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Theoretical photoelectron energy-distribution curves (EDC) of Ni were calculated using an
interpolated band structure with an exchange splitting of the ferromagnetic bands of 0.37 eV
at Er. From paramagnetic to ferromagnetic Ni, the leading peak of the EDC originating from
d bands near E is predicted to shift 0.25 eV over the range 7.7 < 7w =10.7 eV (assuming
direct transitions) and 0.18 eV (assuming nondirect transitions). High-resolution photoelec-
tron spectra obtained from ferromagnetic Ni (295°K, 0.47T) and paramagnetic Ni (678 °K,
1.07T ) gave no evidence of a significant change in the amplitude nor of a change in the posi-
tion of the d-electron peak near the high-energy cutoff of the EDC within the experimental un-
certainty of + 0.05 eV, High-temperature EDC were obtained from continuously heated Ni
single crystals and electron-gun-evaporated films, using a screened-emitter energy analyzer.
These results are compared to related experiments, and it is concluded that the band model
of magnetism does not adequately explain Ni photoemission and optical experiments.

I. INTRODUCTION

This paper is a complete report on our photo-
emission measurements from Ni above and below
the Curie temperature. These measurements were
briefly described previously.! The d-band peak in

the photoelectron energy-distribution curves (EDC)

did not exhibit the temperature dependence pre-
dicted by our calculations based on the band model
of ferromagnetism. The band theory of itinerant-
electron ferromagnetism, which originated with
Slater? and Stoner® and was further developed by
Wohlfarth,? assumes an approximately rigid energy
splitting of the spin subbands that is temperature
dependent below and zero above 7T'¢.

The difference in energy between states of op-
posite spin at the same wave vector K in corre-
sponding spin subbands is frequently referred to as
“exchange splitting,” although the relative impor -
tance of contributions from different types of ex-
change and correlation effects is uncertain. Wohl-
farth® has tabulated the exchange-splitting esti-
mates derived from various experimental and the-
oretical work, including measurements of specific
heat, susceptibility, saturation magnetization, op-

tical properties, and calculations of band struc-
tures. From examination of values ranging from
0.21 to 1.7 eV, he concluded that the best esti-
mate is 0.35+0. 05 eV. Phillips® has more recently
extended Wohlfarth’s table, and placing more em-
phasis on the band calculations and Fermi-surface
models as opposed to macroscopic quantities, he
arrived at a larger exchange-splitting estimate of
0.5+0.1 eV. The Hartree-Fock approximation,
which is the basis of the band theory of ferromag-
netism, must be inadequate to some degree, be-
cause the wave functions do not account for the cor-
relation between electrons of antiparallel spin that
results from the Coulomb repulsion between them.
Consequently, there can be, with reasonable prob-
ability, an excess of charge on one atom and a de-
ficiency on another. The extent of such polarity
fluctuations depends on the relative magnitudes of
the polarity energy (which is the Coulomb repulsion
between two d electrons with antiparallel spin on
the same atom) and of the hopping energy (the en-
ergy of an electron hopping from one site to the
next which is approximately as large as the band-
width). Herring” discussed in some detail the rival-
ling points of view on the strength of correlation ef-
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fects; there appears to be agreement on the fact
that the exchange splitting between up-spin and
down-spin states is predominantly the result of the
intra-atomic Coulomb energy.

The band model explains many of the magnetic
properties of Ni, notably the nonintegral satura-
tion moment. The band model of magnetism, how-
ever, has not been able to explain such recent find-
ings as our results and the complementary experi-
ments on cesiated Ni of Rowe and Tracy® nor the
spin-polarized photoelectron measurements.®
These experiments, the apparent conflict noted
previously1 between our results and those from op-
tical absorption,®® and the neutron-scattering ex-
periments!! are described in Sec. IV.

In Sec. II we discuss our calculation of the pre-
dicted peak shifts in the EDC. From the direct-
transition model of the optical-excitation process,
one expects a 0. 25-eV shift, and from the nondi-
rect-transition model, a 0. 18-eV shift. In Sec.

I we present our method of obtaining the first
high-resolution measurements of Ni above the
Curie temperature To. The experimental results
reveals that no peak shift is observed within our
experimental uncertainty of +£0.05 eV.

II. THEORY

To obtain an understanding of the magnitude of
‘the difference that might be expected in EDC mea-
sured at room temperature and above the Curie
temperature, we have calculated EDC on the basis
of the Slater-Stoner-Wohlfarth band model. These
calculations were made using two models for the
optical-excitaticn process in Ni: the direct-transi-
tion model and the nondirect-transition model, %13
The interpolation scheme of Hodges, Ehrenreich,
and Lang provided the nickel band structure that
must be known throughout the entire Brillouin zone
so as to calculate the EDC. The parameters of the
model Hamiltonian were determined by Ehrenreich
and Hodges® (set b) by fitting to the first-principles
augmented-plane-wave (APW) paramagnetic cal-
culation of Hanus!® at symmetry points. A slight
adjustment of three of the 14 parameters was made
to obtain better agreement with experimental data
‘from (i) neutron-diffraction determination of the
magnetic form factor, (ii) de Haas-van Alphen
measurements, (iii) magneto-optical measure-
ments, (iv) measurements of thermally modulated
reflectivity, and (v) the ferromagnetic Kerr effect.t
The basic set used consisted of four orthogonalized
plane waves representing the conduction bands and
five linear combinations of atomic orbitals repre-
senting the d bands in a tight-binding approxima-
tion. This interpolation scheme affords significant
computational advantages, because only a (9x9)-
model Hamiltonian matrix must be diagonalized at
each point in % space in the paramagnetic calcu-
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lation. Because the spin-orbit coupling is small,
the electron spin is not changed to first order in
the optical transition, and the 18X 18 ferromagnetic
Hamiltonian matrix reduces to two 9X9 matrices
{one for each spin).

