
VOLUME 21, NUMBER 14 PHYSICAL REVIEW LETTERS 50 SEPTEMBER 1968
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OF IRON, COBALT, NICKEL, COPPER, AND PLATINUM*
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Densities of states and core-electron energy levels of Fe, Co, Ni, Cu, and Pt were
studied by means of x-ray photoelectron spectroscopy. The density-of-states results
are in good agreement with similar data from other experimental techniques and with
theory, but do not agree with the results of early ultraviolet photoemission work on Fe,
Co, and Ni. The core levels of Fe metal and Co metal do not show exchange-induced
splitting s.

X ray -photoelectron spectroscopy (XPS) can in
principle provide a rather direct determination
of X(E), the density of states near the Fermi lev-
el, ' as well as very precise information on core-
electron binding energies. '~~ %e have applied
this technique to the metals Fe, Co, Ni, Cu, and
Pt.

The densities of states of these metals have
been investigated in recent years by ultraviolet
photoemission spectroscopy (UPS), ion-neutrali-
zation spectroscopy (INS), and soft-x-ray emis-
sion spectroscopy (SXS). All five metals have
been investigated by at least one technique, as
follows: Fe (UPS'), Co (UPS ), ¹ (UPS, '~ INS, '
and SXS'), Cu (UPS,"'"XPS ' SXS '~i" and
INS'), and Pt (UPS'~). The earliest UPS results
for ¹i'did not show a dominant peak in the den-
sity of states near the Fermi level, in disagree-
ment with INS, ' SXS,' and theory. " The UPS re-
sults'~~ for Fe and Co, respectively, were very
similar to those of Ni and also disagreed with
simple band theory. The UPS method alone gave
a large peak at -EF-5 eV for Fe, Co, and Ni, '
and at -EF-7 eV for Cu." More recent UPS
work on Ni'~' agrees much better with theory
and with the results of other techniques. Spurious
surface effects seem to have been responsible
for the dominant feature in the earliest UPS work
on Ni. '~ A summary of these results is shown in
Fig. 1. The possible causes of the discrepancies
between different techniques have been discussed
in detail elsewhere. ~~'~~" Thus the experimen-
tal situation was not certain and it was of con-
siderable interest to compare UPS results to
those of XPS, a closely related technique for
which the large photon energy should decrease
any modulation of the electron spectra by the fi-
nal density of states, relaxation phenomena, or
other many-body effects.

In addition, the core levels of ferromagnetic
Fe, Co, and ¹ should be split by the exchange
interaction with the unfilled d shell. " Unrestrict-

ed Hartree-Fock (UHF) calculations on free at-
oms indicate that this core polarization gives
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FIG. 1. Summary of some experimental and theoreti-
cal studies related to the density of states near the
Fermi level (EF). The experimental data do not strict-
ly represent the density of states, but rather a transi-
tion density appropriate to each experimental technique.
Data other than XPS have been obtained from the fol-
lowing: Fe Theo. , J. F. Cornwell, D. M. Hum, and
K. G. Kong, Phys. I etters 26A, 365 (1968); Fe UPS,
Ref. 3; Ni Theo. , Ref. 15; Ni UPS, Ref. 5 (solid), Ref.
7 (dotted); Ni INS, Ref. 8; Ni SXS, Ref. 9; Cu Theo. ,J. C. Phillips and F. M. Mueller, private communica-
tion; Cu UPS, Ref. 11; Cu INS, Ref. 8; Cu SXS, M3,
Ref. 12; Cu SXS, I 3, Ref. 13; Co UPS, Ref. 4; and
Pt UPS, Ref. 14. Ordinate scales are arbitrary but
base line corresponds to zero for all cases. Abscissas
in units of eV.
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rise to a considerable difference between the
binding energies of spin-up and spin-down elec-
trons. In particular this difference for iron in
the cP 'D state is approximately 3 eV for the 2s
and 2p subshells and 10 eV for the Ss and Sp sub-
shells. ' In metallic iron and cobalt these figures
must be scaled down by 0.56 and 0.43, respec-
tively, to account for the smaller magnetic mo-
ments per atom. Although UHF calculations no
doubt overestimate these differences by neglect-
ing correlations between electrons of unlike
spin, " there is reason to believe that UHF esti-
mates should be at least within a factor of 5 of
the fully correlated values. "~~' Chemical bond-
ing effects of an ionic nature have also been
found to be small. " As the overall linewidths of
x-ray produced photoelectron lines from core
levels are 1-3 eV, such splittings are in princi-
ple detectable by XPS. We have therefore exam-
ined the spectra originating in the 2p, /~, 2p3/2y

Ss, and Sp levels of solid Fe and Co to check for
such splittings.

