the FS geometry. In particular, the
existence of each resonance series, the angular
ranges of these series, and the dependence of their
amplitudes on rf current direction conform to the
predictions of the Halse geometry.

There is one case, however, where it appears
that surface-electron resonances provide a specific
test for FS geometry. Both Lee and Halse derive
a neck in Cu with exactly circular cross section of
radius K=0.256%x10% cm™, Recent radio-frequency
size-effect (RFSE) data of Perrin et al. '° suggest
a scalloped neck with radius vector varying from
0.22x10% cm™ at the (112), to 0.29%10° cm™ at
the (110) in the (111) plane. We have observed
neck-electron resonances in several symmetry
planes, and all of these are accounted for in terms
of the Halse geometry. Specifically the following
observations argue against the scalloped-neck
model:



5 MAGNETIC SURFACE LEVELS IN Cu—OBSERVATION AND ...

(i) The scalloped neck suggests multiple extrema
in (K/v#), in the (111) v,= 0 zone, but only one is
observed. In the (110) plane, the model would
have multiple v,= 0 zones passing across the neck,
so that one expects extra signals not explained by
the Halse geometry. No such signals are observed.

(ii) For all field orientations in the (111) plane,
the dR/dH resonance peaks due to neck electrons
are observed at the same field values. This is
exactly consistent with the constant K, and vy pre-
dicted by Halse and Lee.

(iii) In the (111) plane, skipping electrons move
perpendicular to the plane of the neck. The ob-
served H, together with the Halse curvature value
yields a velocity which must also apply for the
(110)- and (112)-plane data where the electrons
move in the plane of the neck. Using this velocity
value and the in-plane curvature radius of 0. 256
x10% cm™, as given by Lee and Halse, gives the
experimentally observed peak positions in the (110)
and (112) planes.

(iv) Keeping the direction of the rf currents in
the (111) sample plane fixed in an arbitrary direc-
tion, we observe upon rotating H that the reso-
nance peak amplitudes fall off as cos? of the angle
between J,; and the normal to H. This is just the
dependence expected for the neck with a circular
cross section for constant K, and vy since the
velocity vector at the effective point is always nor-
mal to H.

Because the resonances always involve both
geometry and velocity, we could not, givenaparticu-
larly malicious variation of velocity in the neck
region, unambiguously rule out the scalloped-
neck suggestion. Any one of the above observations
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would not be sufficient, but in sum the observa-
tions must be taken to confirm the Lee-Halse geom-
etry and suggest that the RFSE data lead to the
wrong conclusion.

VI. FIELD-TILTING EFFECTS

In previous studies®"2° of surface states, tipping

of the magnetic field out of the sample plane was
generally observed to result in a 1/cos6 shifting
of the resonance-peak positions (6 is the tip angle).
The 1/cos# tip dependence, together with the simi-
lar in plane variation of the peak positions, has
been attributed to cylindrical FS geometry, 872!
However, it has recently been shown? that, except
for the case where v,=0 zone does not lie in a
constant %, plane, a 1/cosé tip dependence is ex-
pected for general FS geometry and not just for
the special case of a cylinder. This can be under-
stood by considering in the “minimal theory” deri-
vation of Ref. 7 only the Lorentz force component
normal to the sample surface, i.e., F=evpH cos®.
Cu data for the (100 )-point resonance nicely
exemplifies the expected 1/cos6 variation, for a
“locally spherical” FS geometry. Figure 14 shows
the variation of the spectrum with tip angle over
the range 0°-70°, Peaks are observed to shift
exactly as 1/cosf to increased field. The relative
linewidth AH/H is found to remain nearly constant
out to about 50°, and increase rapidly thereafter,
as evident from the figure. When the field is tipped
the electrons move in a zig-zag path along the v,
=0 zone, sampling varying values of the FS param-
eters. The broadening is expected to appear as
the electron trajectories contributing to a resonance
peak traverse an ever larger fraction of the v,=0

T T T T T T
AH .5 070

dR /dH

AH
H

= 0.121

H Cu(100)
H(0°)" <100 >
Jef LH
f=3702 GHz
T=16°K

T T

FIG. 14. Variation of the resonance
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zone as the tipping angle is increased. The Singhal
and Prange calculations? predict no appreciable
broadening until the tip angle becomes sufficiently
large, in qualitative agreement with the data in
Fig. 14. The neck geometry in Fig. 1 also satis-
fies the requirement for a 1/cosé tip dependence,
and indeed we observe this dependence, again with
minimal broadening until about 50° of tip.