Hodges et al.* calculated a k-dependent splitting
of the ferromagnetic bands, which amounts to 0.37
eV for states near E and 0.29 eV averaged
throughout the zone. The difference occurs be-
cause the splitting of the bands for states of E,
symmetry is 0.1 eV, and the splitting of the bands
for states of T,, symmetry (those that are predom-
inant at the Fermi level) is 0.42 eV. In the band
model, the difference in energy between electrons
of opposite spins is related to the magnetization
and assumed to go to zero at the Curie tempera-
ture. The EDC calculated by using the paramag-
netic band structure are to be compared to our
EDC measured above 7., and the EDC calculated
for the ferromagnetic band structure at zero tem-
perature (100% magnetization) are to be compared
to EDC measured at room temperature (95% mag-
netization).

Given the nickel band structure throughout the
Brillouin zone, we followed the procedure of
Smith!"*1® to calculate the EDC in the direct-tran-
sition model; -wave vector K is conserved in this
model, which corresponds to “vertical” transitions
between initial and final states at the same point
in k space in the reduced zone scheme. Each ab-
sorbed photon is assumed to excite an electron
from an initial state of energy E,(ﬁ) inband i to a
final state of energy E,(I_E) in band f. The energy
distribution of photoexcited electrons is

D(E;, w)=C2 [ d*k|M|?5(E,® - E, ® - w)
if

x8(E-E,K)F,(1-F), (1)

where 7w is the photon energy, F is the Fermi
The integral in 2
space is over the Brillouin zone.

In our calculation, as in past direct-transition
calculations of EDC,~!® we made the approxima-
tion that the matrix element M is a constant. Some
cases in which this approximation has important
consequences are discussed below. Only recently,
matrix elements have been included in such a cal-
culation for the first time in the work of Williams
et al. on copper.?

The joint density of states (JDOS) is defined by

2 -, -
J(w) = Zf; IW 6(Ef k) - Ei(k) - iw) AR
iy
@)
In this constant-matrix-element approximation,
D(E, w) is the energy distribution of the joint den-

sity of state (EDJDOS). For a direct-transition
model, Smith'® and Eastman®! have emphasized that



6 EXPERIMENTAL AND CALCULATED PHOTOELECTRON ENERGY-... 1789

the experimental EDC sense the EDJDOS, rather
than the density of states (DOS) given by

)= g I athote £ ). (®)

Another significant quantity that we calculated
and compared to experiment is the imaginary part
of the dielectric constant €,(w). In the constant-
matrix-element approximation, €,(w) is related
simply to the JDOS by €x(w) < J(w)/w?.

To compute the integral of Eq. (1) over the Bril-
louin zone, the primitive ,1—8 of the zone was divided
into cubes of size such that there were 17 cubes
in-going from the one centered at I" to the one cen-
tered at X inclusively. The sample point is taken -
to be representative of the entire cube. For sam-
ple points that fall at points of special symmetry
(such as a zone edge or plane), only part of the
surrounding cube lies within the %; of the zone.

The contributions from the cubes are weighted ac-
cordingly; for example, the cube at T is weighted
%g as much as a general point. A linear interpola-
tion'® of the band structure was used in each of
these cubes. The 9X9 Hamiltonian matrix was
diagonalized at the cube center Eo and at three
nearby points Ak away in the k,, k,, and k&, direc-
tions. Each cube was then divided into 343 (i.e.,
7%) subcubes. The energy of a band j at the center
of each subcube was found from

E, &)= E (ko) + (K -Ko) - V, E, (k) . @

The size of Ak used in calculating the derivative

is limited on the small side by the accuracy to
which the energy eigenvalues are calculated and on
the large side by the aim to minimize errors in
computing derivatives near band crossings. A
value for Ak corresponding to ¥ of a cube edge was
used in these calculations.

At this point in the calculation, there are nine
energy values at each of 173215 (343x505) points
in the &; irreducible zone. The quantities of inter-
est are calculated in histogram form. The energy
values were put in histogram boxes of set width by
going from real to integer base on the computer.
The D(E, w) is found by cataloging transitions ac-
cording to the initial state energy and the photon
energy separating the initial and final state. A
grid of 0. 05 eV was used for both the initial state
energy and the photon energy. The part of the EDC
corresponding to states near the Fermi level was
modified by the Fermi distribution at the approach
temperature (300 or 678 °K).

To obtain the energy distribution of photoemitted
electrons from the distribution of photoexcited
electrons in Eq. (1), we must consider how the
distribution is modified by electron transport to
the surface and escape over the surface barrier.

A semiclassical threshold function T(E, w, K) can

be calculated by taking account of the depth at
which the electron is excited, the probability of a
collision during travel to the surface, and the min-
imum momentum normal to the surface required
to overcome the surface barrier. Rigorously, the
threshold function should be included in the k-space
integral of Eq. (1), but in the random k approxi-
mation, it is independent of Kk and can be calculated
separately.'®*? In nickel, the collision probability
is determined by the electron-electron-scattering
length which was set equal to 10 A for electrons
with energies of 8.0 eV above E, and assumed to
vary as EY%/(E - E;)?. This yields scattering
lengths in good agreement with the 5-to-15-A vari-
ation in Ni above 7 eV, as reported by Eastman.?
The general shape of the threshold function, which
is of importance in comparing our calculations to
our experiments, is not very sensitive to the exact
magnitude or energy dependence of the scattering
length.

