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A photoemission study at both room temperature and at 80 K of the valence bands of the disor-
dered alloys PdFe, PdNi, PdCo, and PtFe is presented. The Cooper-minimum effect is used to study
the impurity contribution to the photoemission signal, and hence the local density of states at the
impurity site. The observed differences in the photoemission signal are discussed in terms of the lo-

cal exchange splitting and an attempt is presented to quantify the change in the local exchange split-

ting by comparison to spectra calculated with an impurity model.

INTRODUCTION

It will be the purpose of this paper to present photo-
emission data on the temperature dependence of local
magnetic moments and exchange split tings. The ex-
change splitting is a parameter in Stoner s itinerant-
electron band picture, which was developed more than 50
years ago for metallic ferromagnets. ' Due to its success
in describing the ground-state properties, and, in particu-
lar, nonintegral magnetic moments, it still remains the
basis for our present understanding of 3d-transition-metal
ferromagnetism at low temperatures.

Nevertheless, there are problems with the Stoner mod-
el and its use to compute finite-temperature properties.
We note that, in the Stoner model, the local moment
reduces proportionally with the spontaneous magnetiza-
tion when approaching the critical temperature T, .
However, the T, calculated by the Stoner theory (the
Stoner temperature) is 5 —10 times higher than experi-
mental values (see, e.g. , Ref. 2). Moreover, the near-
perfect Curie-Weiss behavior of the magnetic susceptibili-
ty found in nearly all itinerant magnetic systems cannot
be predicted by Stoner theory. Also, there is evidence
from neutron scattering ' (since contested ' ) that
seemed to indicate the existence of spin waves, and there-
fore of magnetic moments, above T, .

A fundamental reason for Stoner theory to fail at
higher temperatures is the neglect of low-energy collec-
tive modes as elementary excitations. A number of mod-
els specifically incorporate these modes. Limiting cases
are the "local band theory" (LBT), " assuming strong
short-range magnetic order on a range of 20 A above T„

and the "disordered-local-moment" (DLM) theory, '

that assumes no short-range order. Both theories assume
transverse ffuctuations of the magnetic moment (e.g., spin
waves). Moriya has also tried to take into account longi-
tudinal Autuations. However, the controversy about the
amount of short-range magnetic order, which for Ni is
reported to be linked to the local moment, ' has persist-
ed despite much experimental' ' and theoretical' '

work.
Persistence of a moment and local magnetic order

above T, would also be associated with exchange split-
ting of the bands of electronic states which may be ob-
served more or less directly by (spin-polarized) photo-
emission and inverse photoemission. ' ' Most of
the experimental work in this area has, until now, fo-
cused on the direct resolution of the k-dependent ex-
change splitting in single crystal Fe and Ni. At low tem-
perature these experiments actually show the spin-split
electronic states, especially when the photoelectron spin
is resolved explicitly (see, e.g., Ref. 33). Such experi-
ments can give information on the variation of the ex-
change splitting through k space. However, the interpre-
tation of the results obtained at elevated temperatures is
complicated by phonon-assisted transitions which ensure
that a larger part of the Brillouin zone will be sampled at
higher temperatures.

In view of the difficulties of (spin and k-resolved) work
with single crystals and the paucity of data, we have tried
to open up a new experimental approach to the problem.
We have studied random alloy systems —where crystal
momentum and k-conservation do not have the same
relevance —of magnetic 3d-transition-metal (TM) impuri-
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TABLE I. Critical temperatures T, {taken from Ref. 38) and reduced temperatures ~= T/T, for all
measured alloys. The relative contribution of the impurity to the photoemission signal in the Cooper
minimum is given in column 4 and is calculated from the cross sections given in Ref. 39.

PdNi
PdNi
PdCo
PdFe
PtFe

(5 at. %%uo)

(10 at. %)
(4 at. %)

(10 at, . %)
(10 at. %)

T, (K)

80
150
170
225
170

~ (80 K)

—1

0.53
0.47
0.36
0.47

~ (300 K)

3.8
2.0
1.8
1.3
1.8

Impurity contribution

0.45
0.63
0.35
0.53
0.50

ties in Pd and Pt. These systems are itinerant electron
magnets, as can be judged by studying the Rhodes-
Wohlfahrt plot (see Ref. 3, p. 131), and the critical tem-
peratures for these systems are given in Table I. We have
used angle-integrated photoemission at the Cooper
minimum in the Pd 4d or Pt 5d cross section in order to
isolate the electronic-structure effects at the magnetic im-
purity site. ' (This was, of course, unnecessary for the
same impurities in Ag, where host and impurity d states
do not overlap. ) Finally, we have made measurements
at liquid-nitrogen temperatures and at room temperature
in order to compare the electronic structure of the impur-
ity above and. below T, . The results will show that the
changes are very small indeed. In order to try to give
some semiquantitative measure of the size of the upper
limit of the changes in the exchange parameter consistent
with these small changes, we then proceed to analyze the
data with the generalized Clogston-Wolff model de-
scribed earlier.