The XPS technique has been described else-
where. '~' Mg Ko x rays (1253.6 eV) were used
to excite electrons into continuum states, and
they were magnetically analyzed in the Berkeley
iron-free spectrometer. The total instrumental
linewidth including x-ray width was -1.0 eV.
Since the photoelectrons originate primarily from
sites near the surface, '~~ the sample surfaces
were cleaned continuously by heating them in
-10 ~-Torr hydrogen atmosphere. At this pres-
sure and the elevated temperatures of our exper-
iments, the presence of hydrogen should not ad-
versely affect our results. The surface cleanli-
ness was monitored by following the oxygen 1s
photoelectron line as indicated in Fig. 2. At the
lower temperatures the iron 3p line is double be-
cause oxide formation chemically shifts the core
levels in atoms near the surface. At higher tem-
peratures the intensity of the oxygen "line" (ox-
ide + H 0+ 0, + CO~) decreases and the iron SP
line narrows to a width characteristic of iron
metal. Structure is even resolvable in the oxygen
1s line, the right peak probably being due to the
more weakly bound adsorbed gases. All runs
were made in temperature regions for which the
oxygen line had negligible intensity (700-950'C)
and the core levels had stable widths. No signi-
ficant changes were detectable in the distribu-
tions near the Fermi level of Fe and Co in the
range 550-925'C. Thus XPS is unable to detect
the effect of the ferromagnetic transition on the
density of states. This insensitivity of N(E) has
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FIG. 2. Effect of hydrogen and increased tempera-
ture on the oxygen ls and iron 3p photoelectron lines.
The abscissa is electron kinetic energy. The ordinate
scale for all 0 1s spectra is the same.

been observed in previous UPS' and INS studies
on Ni.

An XPS spectrum for Cu near the Fermi level
is shown in Fig. 3. The uncorrected result is
just the experimental spectrum. The tail on the
left side is due to inelastic scattering, and the
peak on the right side arises from the Mg Ka3
satellite x-ray lines. The corrected spectrum
has been obtained by operating on the uncorrect-
ed data with an inverted response function R '(E),
where R(E) was obtained empirically from the
experimental profile of naturally sharp 3p core
levels in the same sample. As the kinetic ener-
gies of electrons from the selected core levels
were only 5-10%% less than those of electrons
from the valence band, the scattering character-
istics of the two should be very nearly the same.
Thus, the R '(E) correction is straightforward
and accurate. Also, we note that the resolvable
features of any of the corrected XPS spectra of
Fig. 1 were easily visible in the uncorrected
spectrum, so that the correction serves primari-
ly to define more accurately the width of the d
bands for the metals investigated. The Pt results
of Fig. 1 are uncorrected as Pt has no relatively
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FIG. 3. Correction of a Cu XPS spectrum for the ef-
fects of scattering and satellite x-ray lines. A con-
stant background of 4900 counts/2 min was subtracted
from both spectra to give the net counts.

isolated core level for use in deriving R(E). The
corrected XPS spectra should thus very directly
reflect the properties of the density of states,
modulated by transition probabilities appropriate
to the x-ray photoelectric process. The accuracy
of location of the Fermi level is -+0.5 eV for all
metals.