The distribution of photoemitted electrons ob-
tained by applying the threshold function to D(E,,w)
is modified further by the measurement process
because of the spectral breadth of the exciting ra-
diation and the finite resolution of the electron-
energy analyzer.® To make a better comparison
with experiment, the calculated energy-distribu-
tion histograms were convolved with a broadening
function,?

A representative selection of the resulting cal-
culated EDC is shown in Fig. 1, in which the fer-
romagnetic curves (solid) lie below the paramag-
netic curves (dashed) at the same photon energies.
The zero of energy is taken at the Fermi level.
These curves exhibit the following striking fea-
tures: (i) There is a large amount of structure.
(ii) The strength of some pieces of structure
changes dramatically with photon energy. (iii) The
leading peak near the Fermi level is present and
strong in all of the curves. (iv) Significant differ-
ences occur between pieces of structure in the fer-
romagnetic and paramagnetic curves. (v) Large
pieces of structure appear at positions without cor-
responding structure in the density of states (see
Fig. 7). A detailed comparison with experiment
will be given in Sec. III; however, we note that
the experimental data reveal a strong leading peak
at 0.3 to 0.4 eV below the Fermi level and a broad
lower bump at approximately 2.0 eV below the
Fermi level. Neither the large amount of struc-
ture nor the change in strength of structure with
photon energy is seen in the experixiental curves.
As a result, in using the calculated curves to pre-
dict what changes might be expected in going above
the Curie temperature, we will neglect differences
in low-energy structure and concenirate on the
leading peak which is strong in both the calculated
curves and in experiment.
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FIG. 1. Representative calculated EDC for Ni, assuming direct transitions and the Ni band structure of Hodges et al.,

which has an exchange splitting of 0.37 eV at Ez. The upper (dashed) curves are for paramagnetic Ni and the lower
(solid) curves are for ferromagnetic Ni at corresponding photon energies. The leading peak near E r (zero of energy

scale) is present in all the curves.

The changes in experimental EDC above T, which
would be expected on the basis of these calcula-
tions, are revealed in the close comparison of the
calculated curves in Fig. 2. The inserct in the fig-
ure is a 3X magnification of the leading peak. The
leading peak of the paramagnetic nickel nearly lines
up in energy witi: the peak of ferromagnetic nickel
at a photon energy of Zw=9.1 eV, but the leading
peak in the calculated paramagnetic curve is shifted
0. 16 eV higher in energy for 7w="7.7 and 0.09 eV
lower in energy for Zw=10.7 eV. This rather sur-
prising relative shift of the peak positions demon-
strates the importance in the direct-transition

model of the unfilled states to which the electrons
are excited.

The experimental curves in Sec. III show little of
the calculated structure displayed in Fig. 1. The
width of the calculated structure is such that, if
present, it would be easily resolved in the experi-
ment as is the leading peak. The discrepancy may
be attributed in part to our assumption of constant
matrix elements; for example, the large peak in
the calculated EDC somewhat more than 2 eV below
Ep in the range 7w =8.6-9. 9 eV could be caused by
transitions near the Lj,-to-L,, transition. This
transition, however, is from a d-like to an s-like
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FIG. 2. Close comparison of three curves in Fig. 1 to
determine the shift of the d-band peak near E in going

from ferromagnetic (solid curves) to paramagnetic (dashed

curves) Ni. The inserts (3x magnifications of the leading
peaks) indicate that the paramagnetic peak shifts 0.25eV
relative to the ferromagnetic peak between %w =7.7 and
10.7 eV.

state and therefore is “forbidden.” The matrix ele-
ment calculated by Mueller and Phillips® for such
a transition in copper is very small, which could
be the reason for the absence of such a strong peak
in the experimental curve. Because EDC are due
to transitions over a region of k-space, it would be
presumptuous to identify transitions from a band
diagram along single lines in % space, and, of
course, one must be cautious in this regard.

The difference to be expected in EDC from ferro-
magnetic and paramagnetic nickel also can be esti-
mated in terms of the nondirect-transition model of
the optical-transition process. The essence of the
nondirect-transition model is that the conservation
of wave vector K, in a one-electron sense, is not a
significant selection rule. The optical-transition
probability from an initial state energy E,; with pho-
ton energy 7w is

P(E;, w)=n(E,) n(E; +hw)/wo(w) , (5)

where the rate of energy absorption wo(w) is a
normalizing factor. The n(E) is defined as the
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“optical density of states” which may be different
from the true ground-state densities #(E), because
of the effects of the matrix elements that have been
absorbed into the optical DOS or because of the
many -body effects outside of this one-electron pic-
ture.”® As in the direct-transition case, to obtain
the energy distribution of photoemitted electrons,
the effect of the threshold function must be in-
cluded.

The estimate of changes to be expected in EDC
on going from ferromagnetic to paramagnetic
nickel depends on using the band density of states
corresponding to #n(E) in Eq. (3) to predict changes
in the optical density of states n(E). In previous
photoemission studies of noble and transition
metals, it has been found that n(E) obtained from
analysis of photoemission data on the nondirect
model is frequently quite similar to the calculated
n(E). %2 gystematic methods for determining
the optical DOS from measured EDC have been de-
scribed,?” and generally this can be a somewhat
complicated process. In the photon energy range
of interest in the nickel experiment, 7Zw="17.7-10.7
eV; however, it is expected that the threshold
function and wo(w) are smoothly varying functions
of E or w. Then, in the absence of structure in
the final DOS 7(E; +#iw), the EDC reflect the oc-
cupied or valence optical DOS 7(E,;). The experi-
mental EDC for nickel did not indicate structure
in the final optical DOS.

