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Temperature-dependent electronic structure of nickel metal
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An extended set of temperature-dependent ARUPS data from Ni~111! is presented. The ferromagnetic and
the paramagnetic state as well as the phase transition are examined in great detail. Rather new and unconven-
tional modes of data acquisition in ARUPS are applied with high angular and energy resolution, exhibiting
great power near the Fermi energyEF . Even up to 5kBT aboveEF energy bands are readily observed. The
understanding of these ARUPS data is strongly enhanced by spin-polarized band structure calculations.
Exchange-split bands of both,sp- andd-character, are resolved in angular scans and in photoemission Fermi-
surface maps. From two-dimensional data sets in energy and angle the dispersion and the exchange splitting are
obtained with high precision. All the observedsp- andd-bands clearly exhibit a Stoner-like collapsing-band
behavior. The exchange splittingDEex vanishes aboveTC in all cases, andDEex closely follows the tempera-
ture dependence of the macroscopic magnetization. The apparent deviations from the Stoner-like band behav-
ior stated in P. Aebiet al., Phys. Rev. Lett.76, 1150~1996! are explained. Furthermore we detect anomalously
high intensity from a minorityd-band close to ansp-band. This strongly suggests thatsp-d-fluctuations at the
Fermi level are a driving force for the magnetic phase transition of nickel.@S0163-1829~98!01527-6#
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I. INTRODUCTION

Nickel is an itinerant ferromagnet, which means that
magnetic moments are carried by the conduction-band e
trons. In the ferromagnetic state below the Curie tempera
TC5631 K the conduction electrons in nickel can be divid
into two classes: ‘‘spin-up’’ electrons, which have their ma
netic moment aligned parallel to a given magnetization
rection, and ‘‘spin-down’’ electrons with their magnetic m
ment antiparallel. The exchange interaction lowers
energy of the spin-up electrons, while raising the energy
the spin-down electrons, giving rise to two slightly differe
band structures. This leads to the energetic ‘‘exchange s
ting’’ DEex between these subsets of electrons, which is
the order of 300 meV and may depend on the energyE, the
electron wave vectork, and on the temperatureT:
DEex(E,k,T). Since the affected electronic bands, 3d and
hybridized 4sp states, cross the Fermi level, there are l
spin-down electrons than spin-up electrons, giving rise to
names ‘‘minority’’ and ‘‘majority’’ electrons, respectively.

Detailed experimental data onDEex(E,k,T) provide an
important benchmark for theories on itinerant magnetis
The exchange splitting is a microscopic quantity describ
magnetic properties, and it is a local quantity in the se
that the orientation of the magnetic moment can vary fr
one atomic site to another. When measuringDEex in a pho-
toemission experiment, a macroscopic area on the samp
probed. Therefore macroscopically averaged local inform
tion is obtained.

If nickel metal is heated aboveTC , the spontaneous mag
netic ordering breaks down in a second-order phase tra
PRB 580163-1829/98/58~3!/1300~18!/$15.00
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tion, leaving the metal in a paramagnetic state. The chan
in the electronic structure and the amount of short-ran
magnetic order~SRMO! aboveTC are subjects of a long an
still ongoing debate, reviewed in the excellent articles
Capellmann1 and Donath.2

The ground-state properties of nickel can be understoo
the Stoner model3,4 sketched above: majority and minorit
bands are rigidly shifted against each other and energetic
separated byDEex. Finite-temperature predictions of thi
theory assume that the exchange splitting behaves just
the macroscopic magnetization, which decreases with
creasing temperature and completely vanishes atTC . How-
ever, Curie temperatures calculated in the Stoner model
nearly one order of magnitude higher than the experim
tally found TC , and no local magnetic moments are pr
dicted to persist aboveTC .