EXPERIMENT

The polycrystalline alloys PdCo(4 at. %), PdNi(5 and
10 at. %), PdFe(10 at. %), and PtFe(10 at %) w.ere
prepared by arc melting. X-ray diffraction was used to
check that the samples were single phase. All samples
were found to be ferromagnetic (see Table I) at liquid-
nitrogen temperatures and to be paramagnetic at room
temperature, with the exception of PdNi(5 at. %%uo ), which
was found to be paramagnetic at both temperatures.

Samples were mounted on a copper block attached to a
cryostat. The cryostat consisted of a hollow tube mount-
ed on a rotatable manipulator. Low temperatures were
obtained by filling the cryostat with liquid nitrogen.
Temperatures were monitored by a chromel-alumel ther-
mocouple attached to the sample block.

The photoemission experiments were carried out at the
HE-TGM2 beamline at BESSY (Berliner Elektronen-
speicherring-Gesellschaft fiir Synchrotronstrahlung). All
experiments were performed at 130 eV photon energy
with a resolution of typically 0.6 eV. The spectra were
taken at normal incidence, collecting electrons with a
takeoff angle up to -40 with respect to the surface nor-
mal.

The samples were cleaned by scraping in situ before
each measurement. The base pressure was about
1X10 ' mbar, and dropped to about 5X10 " mbar
with the cryostat at 80 K. For low-temperature measure-
ments, samples were scraped after cooling down. Pro-

longed measurements were done in several sessions with
repeated scraping before each run.

After each run the spectrum was carefully checked for
reproducibility. Enough spectra were taken to ensure
that the peak intensity in the summed spectrum would be
of the order of 100000 counts.

Absolute normalization of the spectra was not possible.
For each sample, we normalized the spectra to the in-
tegrated intensity of the valence band, after subtracting a
background representing inelastic loss of the photoelec-
trons, so that, at a chosen point below the valence band,
the intensity vanished.

RESULTS AND INTERPRETATION

The valence-band photoemission spectra of the disor-
dered alloys PdNi(5 and 10 at. %%uo ), PdCo( 4at . %),
PdFe(10 at. %), and PtFe(10 at. %) are presented in Fig.
1. The dotted curves were recorded at liquid-nitrogen
temperature (-80 K). Room-temperature curves are
shown as solid lines where they differed significantly from
the low-temperature spectra.

In connection with the general features of the spectra,
we note that, in general, the states at the bottom of the
valence band in these materials contribute proportionally
less to the spectra because the single-particle photoemis-
sion matrix elements are lower and because the high-
binding-energy regions contribute proportionally more to
the satellite regions. ' The width of the single-
particle region of the spectrum is -6 eV, which corre-
sponds to the width of the Pd or Pt hosts bands. About
-50% of the spectrum in this region is from the host
and its shape is expected to be similar to that of pure Pd
or Pt. The other —50%%uo comes from the impurity (Table
I). The shape of this contribution also rejects many
features of the host because there is strong hybridization
between impurity and host states. ' However, this
contribution also rejects the effective atomic energy lev-
els of the impurities, and hence, the exchange splitting of
spin-up and spin-down levels.

Below the single-particle region (and partly overlap-
ping it) we see a large signal due primarily to inelastically
scattered electrons. This region also contains the contri-
butions from satellites and many-body excitations. '

In general, this region shows little structure. Exceptions
are the weak features at -8 and —11 eV in the PdNi al-
loy spectra. These could be confused with peaks from a
very low level of CO contamination (see, e.g., Ref. 45).
We found the intensity of these peaks to be remarkably
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constant from run to run and not to increase significantly
with exposure to the vacuum. We are thus inclined to at-
tribute them to many-body satellites intrinsic to the PdNi
system and not to CO. However, because they are so
constant, their presence is not relevant to the central
theme of this paper.

For all systems, the difference between room-

temperature and 80 K spectra is presented, magnified five
times. It can be observed that the differences between
room-temperature and 80 K spectra are small, especially
in the high-binding-energy region. Most changes in the
photoemission signal are found at the Fermi level. Of the
various spectra, only PdCo and PtFe do not show any
significant structure in the difference spectra.
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FIG. 1. Valence-band photoemission spectra PdFe, PdCo, PdNi(5 and 10 at. %%uo ), an dPtF e, take na t 13Oe Vphoto nenergy . The
upper dotted curves represent the spectra taken at liquid-nitrogen temperatures. Solid lines represent the room-temperature spectra
if they substantially differ from the liquid-nitrogen temperature spectra. The difference between these spectra, magnified five times, is

presented by the lower dotted curve.