Following this line of reasoning (the EDC re-
flect the optical density of states which, in turn,
is similar to the band DOS), the band DOS for fer-
romagnetic and paramagnetic nickel can be used
to obtain an idea of expected changes in experi-
mental EDC on going from the ferromagnetic to
paramagnetic state. Figure 3 plots the band DOS
curves of Hodges ef ql. after they have been con-
volved with a broadening function® to allow a better
comparison with experimental results. The use
of the nondirect-transition model with the DOS
curves from the assumed band-calculation results
in a predicted peak shift of 0. 18 eV. If, instead
of employing a band calculation with a small ex-
change splitting, we had used one of the calcula-
tions in the literature with a larger splitting, 28-30
the calculated changes above T, would be larger
than 0. 18 eV.

III. EXPERIMENT

The photoemission investigation of nickel was
pioneered by Blodgett and Spicer.*! Their EDC ob-
tained from evaporated nickel films revealed a
large peak at 4.6 eV below the Fermi level and
weaker maxima at 0.3 and 2.2 eV below E. Sub-
sequent experiments were carried out by Breen,
Wooten, and Huen®? and by Callcott and MacRae®
on samples cleaned with argon bombardment and
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by Vehse and Arakawa® and Eastman® on evapo-
rated films, The strength of the structure varied
considerably among the different experiments.
Recently, Eastman and Cashion® have suggested
that the ~4.6-eV peak can be explained by a peak
caused by chemisorbed oxygen which is 2 eV wide
and located at — 5.5 eV. Our measured EDC from
an electron-gun-evaporated film is compared to the
measurements plotted in Fig. 4. The increased
strength of the leading peak in our curve and the
sharpness of the cutoff compared to the EDC of
Eastman is attributed primarily to our use of the
screened-emitter analyzer.3®

During the course of our investigation, EDC were
obtained from a variety of samples, including a
heat-cleaned single crystal, a crystal cleaned by
argon bombardment and heating, an electron-beam-
evaporated film onto a Ni single-crystal substrate,
and an electron-beam-evaporated film onto a NaCl
crystal. Consistent results were obtained from all
of the samples, but it is expected that the evapo-
rated film onto the Ni substrate was the cleanestand
most perfect. Because the peak near E in the
EDC from a film evaporated onto Ni was somewhat
stronger than in other samples, our attention will
be focused on these results.

A §-in. -diam Ni single-crystal disk with the
[100] axis perpendicular to the surface was used as
a substrate for the electron-gun evaporation of the
nickel film. The substrate had been spark cut
from a single-crystal rod and then spark planed

and mechanically polished. Just before mounting
it in the photoemission flange to be put in the vac-
uum chamber, it was chemically polished follow-
ing the procedure of Tegart.3” The substrate was
heat cleaned in ultrahigh vacuum at 500 °C for 7 h.

A Varian “e-gun” (electron-beam evaporator),
which we equipped with a specially fabricated thori-
ated-tungsten filament was used to evaporate the
99. 9%-pure nickel rod. This rod was hydrogen
fired to 1200 °C before it was put in the vacuum and
then was premelted and thoroughly outgassed in
vacuum before evaporation. The chamber was
pumped with a Varian 140-liter /sec Vac Ion pump
which achieved a base pressure of 1x10-!! Torr.
During evaporation, the pressure rose to 1x10°
Torr for the first 2 min but was less than 5x10-1°
Torr during the remaining 17 min. The film thick-
ness was approximately 1500 A as measured by a
quartz-crystal-microbalance thickness monitor
described by DiStefano,®

Because the preparation of consistent Ni samples
had proved so difficult (Fig. 4) in the past, we
monitored the partial pressures of the residual
gases before and during evaporation with a Varian
quadrupole residual-gas analyzer. Before evapora-
tion, we observed residual gases with mass num-
bers 2, 15, 16, 28, and 44, corresponding to H,",
CH;", CH,", CO’, and CO,", respectively. The
same gases were present during evaporation; the
partial pressure of hydrogen relative to the other
constituents about doubled and the CH;' and CH,"



NICKEL hv =10.2 eV
—— BLODGETT AND SPICER
----- BREEN,WOOTEN AND HUEN
— — CALLCOTT AND Moc RAE
— — VEHSE AND ARAKAWA
eneens EASTMAN
—--—PIERCE AND SPICER
g
2
2
>
@
g
x
[
o
ac
Z
2’
o
4
|
]
|
]
]
i
1/
A 1 ! | |
6 -5 -4 -3 -2 - 0
48488 Ei=E-tw+¢ (ev)

FIG. 4. Encountered difficulties in obtaining clean Ni
samples for photoemission experiments is illustrated by
a comparison between EDC at #iw=10.2 eV from the
present work and the earlier work of Blodgett and Spicer;
Breen, Wooten, and Huen; Callcott and MacRae; Vehse
and Arakawa; and Eastman.

peaks increased slightly.

The EDC from this evaporated film are plotted
in Fig. 5. The rapid rise of the leading edge to the
extremely strong peak near the Fermi level is
particularly striking. The position of the leading
peak is 0. 2 eV below E at Zw="7.7 eV, 0.28 eV at
fiw=10.2 eV, and 0.4 eV at Zw=11.6 eV. Over the
same energy range, the leading peak rises from
zero to 75% of its maximum height in 0. 1, 0. 17,
and 0.25 eV at 7w="7.7, 10.2, and 11.6 eV, re-
spectively. The rise of the leading edge in the
nickel EDC gives a measure of the over-all
resolution function, and the shift in the position of
the leading peak up to 10. 2 eV can be understood in
terms of the resolution-function shift. At higher
energies, the shift to lower energy may be caused
in part by changes in the electronic structure. The
leading peak also broadens with increasing energy;
its full width halfway between its top andthe valley
is 0.3 eV at zw="7.7 eV, 0.5 eV at zw=10.2 eV,
and 0. 55 eV at zw=11.6 eV. The above estimates
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of the resolution function at these energies indicate
that approximately one-half of the broadening is
due to instrumental effects and the other half to
changes in the excited-electron distribution in the
metal.