Figure 1 summarizes the results of various ex-
periments and includes theoretical predictions
for Fe,~' Ni, "and Cu. 2 In comparing our Co re-
sults with other work, we note that the tempera-
tures of our measurements (&550'C) were above
the hcp-to-fcc transition point. The UPS results
are for hcp. On the basis of these results we
make the following conclusions: (1) Where com-
parisons are possible, XPS results are in good
agreement with those of INS, SXS, and one-elec-
tron theory and (2) the agreement between UPS
and XPS is fair for Pt and Cu, but poor for Fe,
Co, and Ni (solid curve). [We note however, that
our results are in good agreement with recent
UPS measurements for Ni (dotted curve}, '2 Fe,as

and Con~ made under better surface conditions
than early work, 3~ although for Ni the peak at
--5 eV is enhanced in the UPS results relative
to the shoulder appearing in our work. ] (3) The
peaks in the UPS results at --5 eV for Fe, Co,
and Ni and --7 eV for Cu would appear to be due
to spurious effects and could introduce a strong
distortion of the UPS distributions away from
those reflecting the initial density of states. (4)
Spurious effects of the type discussed in conclu-
sion (3) are less important in XPS than in UPS,
although the absolute resolution of XPS is at pre-
sent lower by approximately a factor of 2.

The results of Fig. 2 indicate no core-polariza-

tion splitting of the 3P level of iron at T/Tc -0.7
and there is also no apparent decrease in line-
width as T increases to -r~, where such polari-
zation should disappear. The spin-orbit splitting
in this level is calculated~ to be -1.6 eV and the
linewidth of each of the two components (including
instrumental contributions} is -2.5 eV. Similar
results were obtained for the 2P, &2, 2P,~~, and 3s
levels of iron and for the same four core levels
in Co. Ni was studied only in the paramagnetic
state as its Curie temperature is too low to per-
mit freeing the surface of adsorbed contaminants.
Our results thus indicate either that the XPS
technique is incapable of detecting core-polari-
zation effects or that the detailed many-body in-
teractions in the solid decrease the splittings by
a factor of 5-10 from the Hartree-Fock free-atom
values. Further work is underway to clarify this
problem. We can set a tentative upper limit of
-1 eV on any exchange-induced splitting observ-
able by photoelectric processes in Fe and Co
metal.

We express our gratitude to D. E. Eastman,
W. E. Spicer, A. J. Freeman, and R. K Nesbet
for comments regarding this work.

*Work was performed under the auspices of the U. S.
Atomic Energy Commission.

'K. Siegbahn et. al. , Electron Spectroscopy for Chem-
ical Analysis, Atomic, Molecular, and Solid State
Structure Studies by Means of Electron Spectroscopy
{Almqvista and Wiksella AB, Stockholm, Sweden,
1967).

2C. S. Fadley, S. B. M. Hagstrom, M. P. Klein, and
D. A. Shirley, J. Chem. Phys. ~48 3779 (1968).

3A. J. Blodgett, Jr., and W. E. Spicer, Phys. Rev.
158, 514 (1967).

A. Y.-C. Yu and W. E. Spicer, Phys. Rev. 167, 674
(1968).

~A. J. Blodgett, Jr., and W. E. Spicer, Phys. Rev.
146, 390 (1966).

R. C. Uehse aud E. T. Arakawa, Bull. Am. Phys.
Soc. 13 936 (1968).

D. E. Eastman and W. F. Krolikowski, Phys. Rev.
Letters 21, 623 (1968).

H. D. Hagstrum and G. E. Becker, Phys. Rev. 159,
572 (1967).

J. R. Cuthill, A. J. McAlister, M. L. Williams, and
R. E. Watson, Phys. Rev. 164, 1006 (1967).

C. N. Berglund and W. E; Spicer, Phys. Rev. 136,
A1044 (1964).

W. F. Krolikowski, dissertation, Stanford Universi-
ty, 1967 (unpublished).

D. E. Bedo and D. H. Tomboulian, Phys. Rev. 113,
464 (1959).

Y. Cauchois and C. Bonnelle, in Proceedings of the
International Colloquium on Optical Properties and

982



VOLUME 21, NUMBER 14 PHYSICAL REVIEW LETTERS 30 SEPTEMBER 1968

Electronic Structure of Metals and Alloys, Paris, 1965
(North-Holland Publishing Co., Amsterdam, The Neth-
erlands, 1966), p. 83.