3262 R. J. H. KAPPERT et al. 43

(d)

PdNI (10at.%)

4

F'tFe (10at.%)

I .J I I
I

~ »\ gs
I

I

I—
CA

UJI—

D
UJ

X
D

5x (RT-IN2) „
~ . »

~ \ t

I
I
I ~

I
I

I
I
I
I
I
I ~
I
I
I
I
I
I
I
I
I
I
1
I

I
I

I

I
'I

~ I

V)

LIJI—

D
UJ
F4

X
CLo ~ ~ ~

» ~
~ » ~

~ ~ ~ »
~» ~

~»»+
~ ~

~ ~
~ ~ ~

p / ~ »p» ~

5x (RT-IN2) „
~ ~ A ~ ~ ~

~ ~ »»~ »»

» ~

~ ~

\a

~,
~»

~ ~

~ ~ Q

~ ~ ~

~ I

I

I

~ I

, I

I
I
I
I

I
I
t
I

I

I

I

J
~

l ~

I
I
/ ~

I
I
I ~

I
I

I

I ~
I

~ I ~

~ I

I
I

~ »

~ I
t

I

I

I

I

I

I

12 10 8 6 4 2 EF
BINDING ENERGY (eV)

FIG. I. (Continued).

12 10 8 6 4 2

BINDING ENERGY (eV)

EF

We will discuss in detail below the nature and origin of
the small differences found in these spectra. First, how-
ever, we stress how small the differences are. This is ex-
tremely relevant because in all cases the contribution of
the impurity 3d states to these spectra is of the order of
—50% (see Table I). Moreover, in the dilute limit of Pd-
or Pt-based alloys, we expect a strong redistribution of
the local density of states (DOS) with small changes in
the local magnetic moment or the effective exchange pa-
rameter as will be discussed below. Thus, a large change
of the local moment would have been immediately notice-
able and it must be concluded that the TM moments per-
sist almost unchanged above T, .

The most pronounced differences were found in the
PdNi(10 at. %) spectrum. The spectrum at room temper-
ature exhibits less intensity at the Fermi level than the 80
K spectrum. A little more spectral weight is found
around —2 eV below E~ as compared to the low-
temperature spectrum. The PdNi(5 at. %) di6'erence
spectrum resembles that of the 10 at. % Ni in Pd, but the
structure at the Fermi level is reduced by a factor of -2,
corresponding to the different amounts of Ni in the al-
loys.

The differences observed in the PdFe spectra are oppo-
site to those of PdNi(10 at. %). Here the intensity of the
room-temperature spectrum near the Fermi level is
higher than the 80 K spectrum, while at higher binding
energy ( —2 eV) the intensity is lower. These changes are
very weak and similar to those caused by exposure to
gases for periods longer than 1 h. It is therefore possible
that the differences observed are associated with contam-
ination of the sample, despite the severe precautions tak-
en.

DISCUSSION

Magnetic impurities in Pd (Pt) can be described by a
majority-spin state and a minority-spin state, separated in

energy by the exchange interaction. These states will hy-
bridize with the host d band. We can see from the calcu-
lated DOS for Fe impurities in Pd (Refs. 46 and 47) that
the minority-spin states are pushed above the Fermi level
by the hybridization with the Pd d-band because the
effective energy level of the Fe minority-spin states is sit-
uated above the Pd d-band centroid. The calculations
show Fe majority-spin states to be situated in the host d
band, the largest weight of the majority-spin states being
at 2—5-eV binding energy.

For Ni in Pd (Pt), ' the situation is slightly diff'erent.
The calculated DOS for Ni in Pd shows that most of the
minority-spin states are situated at the top of the valence
band. The Ni majority-spin states are calculated to have
their largest weight at 0—2-eV binding energy. For Co,
the theoretical results are intermediate between Fe and
Ni. ' The large photoemission intensity at the Fermi
level for Ni and Co in Pd is thus mainly due to minority-
spin states.

To show the sensitivity of the photoemission spectrum
to the (local) magnetic structure we will present results of
calculations using a generalized Clogston-Wolff (CW)
model. In this model the impurity is represented by the
energy difference 6 between the host d-band centroid and
the impurity state and a renormalization of the
impurity-host hybridization potential. The results of the
CW calculation with 6 and the hybridization as free pa-
rameters to be Gtted reproduce the self-consistent
Korringa-Kohn-Rostoker (KKR) results remarkably
well ' and provide a suitable basis for data interpreta-
tion.