In addition, we have examined the more general
case, where in contrast to the above examples,
the v,= 0 zone does not lie in a constant 2,=0
plane. This occurs in the (110) plane when the
field is tipped out of plane from the (110) direction.
In contrast to the (100)-plane data of Fig. 14
(where the in-plane dR/dH spectrum of Fig. 7 is
merely stretched toward high fields as 1/cos#),
the (110) in-plane spectrum of Fig. 9 changes
markedly as the field is tipped. While the peak
marked @ in Fig. 9 moves as 1/cosf, two additional
peaks split off from the double peak marked b and
¢ which with reduced amplitude also moves as
1/cos6. The newly resolved peaks therefore do
not follow the 1/cos6 variation. We ascribe these
peaks to the v,= 0 zones with nonconstant 2, located
near the out-of-plane necks. It appears that tipping
is a useful auxiliary means of identifying resonance
signals in that it can distinguish different v,=0
zones.

VII. SURFACE CONDITIONS

In fitting the theory to the experimental traces,
we have assumed that the electrons are always
specularly reflected at the metal surface. The
probability of diffuse reflection canhowever become
appreciable whenthe metal surface is rough onascale
which is quite small compared with the depth of
the trajectory. Such roughness results in readily
identifiable line-shape changes.*#2%% In Cua
characteristic ground-state trajectory has a length
x,~ 25 u, and a depth z2,~ 0.1 u which is on the
order of the skin depth 6. In addition to the effect
of diffuse scattering, we have observed two other
distinct line-shape changes in the Cu due to sur-
face imperfections, The three different types of
surface perturbations are exemplified in parts (a),
(b), and (c) of Fig. 15.

We consider first the regime where the charac-
teristic length of the surface variation is large
compared with 2, and x;, as in (a) of Fig. 15, We
envision a gentle undulation of the sample surface.
For wt~ 30 an electron makes about five hops be-
fore being scattered by impurities or phonons so
that it “sees” a curved surface with radius of cur-
vature R;. Such surface curvature induces a shift
in the observed resonance position'®'® by an amount
AH=(Ii/e)(K/Rs). R, is not constant over the
sample surface however; it takes on positive and
negative values and ranges in absolute value from
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a minimum to infinity causing positive and negative
peak position shifts from zero to a maximum value.
The result is a broadening of all the peaks by a
constant amount AH, This curvature broadening
is the same for each peak, but the fractional
broadening AH/H is most evident for the low-field
transitions. Since peak amplitude is expected to
vary inversely as the square of the fractional width,
the curvature broadening has a marked effect on
the peak amplitudes giving an increased damping
toward zero field. A small amount of surface un-
dulation is evident in even the best polished of our
specimens, but when the orange-peel effect is pro-
nounced the effect is readily evident—compare
traces @ and b in Fig. 16. There is a striking de-
crease in the relative amplitude of low- and high-
field peaks. The measured AH in the figure is
0.5 Oe. To compare this value with that expected
from the curvature field-shift relation, we need to
estimate a representative value for R;. The image
of an object with dimension 1 cm reflected in the
sample surface could just be resolved at 2-m dis-
tance so that [referring to Fig. 15(a)] 6~ 0. 005.
With the aid of a microscope we found A [Fig. 15(a)]
to be about 0. 01 cm. This gives R;~2 cm. To-
gether with the value of K~ 0.3x10% cm™, one
would expect a broadening of about 0.9 Oe, not un-
like the observed value.

The second regime of surface roughness is

FIG. 15. Three types of surface roughness observed
in the present experiments: (a) gentle undulation, (b)
deep pitting, (c) shallow roughness. Insert: surface-
electron trajectory and rf skin layer.
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FIG. 16. Data characteristic of the three kinds of sur-
face roughness. (a) “Best” surface, flat and not pitted. (b)
Surface with gentle undulations giving curvature broaden-
ing. (c) Surface with deep pitting giving mean-free-path
interruption. (d) Surface with shallow roughness giving
diffuse surface scattering.

sketched in Fig. 15(b). We consider pits on the
sample surface whose average depth S is greater
than or on the order of the depth of the trajectory.
These pits simply interrupt the trajectory and
scatter the electrons. This “mean-free-path in-
terruption” is expected to become noticeable when
the average distance d between pits becomes less
than the mean free path (mfp) in the absence of
such pits. The resonance spectrum is expected to
look just as if the temperature were raised or
more impurities introduced into the sample, i.e.,
a decrease of wr, Trace (c) of Fig. 16 was ob-
served on an occasion when the surface was badly
pitted during polishing. A microscope picture re-
vealed pits separated by something like 50 p which
represents roughly one-half an mfp, and indeed
I'* values of traces (a) and (c) differ by about a
factor of 2.