A. Y.-C. Yu, dissertation, Stanford University, 1967
(unpublished).

L. Hodges, H. F. Ehrenreich, and N. D. Lang, Phys.
Rev. 153, 574 (1966).

W. E. Spicer, Phys. Rev. 154, 385 (1967).
'VR. E. Watson and A. J. Freeman, in Hyperfine Inter-

actions, edited by A. J. Freeman and R. B. Frankel
(Academic Press, Inc. , New York, 1967) p. 59 ff.

' P. S. Bagus and B. Liu, Phys. Rev. 148, 79 (1966).
'~A. J. Freeman, private communication.

R. K. Nesbet, private communication.
J. F. Cornwell, D. M. Hum, and K. G. Wong, Phys.

Letters 26A, 365 (1968).
J. C. Phillips and F. M. Mueller, private communi-

cation.
D. E. Eastman, private communication.
F. Herman and S. Skillman, Atomic Structure Calcu-

lations (Prentice-Hall, Inc. , Englewood Cliffs, N.J.,
1963).

MICROWAVE COMBINED RESONANCES IN GERMANIUM: g FACTOR OF THE FREE HOLE
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We have observed combined spin-cyclotron resonance in the My = ~2 valence bands of
uniaxially stressed Ge from which we obtain directly the first measurement of the free-
hole g factor, gI, = 2K = 7.20 + 0.08.

Rashba and Sheka' have predicted that in semi-
conductors which lack space-inversion symme-
try the usual cyclotron-resonance selection rule
can be violated to allow a "combined resonance, "
an electric dipole transition between Landau lev-
els accompanied by a simultaneous spin flip.
Subsequently, it has been suggested that a com-
bined resonance could occur in other, less re-
strictive situations, for instance, in bands which
lie in close proximity to one another, i.e. , non-
parabolic bands. ' As an example attributed to
the latter, combined resonance was observed re-
cently in the conduction band of InSb by McCombe,
Bishop, and Kaplan' at high magnetic fields in
the spectral region around 500 cm '. We report
here an observation of a combined resonance un-
der substantially different conditions, namely in
the hole bands of the centrosymmetric semicon-
ductor Ge at low magnetic fields using millime-
ter-wavelength radiation. This experiment con-
firms in detail the effect predicted by Gurgenish-
vili' and Hasegawa' and yields the first measure-
ment of the free-hole g factor in Ge.

From the degenerate J= 2 valence band edge of
Ge an analog of a narrow band gap can be creat-
ed by a uniaxial compressive stress which splits
the band edge into two pairs of Kramers doublets
My=+2 (up) and M~=+& (down). In the presence
of both external magnetic field and applied stress
the band edge is described by the 4x 4 effective-
mass Hamiltonian ~

X=X +Xe'

where Xk is the Luttinger Hamiltonian' and Xe is
a stress Hamiltonian. ' For stress T along the
[III] axis the strain energies of the +-,', +-', states
at k = 0 are given by the eigenvalues of Xe,

= + ~D,T/2c
Q

where D„I is the Kleiner-Roth deformation poten-
tial and c« is an elastic stiffness constant.

For large deformations when the+-,' and+& sub-
states of Eq. (I) are sufficiently well separated,
it is possible to project from Eq. (I) the 2x 2

submatrix spanning the space of My=+2, yielding

/2k 2

X, = R(u (a a + ~) + + ~PH &y
1

C 2m3 0 z

(h(u )' k
+ C

2 , 1&3(ao + a g ).
0 H

0

Here, kH is the component of k along Hp (a)p

=eH Jmc, s=eH Jhc, 0 =2(o +iv&), where a,
o, and oz are the Pauli matrices, and aj and a
are, respectively, the step-up and step-down
operators for the Landau quantum number n. The
constant C depends only on the band parameters
y2 and y3 of the Luttinger Hamiltonian.

The first three terms in Eq. (3) representing
the zeroth-order (T- ~) Hamiltonian give the
conventional Landau ladder scheme with spin
splitting, the last term, which has the form of a
quasi spin-orbit coupling between Landau states
and spin, is responsible for the combined reso-
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