
ANALYSIS OF THE LATTICE SPECIFIC HEAT OF Mo: He ALLOY

nearest-neighbor (nnn) perturbation model has re-
vealed that there occur only insignificant changes
in the nnn force constants. Thus, the inclusion of
two more unknown parameters (nnn force-constant
changes) in the present theory which would further
complicate the situation does not seem to be worth-
while.

IV. CONCLUSIONS

The lattice specific heat of Mo with 5-at. %-Be
alloy in the temperature range l.-l4 K can be well
understood on the basis of a nearest-neighbor pex-
turbation model, after considering changes in the
central and noncentral force constants for the im-
purity ho-st cr-ystal interaction. Above 14 'K, the
calculated specific heat does not show a T3-depen-
dent behavior. The contribution of force-constant
changes to the specific heat is seen to be quite
large, i.e., -55% of the total enhanced specific

heat. The syecific heat is very sensitive to force-
constant changes, esyecially to the noncentral
part. The contribution of all the even-parity
modes, i.e. , A&, E„E&, and EI„are quite
large and dominate over the contribution of the odd-
parity E~ modes in the low temperature of the spe-
cific-heat curve. However, at higher temyera-
tures mox e resonance modes are excited and the
contribution of E,„symmetry modes dominates.
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Photoelectron Emission and the d Bands of Zinc and Cadmium
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The d bands of Zn and Cd have been unambiguously located by photoelectron spectroscopy using
40.81-eV radiation. In Zn a single peak due to the 3d»25„band of half-width 1.1 eV is found 9.5 eV
below Fermi level, while for Cd, the 4d „,„, doublet is resolved at 10.2 and 11.1 eV below the Fermi
level. The relevance of these results for band-structure calculations and for the interpretation of related
optical alld characteristic energy-loss experiments is discussed.

INTRODUCTION

The suitability of the helium-II x'esonance line
at 40. 81 eV as a probe for band-structure studies
has recently been recognized. Evidence available
to date ' suggests that the energy distributions of

photoelectron spectra generated by Al &a radiation
and by 40.81-eV helium resonance r~~ation are
closely similar, and it is reasonable to assume
that the spectra so generated are x"epresentative of
the density of occupied states of the irradiated ma-
terials. ' Without use of predispersion, the resolu-
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FIG, 1. Schematl, c diagram of the windowless
spectrometer.
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FIG. 3. Photoelectron energy distribution spectrum
for cadmium using 40. 81-eV photons. The 4d band is
seen as a resolved peak centered at 10.7 eV (analyzer
resolution 0.6 eV). At higher analyzer resolution (0.2
eV) the 4d3g2, 5g2 peaks are more clearly resolved (insert)
at 10.2 and 11.1 eV (+ 0.1 eV). The peak at 3.1 eV is a
satellite due to 48. 37-eV radiati, on.
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FIG. 2. Photoelectron energy distribution spectrum
for zinc using 40. 81-eV photons. The 3d band peak is
located at 9.5+ 0.1 eV. The smaller peak at l.9 eV is
a satellite due to 48.37-eV radiation. Analyzer resolu-
tion was Oe6 eV.

tion obtainable from x-ray photoelectron spectrom-
eters is limited by the natural linewidth of the
Al If'o.

&,I doublet (-1 eV). In contrast, the resolu-
tion obtainable from uv yhotoelectron spectrome-
ters is usually limited by the electron optics of the
energy analyzer employed, since the inherent line-
width of resonance radiation is close to 0. 1 meV.
Most uv photoelectron spectra obtained in the past
have been generated using photon sources with 8(d

5 21.22 eV. In this region, the energy distribu-
tion of photoelectrons is related to the energy dis-
tribution of the joint density of initial and final
states':

ments between initial (Eq) and final (E~} states.
D(E, %o) is not presently available for the majority
of materials and the interpretation of low-energy
uv photoelectron spectra is further complicated by
the presence in the energy distribution of electrons
which have been inelastically scattered before
emission. Although methods for dealing with such
scattered electrons have been devised ' it seems
yreferable to work with 40. 81-eV radiation where
such complications are largely absent.