Finally, when the size of the surface perturba-
tions becomes less than the trajectory depth [Fig.
15(c)], conventional diffuse surface scattering in-
fluences the line shape. While different estimates
have been made of the power law, & %% it ig
generally agreed that the probability of diffuse

scattering increases with increasing magnetic field.

This effect has been illustrated by Koch and Mur-
ray in Ga and Sn and is also observed in the pres-

ent Cu experiments. Only on rare occasion did

we get a uniform and light tarnishing of the surface
that showed the effect of surface scattering clearly.
A beautiful example is shown in trace (d) of Fig.

16. [These data were not taken in the same sample
as traces (a), (b), and (c).] The characteristic
decay of the resonances toward high fields is clear-
ly evident, and an electron microscope photograph
of the sample surface revealed perturbations on the
order of or less than 0.1 .

The experimental traces we have shown as ex-
amples of the three types of surface conditions are
special. In general, combinations of the three
effects can be present in a given trace. Although
the curvature broadening is difficult to eliminate
completely, with careful sample preparation it is
not difficult to avoid surfaces like (b) and (c) of
Fig. 15. The long polishing times used (ten or
more hours for the best results) were necessary
mainly to reduce the curvature broadening; 2 or
3 h were usually sufficient to obtain surfaces free
of pitting. In addition, we found it best to mount
the samples in the experimental apparatus immedi-
ately after polishing and to cool to liquid-nitrogen
temperature in vacuum. This minimized the risk
of subsequent corrosion and deterioration of the
sample surface.

VIII. SUMMARY AND CONCLUDING COMMENTS

The present work aims to be an exemplary and
comprehensive study of surface-electron resonan-
ces in Cu. By fitting observed spectra to calcula-
tions we provide for an accurate determination of
the resonance fields. In order to extract from the
data point-by-point values of the Fermi velocity,
we have developed an iterative computation scheme
that only requires knowledge of the FS geometry.

It appears that this iteration approach is appli-
cable quite generally, although we cannot be sure
that it would always converge rapidly enough to be
practical. Nor is it certain that it always con-
verges to a unique velocity distribution. For the
specific case of velocities on the (100) and (110)
central sections of Cu, we do arrive at values
close to those due to Halse or Lee, yet sufficiently
different to make for worthwhile comparison. In
the course of the experiments, we have come to
examine the tip dependence of the resonances to
show that there are two distinctly different modes
of tip variation in line with the recent theoretical
considerations of Singhal and Prange. We also
have observed and identified three characteristic
kinds of surface perturbations, namely, curvature
broadening, mean-free-path limitation by trajec-
tory interruption and finally genuine diffuse surface
scattering.

The over-all success of our experiments rests
with the quality of surface polishing. The micro-
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wave impedance of Cu has been studied in many
previous experiments without a hint of the pres-
ence of surface electrons. In fact Pippard’s
studies?” of the anomalous skin effect led him to
conclude that electrons were scattered diffusely
at the surface. In view of our observations, we
must conclude that his surface preparation pro-
cedures were inadequate.

As a final note, we want to emphasize how im-
portant the calculation of the line shapes was for
the accurate interpretation of the data. In view
of this, it would be unwise to gloss over remaining
discrepancies between theory and experiment. In
reexamining the two curves of Fig. 5, some differ-
ences are apparent. The structure on the high-
field side of the calculated 1 - 2 peak is not ob-
served in the experiment. Only for high w7 values
is this apparent. The fitted value of B~ 0.5 is
about 40% higher than that calculated from the
known values of skin depth 6 and curvature radius
K, a discrepancy also noted in the case of Bi.”

R. E. DOEZEMA AND J.

F. KOCH 5

The fact that the oscillations damp out more quick-
ly in the experimental trace at low fields is due,
we believe, to surface curvature broadening which
we cannot eliminate entirely. Thus it should not
be thought a significant deviation. The other short-
comings of the calculation may well lie with ap-
proximations employed in the theory. In particular,
since the resonances are comparable in magnitude
to cyclotron resonance signals in Cu, one may
question whether the small-signal-limit considera-
tion of NKP is strictly applicable here.
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