More refined extensions of the Hubbard model, the flu
tuating mean-field theories,5–7 take spin fluctuations into ac
count. Besides cluster calculations8,9 with regular spin con-
figurations and adjustable small-to-moderate short-ra
magnetic order~SRMO!, there are the disordered local mo
ment ~DLM ! calculations,10,11 which assume only uncorre
lated transverse and longitudinal spin fluctuations. The m
popular of the fluctuating mean-field theories are the lo
band theories~LBT!,12–14 according to which SRMO and a
local exchange splitting can persist aboveTC . Transverse
spin fluctuations are responsible for the decrease of the m
roscopic magnetization at finite temperatures. Whether or
a nonzeroDEex exists in the paramagnetic state depends
the group velocity of the electrons. Bands with nonze
group velocity are expected to collapse~‘‘motional narrow-
1300 © 1998 The American Physical Society



e
th
vio

di

th

no
a
g

h

th
an
b

-
e

fo
v

f a

io
en
,

n
-
ra
o

a
he

o

m

-

da
tro
e

th
rin

en
o

e
rg
re
n

s of
on
and

tes

m-
isi-
ri-
w

ase

nd
f
hus
op-

be

m
ed
f
,

o
g

n-
-
n

llin-

us
1°.
e
V
alf
ode
to

mo-
ra-

pot-
are
an
n a

ut
ures
er

tra-

PRB 58 1301TEMPERATURE-DEPENDENT ELECTRONIC STRUCTURE . . .
ing’’ !, while the others may remain exchange split. Yet ev
in the case of a practically vanishing group velocity, e.g.,
Z2-band investigated in Ref. 15, a collapsing-band beha
can be explained in the framework of the LBT.16 This makes
the experimental discrimination of these theories a very
ficult task.

The most recent theory of the magnetism of nickel is
‘‘generalized Hubbard model.’’17–19 By explicitly incorpo-
rating electron-electron interactions and electron-mag
scattering it delivers good values for the ground-state m
netization, the Curie temperature and exchange splittin
And it also reproduces the ‘‘6 eV satellite’’ in nickel, whic
is a many-body effect that occurs when a photoelectron
excited.20 Moreover, temperature-dependent values of
exchange splittings as a function of wave vector and b
index can be calculated. All these values are found to
come zero atTC .

Also from the experimental point of view the finite
temperature band structure of nickel is not well establish
Most temperature-dependent ARUPS~angle-resolved ultra-
violet photoemission spectroscopy! experiments, with or
without spin resolution, show collapsing bands andDEex
50 eV atTC . The three-peak analysis forming the basis
the ‘‘evidence for short-range magnetic order in nickel abo
TC’’ with a temperature-independentDEex published in
Ref. 21 has been shown to rely on a false interpretation o
LBT calculation.14

In Ref. 22 spin-resolved ARUPS data in normal emiss
from Ni~111! were interpreted as showing a strong dep
dence of the behavior ofDEex on the exciting photon energy
i.e., on the location sampled ink space. In particular for
hn516.85 eVDEex is claimed to remain unchanged whe
approachingTC . But the ‘‘complicated line shapes’’ mea
sured and fitted for that energy may well arise from seve
bands, which are simultaneously observed due to the p
angular resolution of63°.22 So far no clear evidence of
persisting exchange splitting or of some indication of t
amount of short-range magnetic order aboveTC from
ARUPS or IPES~inverse photoemission spectroscopy! ex-
periments has come to the authors’ attention.

However, measurements of the angular correlation
~positron! annihilation radiation23 ~ACAR! showed only little
changes in the Fermi surface of nickel as a function of te
perature, allowing for a reduction ofDEex by not more than
30% when going towardsTC . On the other hand, Fermi
surface mapping photoemission experiments24 revealed dras-
tic differences between room-temperature data and
taken in the paramagnetic state. In spin-polarized elec
energy-loss spectroscopy~EELS! data no changes in th
spectra were found up to 0.97TC .25 Evidence for spin wave
excitations remaining more or less unchanged during
phase transition was given by inelastic neutron scatte
experiments,26 thereby demonstrating SRMO aboveTC . Ar-
guments relating the time scales of the various experim
and of the possible spin fluctuations with the observation
nonobservation of a collapsingDEex have been put forward,1