For Fe in Pd, the impurity-host interaction reduced to
75% of the Pd-Pd hybridization yields the best results.
The effective impurity levels are found at 6= —1.06 eV
for the majority-spin level, and 6= 1.99 eV for the
minority-spin level. The resulting local density of
states (LDOS) for majority-spin states (solid line) and
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minority-spin states is shown in the bottom panel of Fig.
2.

As mentioned in the general survey above, we observe
the Fe majority-spin states to be separated from the
minority-spin states due to the exchange interaction. The
impurity-host hybridization has resulted in the Fe
majority-spin LDOS reflecting the shape of the Pd host d
band, while the minority-spin states have been pushed
above the Fermi level.

Reducing the magnetic moment at the Fe site by 1%,
while keeping the local number of d electrons constant,
we obtain the LDOS shown in the middle panel of Fig. 2.
(This yields results similar to reducing the local exchange
splitting by -5%.) Although the minority-spin state
LDOS hardly changes, significant changes can be seen to
occur in the majority-spin part of the LDOS as the
weight of the majority-spin band is shifting towards the
Fermi level. We may already conclude from a compar-
ison of Figs. 2(a) and 2(b) with the experimental results
that there is only weak temperature dependence of the
magnetic moment at the Fe site, and of the loca1 ex-

change splitting. However, we must try to simulate
spurious effects, such as instrumental and lifetime
broadening, binding-energy dependence of the photo-
emission matrix elements (ME), and inelastic losses to
further quantify this statement. To this end we have
broadened the occupied part of the LDOS from Figs. 2(a)
and 2(b) to simulate instrumental and lifetime broaden-
ings, and multiplied the LDOS by a sloping line to simu-
late ME effects (see the figure caption). We are aware of
the limitations of this procedure, but it does show that,
even after taking into account spurious effects (plus the
fact that -50% of the photoemission signal still comes
from Pd), large changes in local exchange splitting at the
Fe site would still be recognizable. We must conclude
that the changes in 1ocal moment at the Fe site in Pd are
less than —1% (corresponding to changes in the local ex-
change splitting smaller than —

S%%uo) over the temperature
range studied.

Similar conclusions can be drawn for Co in Pd and Fe
in Pt. For Ni in Pd the situation is different. Ni is ex-
pected to be the least sensitive to changes in the local mo-
ment, as can be seen in Fig. 3, because the exchange split-
ting is so low. The local moment on Ni in mean-field
theory (see, e.g. , Ref. 13) is expected to decrease —30%
over the temperature range of the experiment, whereas
the Fe local moment is expected to decrease only -5%%uo.

We observed the largest changes for the PdNi system, but
they were different to those calculated. If the differences
observed are of magnetic nature, we would expect an in-
crease of the DOS at EF going to higher temperatures,
whereas we observe a decrease. Thus, the effects ob-
served in the PdNi systems are a puzzle to us, but here
too the main conclusion is that temperature-induced
changes in the effective atomic moment and the exchange
splitting are small.
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from the Clogston-Wolff (CW) model calculations. (b) LDOS
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magnetic moment reduced to 99% of the value of (a). (c) The
occupied part of the LDOS on Fe broadened to simulate instru-
ment (gaussian, FWHM 0.6 eV) and lifetime (Lorentzian,
FWHM 0.1 (E —EI;) eV) effects. Single-electron matrix ele-
ments (see Ref. 40) are taken into account by multiplying a slop-
ing line of 15%/eV. Solid curve: broadened DOS obtained
from (a). Dash-dotted curve: broadened DOS obtained from
(b).
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FIG. 3. Solid curve: CW calculations for Ni impurity in Pd.
LDOS on Ni site broadened as in Fig. 2(a). Dash-dotted curve:
as for the solid curve, but calculated with the local magnetic
moment reduced to 98%.
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CONCLUDING REMARKS

In this paper we have reported a study of the tempera-
ture dependence of the photoemission spectra of Pd and
Pt with magnetic impurities. The spectra were taken at
the Pd-Pt Cooper minima so that typically —50% of the
signal came from the impurity, because the aim of the
research was to study the change in local exchange split-
ting at the impurity site. The temperature dependence of
the spectra was very weak. Comparison with model cal-
culations indicate that the changes observed are not con-
sistent with changes larger than —5% in the local ex-

change splitting. Thus, our results are certainly incom-
patible with the collapse of the local magnetic moment on
the impurity site at T, when the long-range magnetic or-
der collapses in these materials.
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