EXPERIMENTAL ARRANGEMENT AND RESULTS

The syectrometer used in the present experi-
ment, shown schematically in Fig. 1, employs res-
onance radiation produced by a dc-capillary dis-
charge lamp. The radiation is introduced into the
main vacuum envelope via a differentially pumped
capillary where it is allowed to strike a freshly
evaporated sample. The 90 -sector spherical
electrostatic analyzer is operated at a fixed pass
energy, the spectra being obtained by applying a
staircase voltage between the sample and the en-
trance aperture of the analyzer. This voltage is
synchronized with the channel advance mechanism
of a multiscaler. The resolution of the system is
directly related to the pass energy of the analyzer
and has been measured as 50 meV at a pass energy
of 2. 5 eV. The relative intensity of 40.Sl-eV/
21.21-eV radiation produced by the lamp is strong-
ly dependent on helium pressure, being approxi-
mately 25% for pressures in the low 10 I-torr re-
gion. The spectrometer is oyerated in the con-
stant-energy mode with the consequent advantage
that the resolution is invariant with changing pho-
toelectron kinetic energy, while the absolute trans-
mission efficiency of the instrument has been de-
termined experimentally. The method of calibra-
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TABLE I. Valence-band data for zinc. Summary of calculations and observations of electron energy-band structure
for zinc. In particular, structure in the region of 10 eV below the Fermi level is tabulated, and the third column indi-
cates the brief conclusion or theoretical method for the explanation of this structure as proposed inthe indicated reference
papers.

Type of calculation/
experiment

Modified orthagonalized-plane
wave

Augmented-plane vive

Empirical pseudoyotential

APW

APW

KKR

Plasma radiation

Optical reflectance

Soft x-ray

Soft x-ray spectroscopy

X-ray photoelectron
spectroscopy (XP3)

Plasma resonance

Characteristic energy loss

UPS (21.22 eV)

Various

UPS (40.81 eV)

Position of structure
relative to Fermi level

(eV)

17

-20

-6.8

-8.5

-8.6

10.1

-10.6
-8.4

—8. 9

-9.46

-8.6

-9.5

-8.1+0.6
9.5+0.1

Remarks

Early pseudopotential theory
result

Preliminary results

Place d bands closely below
bottom of s-p bands spin-
orbit coupling included

Full Slater exchange: no
dynamical corrections

3 Slater exchange: no
dynamical corrections;
width -2 eV

—Slater exchange

Identified as either volume
plasmon energy or d struc-
ture

Interpreted as due to plasma
resonance

3dsg2, 5g2 levels unresolved

3dsg2, 5g2 levels unresolved

3dsg2, qg2 levels unresolved

Interpreted as due to volume
plasmons but expected dis-
persion not found

Structure located at -8.6
and 17.0 eV: relatively poor
resolution

d-band structure

Survey up to 1967

3dsg2, 5y2 leve1s unresolved

Ref.

12

13

14

14

10

21

20

17

18

16

22

19

23

Present
work

tion and further details of the design and construc-
tion of the He lamp and spectrometer will be given
in future publications.

Photoelectron spectra from freshly evayorated
thin films of Zn arid C8 taken at ambient tempera. -
tures are shown in Fi.gs. 2 and 3. The spectrom-
eter in both cases was operated at a resolution
of 0. 2 eV in order to iricrease the count rate and
so minimize the chances of surface contamination.
System pressure was maintained in the 10 ~-torr
range, and all measurements were completed with-
in 1 min following in situ evaporation onto the Al
substrate. The detailed structure of the thin films
used was not investigated. The abserice of any

structure representative of zinc oxide in Fig. 2

may be seen by comparing the present result with
the x-ray photoelectron spectroscopy (XPS) results
for ZnO published by Langer and Veseley. o Both
the Zn and Cd spectra reported here also clearly
contain little contribution from inelastically scat-
tered electrons. The insert in Fig. 3 also shows
two resolved peaks for Cd at 10.2 and 11.1 eV rel-
ative to the Fermi level EJ . The deconvoluted ar-
eal ratio of these peaks is approximately 4: 6, in
accordance with the electron population of the

~(2 ~ 5/I a&tee.
Structure visible in the Zn spectrum at approxi-

mately 2 eV below E~, and in the Cd spectrum at
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TABLE II. Valence-band data for cadmium. &~~mary of calculations and observations of electron energy-band
structure for cadmium. The predominance of structure in the region of 10 eV below the Fermi level appears undisputable.
but only in bvo instances is a resolved structure reported and attributed to d-band structure.