A broad maximum obscured by the threshold
function at lower photon energies occurs at approx-
imately 2.1 eV below E;. The absence of a low-
energy peak even at photon energies greater than
11 eV indicates that surface contamination was
minimal. In the figures, the straight portion of the
leading and trailing edges of the EDC is extrapolated

2.0x1073

Tiw=l1.6eV

N(E, w) lelectrons/absorbed photon-eV)

L ! | !
-6 -5 -4 -3
EjE-hw+ (eV)

FIG. 5. EDC from a Ni film electron-gun evaporated
in ultrahigh vacuum onto a single-crystal Ni substrate.
The screened-emitter analyzer has resolved the variation
in peak width and the sharp cutoff at the Fermi level.
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with a straight line to the baseline. The experi-
mental curves have a slight instrumental rounding
at the baseline, as seen in the actual recorder
traces. 3¢

The magnetization of nickel is maximum at 0°K
and decreases to zero at the Curie temperature
T =631°K. Magnetization at room temperature is
95% of the maximum value. On the basis of the

band model in which the band splitting is proportion-

al to magnetization, significant changes in the EDC
would be expected even in going from room tem-
perature to just below T, where the magnetiza-
tion is small. The change from room temperature
rather than slight differences from 7', is signifi-
cant; nevertheless, in our high-temperature experi-
ment, we aimed for 50 °C above 7.

To the best of our knowledge, these were the
first successful EDC measurements at such high
temperatures. The major difficulty is to maintain
the sample at high temperature while making photo-
emission measurements. Continuous heating with
an ac heater is not acceptable because the elec-
tronic noise it introduces disrupts the measure-
ments of small (107! A) photoemission currents.
Heating the sample with a regulated dc current in
a noninductive heater proved successful. Normal
ac ripple and pickup would be intolerable if the
energy analyzer is used in the conventional way to
measure emitter current. However, with the
screened-emitter analyzer, it is most natural to
measure collector current, as shown in the circuit
diagram in Fig. 6. Noise from the heater supply
is passed through the large capacitor C. Although
the noise at the picoammeter output is a few times
larger than for room-temperature measurements,
the picoammeter can be kept on a sensitive scale
without overloading. The remaining ac ripple is
further rejected by using an even subharmonic of

PICOAMMETER

60 Hz as the reference frequency for the PAR lock-
in amplifier.®® The key factor in obtaining good
high-temperature measurements with the dc heater
is that it was essentially connected to ground with
regard to ac disturbances.

The temperature was monitored with a chromel-
alumel thermocouple mounted in the copper sample
holder ; in. behind the Cu-Ni interface. Ina
separate calibration experiment, the temperature
at the front of a polished nickel substrate was mea-
sured by a chromel-alumel thermocouple, brazed
to it and compared to measurements from the
thermocouple just behind the Cu-Ni interface. It
was found that a temperature of 678 °K at the sam-
ple surface corresponded to a temperature of
688 °K in the sample holder. The temperature at
the sample surface followed that of the sample
holder closely, that is, an equilibrium between
the two was quickly attained. The collector tem-
perature changed slowly because of radiation from
the emitter assembly; for example, the collector
temperature increased from room temperature to
60 °C in 23 h when the sample was at 678 °K.

Figure 7 plots EDC from the evaporated film at
678 °K (dashed curve) and after it had cooled to
room temperature 295 °K (solid curves). The
room-temperature EDC before heating (Fig. 5)
differ from those after heating only in that the
leading peak is 10% to 15% stronger. The pres-
sure remained less than 5x10! Torr during the
high-temperature measurements.

When examining the experimental EDC and com-
paring them to calculations, we shall pay particu-
lar attention to the peak near the high-energy cut-
off; this peak results from transitions originating
in bands near the Fermi level. We focus on this
peak because (i) this is the sharpest available ex-
perimental structure; (ii) it can be followed over
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295 °K
- 678K

2x1073—

N (E,w) (electrons/absorbed photon eV)
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FIG. 7. EDC from the evaporated film in Fig. 5 while
at 678 °K (dashed curves) and after cooling to room tem-
perature 295 °K (solid curves). The leading peak originat-
ing from d states near the E does not shift in going from
paramagnetic to ferromagnetic Ni within our experimental
uncertainty of + 0.05 eV.

the widest range of photon energy (more than 3
eV); (iii) it is strong in all of the calculated EDC;
and (iv) it corresponds to a well-defined peak in
the DOS (Fig. 3).

As can be seen from Fig. 7, there is no change
in the position of the leading peak in going from
ferromagnetic to paramagnetic nickel. An upper
limit on any such change is placed at the experi-
mental uncertainty of +0.05 eV. The location of
the second peak is somewhat less certain (~+0.15

eV)because it is broader and because of slight dis-
tortions resulting from a small low-energy -back-
ground current which had to be subtracted from the
high-temperature curves. Thermal broadening

of the Fermi surface is directly observed in the
0.05-0. 1 eV increase in the leading-edge cutoff of
the high-temperature EDC.