but will not be discussed here.
It is the primary goal of this paper to present an extend

set of high-resolution ARUPS data near the Fermi ene
(EF) in order to settle some of the questions posed by p
vious experiments mentioned above, and to serve as a be
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mark for theories. Rather new and unconventional mode
data acquisition in ARUPS, namely, angular distributi
curves, angle-scanned energy distribution curves
constant-energy surface mapping, will be applied~confer
Sec. II B!. Especially in the vicinity of the Fermi level the
new ARUPS modes exhibit their strengths.27 They even al-
low one to analyze the thermally excited electronic sta
abovethe Fermi energy.28 Instead of combining data from
inverse and direct photoemission in order to study the co
plete set of magnetically active bands, the new data acqu
tion modes can provide this information in one single expe
ment. As will be shown, our high-precision data even allo
new insight concerning the mechanism driving the ph
transition in nickel.

A layer Korringa-Kohn-Rostoker band-structure code29

has been slightly modified to permit the calculation of ba
dispersion curves nearEF as a function of energy and o
angle, improving the understanding of our data greatly. T
a very detailed study of the low- and high-temperature pr
erties of nickel and of the magnetic phase transition can
given.

II. EXPERIMENT

A. Sample preparation and characterization

All experiments were performed in a modified Vacuu
Generators ESCALAB 220 spectrometer, which is describ
elsewhere.30 The Ni~111! crystal was prepared by cycles o
3–5 min Ar1 sputtering with 800-V acceleration voltage
followed by dosing 24–36 L O2 and subsequent flashing t
approximately 750 °C within about 3 min. During flashin
the TDS ~thermal desorption spectroscopy! signals of CO,
H2O, Ar, and O2 were measured to confirm steady-state co
ditions in the preparation. XPS~x-ray photoemission spec
troscopy! with Si Ka excitation showed less than 1% oxyge
and carbon, no argon and no sulfur. Good surface crysta
ity was confirmed by LEED~low-energy electron diffrac-
tion! measurements, and XPD~x-ray photoelectron diffrac-
tion! data showed good local atomic order and permitted
to measure the crystal orientation to within better than
The ARUPS data were taken with monochromatized HI

radiation~21.22 eV! at an energy resolution of about 40 me
and an angular resolution of better than 1° full width at h
maximum. Data at high temperatures were taken in a m
with alternating heating and measuring cycles in order
avoid disturbing electric and magnetic fields.31 Since tem-
perature measurements are only possible with a ther
couple in a sliding contact to the sample holder, a tempe
ture calibration has been made with a thermocouple s
welded to the sample. Absolute temperature values
precise within 10 K. The Fermi level was determined with
Ag~111! sample at room temperature, taking a spectrum i
direction with no obvious direct transition nearEF . The
main contamination limiting the measuring time turned o
to be CO adsorbed on the sample surface. At temperat
above'450 K the CO molecules desorb, enabling long
data taking at elevated sample temperatures.

B. Modes of data acquisition

The most commonly used way to do angle-resolved ul
violet photoelectron spectroscopy~ARUPS! is to take energy
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FIG. 1. Illustration of the different modes of data acquisition in ARUPS, which are described in this paper@all data taken at room
temperature from a Ni~110! crystal#: ~a! Energy distribution curves for various polar angles in the~001! plane;~b! Fermi-surface map;~c!
angle-scanned energy distribution curves in the~001! plane;~d! angular distribution curves in the~001! plane. Their relation is illustrated by
the following pieces of data: ‘‘A’’ is the EDC taken atuvac560°, ‘‘B’’ denotes the ADC~polar scan! taken at the Fermi level, ‘‘C’’ is the
sp↑ peak atEbind5150 meV anduvac552°, and ‘‘D ’’ marks thesp↓ peak atEF anduvac555°.
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spectra, also calledenergy distribution curves~EDCs!.32 For
an EDC the experimental geometry is fixed so as to de
only photoelectrons of a certain escape direction given by
polar angleuvac and the azimuthal anglef, usually chosen to
be a high-symmetry direction. Then the photoelectron int
sity is measured as a function of the electron kinetic ene
Peaks in such EDCs usually mark direct transitions fr
occupied initial states to unoccupied final states.32