Type of calculation/
experiment

Empirical
pseudopotential

APW

APW

Plasma radiation

Soft x-ray
spectroscopy

X-ray photoelectron
spectroscopy (XPS)

Plasma resonance

Characteristic
energy loss

Various

XPS

UPS (40.81 eV)

Position of structure
relative to Fermi level

(eV)

-9.1

-10.4, -11.0

—10

—8168

-7.5

-9.3+ 0.3
—10.47, —11.46(+ 0.09)

-10.2, -11.1 (+ 0.1)

Remarks

Place d bands closely
below bottom of g-p bands;
included

Full Slater exchange: no
dynamical corrections

3 Slater exchange: no
dynamical correction;
width -2 eV

Identified as volume
plasmons or d-band
structure

4d3/2 5/2 doublet
resolved

Single peak observed

Identified as plasma
resonance

Structure located at
-7.5 and -15.1 eV.
relatively poor
resolution

Survey up to 1967

4d3/2, 5/2 doublet resolved

4ds/2, 5/2 doublet resolved

Ref.

13

14

17

16

22

23

25

Present
work

approximately 4. 5 eV below E» is due to photo-
electrons from the d bands excited by the 48. 4-eV
(256-A) He' line which is present in our lamp with

an intensity estimated to be /th of the intensity of
the 40.61-eV (304-A) resonance line.

DISCUSSION

A number of band-structure calculations for both
Zn and Cd using a variety of computational tech-
niques have appeared in the literature, ' ' ' and
reasonable agreement on the details of the s-P
bands and on the Fermi-surface parameters has
been obtained. " The two elements are isoelectron-
ic in their outer shell configurations, but the posi-
tions of the d bands in both elements are particu-
larly sensitive to details of the potential used in the
calculations, and wide variations have occurred in
the theoretical predictions as may be seen from
Tables I and II. Recent Korringa-Kohn-Rostoker
calculations for Zn have succeeded in more closely
locating the position of the d bands. '0 Using 5/6

Slater exchange, Segall places the center of the
band at —8. 5 eV below E~, a value which rises to
—10.4 eV when full Slater exchange is included.
It is hoped that the present results may help to re-
fine these calculations even further.

The effect of crystal-field splitting of the

4d~q»»~ levels of Cd is clearly shown by the pres-
ent measurement of the peak separation (0.95 eV)
when compared with the free-atom relativistic-
Hartree-Fock-Slater calculation estimate ' of
0.78 eV, and with the atomic-emission spectro-
scopic value of 0.70 eV. 7 Pollak et al. ' have re-
cently studied the splitting of the 4dsq» Sl& levels
in Cd by means of high-resolution XPS. Their
value of 0.99 eV for the peak separation is in good
agreement with the present determination, but
there remains an unresolved difference of 0.3 eV
in the absolute location of the structure relative to
E

The tables also show data from a variety of re-
lated optical- and electron-impact characteristic
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energy-loss experiments. The latter are sensitive
both to collective oscillations (volume and surface
plasmons) and to density-of-states structure, as
also are bulk reflectance measurements; and the
interpretation of such experiments may be ex-
pected to be difficult whenever the plasmon energy
is close to the energy difference between d-band
structure and E~. On tifIe, other hand, the plasma
resonance experiment of Feuerbacher and Fitton
is thought to be sensitive only to collective oscilla-
tions, and the present experiment and those in-
volving soft x-ray absorption and XPS should re-
spond only weakly to plasmon generation.

The data on Cd in Table II would therefore sug-
gest that the d-band structure centered at 10.68
eV below E» as determined by the present work,
is clearly separated from the volume plasmon en-
ergy which is found by Feuerbachex and Fitton' to
be 8.68 eV. A high-resolution characteristic en-
ergy-loss experiment would, however, be useful
as additional confirmation of this assignment.

Data on Zn is considerably more extensive but
less conclusive. The position of the d bands found
in the present experiment lies between the value
obtained by soft x-ray spectroscopy (10.6 eV)" and
that obtained in an early electron spectroscopy for
chemical analysis (ESCA) determination by Hording~a

(8.9 eV) and agrees closely with a recent measure-
ment using 21.22-eV ultraviolet photoelectron spec-
troscopy by ¹lsson and Lindau (9.5 eV). " In an
earlier UPS measurement performed with low-en-
ergy photons (Kcu &10 eV), Mosteller et al. 3

claimed that a decrease in photoelectron yield be-
tween Ko = 9.32 and 9.54 eV, together with indirect
evidence of an increase in the transparency of Zn
at this energy, was indicative of the onset of plas-
ma oscillations. The evidence of the present re-
sults suggests thai this decrease in yield results
rather from the onset of transitions of photoelec-
trons from the d states to states just above the
Fermi level, from which emission is prohibited by
the work function of the sample. Similarly, it ap-
pears that the abrupt change in the optical reflec-
tance of Zn observed by MosteQer and %ooten at
9.46 eV is also due primarily to the onset of photo-

electric transitions from the d states. A plasma-
radiation experiment performed by Herickhoff et
cl. ~' indicated a shoulder rather than a peak in the
optical emission of electron bombaxded zinc at a
photon energy of approximately 8.6 eV. This re-
sult would also be directly interpretable in terms
of the d-band location as reported here.