Extreme care was taken in comparing EDC at
295 and 678 °K in our search for the peak shifts
predicted by the band model of ferromagnetism; for
example, any error in monochromator resolution -
was the same at both temperatures. Typically the
half-width at half-maximum of the power spectrum
from the monochromator was 0.05-0.075 eV;
where possible, this was improved by tuning in on
a peak of the hydrogen discharge spectrum. Simi-
lar care was taken to ensure that errors caused by
electronic instrumentation, in particular the mag-
nitude of the ac voltage which was typically 0. 1-

0. 15 V peak-to-peak, were the same in the curves
to be compared. We have assumed implicitly that
resolution errors of the energy analyzer were the
same at corresponding photon energies for both
room- and high-temperature EDC. The magnetic
field in the collector region resulting from the
magnetism of the sample was found to be much
less than ; of the earth’s field.

In comparing peak positions in EDC at different
temperatures, a potential source of error is a
change in the collector work function; however,
the vacuum was very good throughout the high-
temperature measurements and the collector heated
less than 100 °C which gave us no reason to suspect
a change in the collector work function. In addi-
tion, the collector work function can be monitored,
because the difference between the point of inter-
cept of the trailing edge of an EDC with the base-
line and the point on the baseline corresponding to
zero-applied retarding voltage is the work-function
difference between the collector and sample. The
difference in the work function (discussed below)
of the nickel film at 295 and 678 °K is 0. 1+0. 06
eV which corresponds to the change of 0.1 eV in
the trailing-edge intercept and suggests that the
collector work function did not change. This anal-
ysis suggests that the maximum upper limit on a
change of the collector work function is +0. 06 eV
plus the difficult to estimate uncertainty (a few
hundreths of an eV) in locating the trailing-edge
intercept. There is little cause for a change in
collector work function in a single data set; it was
checked by repeating curves and by taking curves
that were to be compared close together in time.
The difference in emitter-collector contact poten-
tial due to thermal emf is less than 0.01 eV. All
factors taken together led us to place an upper
limit of +0. 05 eV on the uncertainty in measuring
a shift in the position of the leading peak in com-
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FIG. 8. Quantum yield of

paramagnetic (dashed curve)
and ferromagnetic (solid
curve) Ni. The insert shows
the Fowler-plot determination
of the work functions.
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paring high-temperature and room-temperature
EDC. The sharpness of the leading peak presented
no difficulty in locating its position, but the broad-
er peak at —2.0 eV below E could only be located
with an uncertainty of +0. 15 eV.

The quantum yield at 295 and 678 °K was used to
normalize the EDC, and a Fowler plot®® of this
yield determined the work functions. The photo-
current to the positively biased collector was com-
pared to the photocurrent from a calibrated Cs;Sb
photodiode that could be inserted in the incident
monochromator beam to measure its intensity.
When corrections for the transmission of the vacu-

um-chamber window T, and the reflectivity of the
sample R are included, the absolute quantum yield
is obtained in electrons per absorbed photon,

Y = I(sample) Y(standard)/I(standard) T, (1 - R).

Figure 8 shows the yield from this evaporated Ni
film at room temperature (solid curve) and at high
temperature (dashed curve). The work functions
determined from a Fowler plot of the quantum yield
are 4.87+0.04 eV at 678 °K and 4. 97+0.02 eV at
295 °K (Fig. 8). The measurement of the small
photocurrent near threshold was more difficult at
high temperatures because of the greater elec-
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tronic noise. The same values of the work function
were obtained when the full temperature-depen-
dent Fowler theory® was used.

Previous measurements obtained by Cardwell*°
and Ames and Christensen*! from nickel for 7w
=5,0-5.5 eV also showed an increase in yield with
temperature in this range. At Zw=>5.2 eV, for ex-
ample, Cardwell found the yield to double in going
from 300 to 623 °K. In both of these investigations,
measurements were made on nickel ribbons that
had been heat cleaned for over two months. Ames
and Christensen flashed the ribbon to 1200 °C be-
fore each set of yield measurements. In contrast
to our results, these investigators found a slight
increase of work function with temperature as de-
termined from temperature-dependnet Fowler
plots. Cardwell measured work functions of 5. 06,
5.05, and 5.1 eV at temperatures 300, 623, and
770 °K, respectively; Ames and Christensen mea-
sured work functions of 5.08, 5.07, 5.08, 5.09,
5.10, 5.09, and 5. 13 eV with an accuracy of + 0.03
eV at temperatures of 298, 443, 523, 563, 613,
633, and 833 °K, respectively.

IV. DISCUSSION

The striking result of our experiment is that none
of the changes in the experimental high-tempera-
ture EDC predicted above in terms of the band
model of magnetism were detected within our ex-
perimental uncertainty of +0.05 eV. The leading
peak in the paramagnetic EDC, calculated assuming
direct transitions, was predicted to shift 0. 25 eV
relative to the leading peak of the ferromagnetic
EDC over the range Zw="7.7 eV to 10.7 eV; a
0. 18-eV shift of this peak was also predicted by the
nondirect-transition model. The magnitude of the
peak shifts are such that they would be easily ob-
servable in our experiment. On the basis of argu-
ments to be given below, we would like to suggest
that the Slater-Stoner-Wohlfarth band theory is not
sufficient to describe the observed photoemission
from ferromagnetic and paramagnetic nickel.

The results of our experiment are in agreement
with the recent measurements by Rowe and Tracy,®
which determine with very high resolution the d-
band-peak position in EDC from cesiated Ni at low
photon energies. These measurements are com-
plementary to ours for clean Ni at higher photon
energies. Although we do not locate the d-band
position as accurately as Rowe and Tracy, the
shape and amplitude of the EDC from Ni-above T,
can be seen from our measurements. Using a
servo method they developed to accurately monitor
the d-band peak relative to Er as a function of tem-
perature, Rowe and Tracy found a peak shift be-
tween room temperature T of approximately 45
MeV and between room temperature and 670 °K of
35-40 MeV. Over the same temperature range,
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the Pd d-band EDC peak was found to shift approxi-
mately 50 MeV in the opposite direction presumably
because of the effects of electron-phonon interaction
and volume expansion. If effects of similar magni-
tude are present in Ni, the magnetic shift of the Ni
EDC peak is really 0.09 eV.% In other words, elec-
tron-phonon interaction and volume-expansion ef-
fects would reduce the magnitude of the peak shifts,
that one would expect to measure from our mini-
mum value of 0. 18 eV, calculated for nondirect
transitions to 0. 13 eV. A similar reduction is also
expected in the 0. 25-eV shift calculated for direct
transitions. Thus, the minimum expected peak
shift that we calculated (0. 13 eV including these
thermal effects) is still three times larger than

the 0. 04-eV peak shift measured by Rowe and
Tracy. The band model does not explain the ex-
perimental observations. In addition, the tem-
perature dependence of the d-band peak near T,
reveals a cusp® similar to the specific-heat anom-
aly; this critical behavior is suggestive of many-
body effects outside of the band picture.

At the time when our experimental results were
first reported, the band model of magnetism re-
ceived a further challenge from the measurements
of Binninger et al.® who found a + 15% spin polar-
ization for photoelectrons emitted from near the
Ni Fermi level. In contrast, most band structures
of Ni predict a negative polarization [magnetic mo-
ment of the photoelectrons antiparallel to the di-
rection of magnetization corresponding to a pre-
dominance of minority (down) spins] at Ep. Wohl-
farth*? has shown that the negative-polarization
region in Ni may be so narrow as to be undetected
by the experiment. An alternative explanation for
the positive polarization has been suggested by
Smith and Traum*® who calculated the expected
spin polarization by assuming direct transitions
and the band structure of Hodges et al. Subse-
quent measurements on Co* provided a more
stringent test for the band model of magnetism and
suggested that it does not adequately explain the
spin-polarized photoemission results.

We note that not only the absence of the expected
d-band peak shifts but also the similarity in shape
and magnitude of the d-band peak above and below
T places significant constraints on interpretations
based on the band model. Wohlfarth’s explanation
of spin-polarized photoemission results was based
on a model in which the majority-spin d-band edge
to Ep energy difference is 0.060 eV and the lead-
ing peak of the minority-spin band is above E.*2
His schematic model, however, predicts a leading
peak in the paramagnetic density of states that is
25% higher than in the ferromagnetic case; no
manifestation of such a change in the DOS is seen
in the EDC.

Since the first report of our results, Anderson,*’
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Baltensperger,*® and Doniach®’ have calculated that
many -body effects may be of the right magnitude to
explain the small temperature dependence of the
d-band peak and also the positive spin polarization
for Ni observed by Binninger ef al.? Anderson
states that the renormalization required by strong
interparticle correlations makes the simple Har-
tree-Fock ground state no longer appropriate.
Baltensperger found that it may be energetically
favorable for the electrons to form a coherent

state such that it costs more energy to excite a
minority electron than a majority electron. This
calculation qualitatively explains the small tem-
perature dependence of the d-band peak and the
observed positive spin polarization and further sug-
gests that the width of the d bands in a photoemis-
sion experiment should be less than the width from
a band calculation. The Hartree-Fock ground state
is not changed in Doniach’s calculation?” which
focuses on the excitation process. More energy is
required to excite a minority- than a majority-spin
electron, because the electrons in the full major-
ity-spin band cannot relax around a hole in the
minority-spin band; in contrast, minority-spin
electrons can relax around a hole in the majority.
The “relaxed orbital correction” caused by elec-
trons relaxing around the hole left by a photoexcited
electron is therefore different for majority and
minority spins and is of such a magnitude as to
counterbalance the exchange splitting. In this case,
because photoemission and optical measurements
do not sense the magnetic ground state, the peak
shifts calculated in Sec. II would not be observed.
Harrison®® has suggested that local moments also
exist above the Curie temperature. In this qualita-
tive picture, increasing the temperature above T,
causes disordering of the local moments formed
from resonant states®® on each atom, and changes
in the EDC would only be expected to be on the or-
der of k3T unless ferromagnetism is important to
the stability of the formation of the moments.

It should be noted that when many-body explana-
tions are used in connection with the ferromag-
netism of Ni, the description of optical excitations
in terms of one-electron k-conserving transitions
becomes questionable and the nondirect model may
represent a better approximation. A discussion
of this was presented by Spicer.

Before describing the apparent conflict between
our conclusions and the results of optical absorption
and neutron-scattering experiments, we anticipate
and answer two minor objections to our interpreta-
tion that might be raised. The first is whether
the band structure of Hodges et al." is sufficiently
accurate to predict the EDC peak shifts. From
photoemission measurements at 7w =40 eV, East-
man?! has estimated the Ni bandwidth to be 3.3 eV
in approximate agreement widths of 3.0%° and 2.7
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ev, 51 as determined from the lower resolution x-
ray photoelectron spectroscopy measurements, but
narrower than the 4 to 5-eV widths estimated from
our EDC at lower energy.