The results of a plasma-resonance experiment
by Feuerbacher and Fitton, while somewhat in-
conclusive in the case of zinc, are not presently
explicable on the basis of emission from d states.
The exact agreement in energy between the location
of the resonance in photoelectron yield observed by
Feuerbacher and Fitton and that of the d-band
structure found in the present work, coupled with
the fact that no energy dispersion (with angle of in-
cidence of P-polarized radiation) was observed,
would, however, suggest that the resonance may be
due to features of the photoemission process other
than those associated with plasmon decay. Alter-
natively, it must be assumed that the plasmon en-
ergy and d-band depth below Ez are identical in
zinc.

CONCLUSIONS

The location of d-band structure in zinc and cad-
mium has been determined with high precision by
means of ultraviolet photoelectron spectroscopy
using 304-A radiation, ihex eby demonstrating ihe
particular advantages of this technique for band-
structure studies. By comparison with other spec-
troscopic techniques it is concluded that the energy
difference between the d-band structure and the
Fermi level is similar to the volume plasmon en-
ergy in both materials, leading to difficulties in the
interpretation of optical and of characteristic ener-
gy-loss experiments.
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A general semiclassical expression is developed in the Azbel'-Kaner geometry for the resonant part of
the surface impedance of a metal in the small-signal limit, with diffuse surface scattering, for an
arbitrary ratio between typical orbit dimensions and skin depth. The expression is specialized to the
case where the orbits are piecewise circular with constant velocity, as in the Harrison
nearly-free-electron construction of the Fermi surface, and to the case of free electrons with an
anisotropic mass tensor. For the latter case, the expressions are further specialized to the local limit for
an ellipsoidal and a cylindrical Fermi surface, and it is shown that the surface scattering plays a
significant role even in the local limit. The theoretical expressions for the surface impedance are
compared with experimental results for a resonance in Ga at microwave frequencies and at the
far-infrared frequencies 891 and 2530 GHz. It is shown that at microwave frequencies the subharmonic
structure originates solely from the spatial inhomogeneity of the electromagnetic field, as in conventional
Azbel' —Kaner cyclotron resonance, whereas at the laser frequencies the dominant source is the orbital
anisotropy.

I. INTRODUCTION

The classical theory for Ambel'-Kaner cyclotron
resonance~ (AKCR) considers an electron moving in
an orbit whose spatial extension, characterized by
the orbit "radius" R, (see Fig. 1), is large com-
pared to the electromagnetic skin depth 5. Fur-
ther, it is assumed that the duration of each tra-
versal of the skin layer is short compared to the
period of the electromagnetic field. For a general
orbit these conditions can be written as

R,/S»1,
(o(p,OP~'/no &( 1,

(1)

(2)

respectively, where p, and vo are the real-space
radius of curvature and the Fermi velocity, both
evaluated at the top point of the orbit, and w is the
applied frequency. For a free electron the two
conditions are identical at the fundamental reso-
nance co = ~„and by inserting free-electron yaram-

eters one finds that both are comfortably satisfied
at microwave frequencies. Going to lower magnet-
ic fields, i.e. , to the higher-order subharmonics,
will make Eq. (1) better satisfied, whereas Eq. (2)
will eventually be violated. However, for a free
electron at microwave frequencies this will not
happen until around the fiftieth harmonic. Gn the
other hand, increasing the frequency will gradually
lead to violation of both conditions due to the pro-
portionate increase in magnetic field .

For a general orbit there is no definite relation
between A, and p„and the two conditions are thus
independent. In particular, it is possible in many
metals to find orbits which are free-electron-like
on large parts, but which have much smaller over-
all dimensions and a much smaller mass than a
free electron. In such a case, condition (2) may
be violated at the fundamental resonance, even at
microwave frequencies, whereas (1) is still well
satisfied. This situation was studied in a recent
publication~ and it was verified that the breakdown