In attempting to obtain bandwidths from EDC,
one should be aware of an unresolved prcblem.
This is the possibility that the electronic structure
changes as one approaches the surface. This is
important because the depth of escape of the un-
scattered electrons decreases as the photon en-
ergy increases.!®?:2:21 For Ni, the escape depth
is approximately 10 Aats eV; thus, it may be-
come very small at 40 eV or in the x-ray region.
The band narrowing noted above, therefore, may
not reflect bulk electronic structure but, instead,
may be the result of a narrowing of the bands at
the surface. Further experimental work should
resolve this problem.

If the 3. 3-eV width is taken to be correct in-
stead of the 4. 8-eV width of the band structure of
Hodges et al.," the predicted peak shifts could be
approximately 30% smaller but still experimentally
detectable. The d-band splitting in the Hodges
band structure (0.29-eV average, 0.37 eV at Ej)
is smaller than the 0.4 to 0. 6-eV splitting in the
calculation of Zornberg,® the 0.8-eV average
splitting of Connolly,? and the 0.7-eV splitting of
Wakoh and Yamashita.?® Because other band struc-
tures have up to double the exchange splitting of
the band structure we used, the peak shifts pre-
dicted from our calculations tend to be conserva-
tive.

The second possible objection is that, at room
temperature, two atomic layers at each interface
of the Ni film may be magnetically dead, as re-
ported by Liebermann et al.®® The magnetically
dead layers observed in films formed by electro-
plating from aqueous solution®® may not be present
in our samples which were films electron-gun
evaporated in ultrahigh vacuum and a single crys-
tal cleaned by heating and argon bombardment.

If one assumes two magnetically dead layers cor-
responding to 3.5 A on the (100) surface of Ni and,
as above, an electron-electron-scattering length
of 10 A for electrons with energy at 8 eV above

Ep, then 1 - ¢35/ or 30% come from the “dead”
layers. These “paramagnetic” electrons in the
ferromagnetic film would tend to reduce the pre-
dicted peak splitting, but it would still be observ-
able. Whether such dead layers really exist in

our samples is an open question. In measurements
of the spin polarization of photoelectrons from
electron-gun evaporated Ni films as a function of
magnetic field strength, Binninger et al.? found no
evidence of paramagnetic electrons. That the

dead layers exist in electrolytically deposited films
has been disputed by the recent M0ssbauer mea-
surements of Shinjo et al.%
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Shiga and Pells! have interpreted the measure-
ments of the temperature dependence of the optical
absorption spectrum of Ni in terms of a tempera-
ture-dependent exchange splitting of the energy
bands. The primary experimental peak at 7w =4.8
eV narrows approximately 0. 13 eV as the tempera-
ture is increased from 295 to 670 °K. Shiga and
Pells suggest that the shape of this peak can be ex-
plained by a superposition of two peaks separated
by an energy that is proportional to the spontaneous
magnetization. The key point in this explanation
is their assignment of the peak at 4. 8 eV to tran-
sitions from the spin-split bands at L; to the un-
split or negligibly split conduction bands at L,,.

If this explanation is correct, it is surprising that
no significant change was seen in the leading EDC
peak that originates from states at the top of the
dbands. In fact, the analogous optical absorption
peak in Cu is a composite of transitions from the
low-lying d bands at L and X to states just above
E and of transitions from Lj to L;,.?® Gerhardt™
has suggested that approximately 30% of the Cu
peak is the result of L;to L,, transitions and Seib
and Spicer®® have argued that only 10% is caused
by Ljto Ly, transitions. Assuming direct transi-
tions in the band structure of Hodges et al., our
calculation of D(E, w) for Ni show that over 70% of
the transition strength at 7w =4.8 eV is due to
transitions from low-lying d-bands to minority-
spin bands just above E,. For such transitions,
the band model predicts a very small temperature-
dependent effect in the optical absorption, because
the change in splitting of the low-lying bands and
the band at E is similar. Unfortunately, with
photon energies to 11. 6 eV, transitions from the
low-lying bands are still obscured in photoemission
by the escape function. The relaxed orbital cor-
rections suggested by Doniach?’ appear to explain
the photoemission data and would be expected to
reduce the manifestations of the spin-split bands
in the optical absorption data. In our opinion, the
optical data cannot be explained adequately by a
straightforward application of the band model.

Komura ef al.'* have measured the spin-correla-
tion function in Ni by means of neutron scattering

over a temperature range of 0.5-1.6 T,. Spin-
wave excitations are distinctly evident at room
temperature and become less pronounced at higher
temperatures. In contrast to our results, which
have not been adequately explained by the band
model, the neutron data are well explained by the
calculations of the response function X(E, w) in
which the band splitting is assumed to change with
temperature and disappear above T.%'%" However,
between the experimental scattering data and the
change in the exchange splitting of the bands, lie
extensive calculations which, in fact, were reported
to be not critically dependent on the band structure.
The different conclusions reached concerning the
band model can be understood when the varying
nature of the two experiments is considered. The
many-body effects suggested by Anderson*® and
Doniach®” can be applied to the photoemission ex-
periment where an electron is excited 7 eV or more
to a conduction-band state in approximately 10-1°
sec. The situation in the neutron-scattering ex-
periment is much different; the energy change is
nearer 0.1 eV in the spin-flip process and the in-
teraction period is approximately 100 times longer.

In conclusion, the band model of ferromagnetism
that predicts a d-band peak shift of =0. 2 eV is not
consistent with our experimental results which
show that any shift must be smaller than +0.05 eV.
Because the band model does not explain the spin-
polarized photoelectron results® (the photoemission
results of Rowe and Tracy® or our results), we
must seek extensions of this model or new models.
It appears that the suggested many-body effects
may be crucial to our understanding of magnetism
in Ni.
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