Given the unique control of the crystal orientation
means of our sample manipulator,33 we have explored new
data acquisition modes for ARUPS. Figure 1 displays
amples of these and illustrates their relation. Alternatively
measuring a spectrum of energies for a given electron es
direction one can as well scan the electron escape direc
while detecting electrons with a certain kinetic energy, e
those from the Fermi level. We term data of this kind ‘‘an-
gular distribution curves’’ ~ADCs! @Fig. 1~d!# in analogy to
EDCs. Again peaks indicate the occurrence of direct tra
tions.

In the case of metals we apply the well-working fre
electron final-state approximation. From the dispersion re
ct
e
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tion for a free electron it follows immediately that the ma
nitude of the wave vector is given as

uku5
1

\
A2mEkin,

which is constant for a given kinetic energyEkin inside the
solid. Ink space this means that the electron final states fo
a sphere, and in the case of an ADC, they lie on a cir
along the angular scanning direction, as shown in Fig. 1
Ref. 34. Comparison to a Fermi surface calculation allow
to unambiguously identify the involved initial state ban
~see also Ref. 24!. A clear separation of two exchange-sp
sp bands was possible without explicit spin detection.
turns out that in this case the effective resolution in t
ADCs is superior to that in the EDCs@compare Figs. 1~a!
and 1~d!# which reproduce data discussed in Ref. 34.

There are some principal advantages of ADCs o
EDCs: ~i! bands are detected at the same energy,~ii ! this
energy can be chosen to beEF , where lifetime broadening is
minimal, ~iii ! there is no deformation of peaks by the Ferm
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FIG. 2. Examples for the different normalization functions that can be applied to angle-scanned EDCs. In~a! the Fermi normalization
function ~dashed line! and the average intensity on the ADCs are displayed.~b! compares the Fermi normalization function~dashed line! to
the maximum and minimum intensity in the ADCs at the different energies, which are used in the ‘‘maximum contrast’’ normalizati~see
text!. Data are taken from Fig. 10.
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Dirac distribution, and~iv! transitions can be followed fa
into the thermally excited tail of the Fermi-Dirac distribu
tion, because angular anisotropies persist aboveEF , as will
be shown in Secs. III B and III C.

Combining energy distribution curves and angular dis
bution curves, i.e., taking full EDCs at every angular sett
of an angular scan, yields a two-dimensional data set with
the advantages of ADCs, since it also can be viewed as m
ADCs at different energies. We term this type of da
‘‘ angle-scanned energy distribution curves.’’ An example is
presented in Fig. 1~c!. Fitting direct transition peaks in all th
ADCs with Lorentzians gives quantitatively the dispersion
the initial state bands as shown in Fig. 5 of Ref. 34. Fr
this it was possible to precisely derive the energetic
change splittingDEex of thesp band atEF from the angular
exchange splittingDuex.

The amount of information in the thermally excited pa
of the Fermi-Dirac distribution aboveEF is not visible when
displaying the raw data in the usual linear grey scale rep
sentation. This can be remedied by dividing every EDC
the Fermi-Dirac distribution of the appropriate temperatu
In order to avoid overemphasizing background noise in
data points far aboveEF a small constant offset of some p
mill is first added to the distribution function. If the samp
temperatureT and the position of the Fermi level are know
with sufficient precision and the experimental energy reso
tion DEexpt is smaller thankBT this normalization removes
the occupation number of the initial state from the data. T
data representation is beneficially used in several figure
this publication.

For data taken at low sample temperatures this norma
tion becomes unfeasible, since the broadening of the Fe
step due to the experimental resolutionDEexpt is no longer
negligible and already small uncertainties in the position
EF can distort the image around the Fermi level. Nevert
less, if the position ofEF and the experimental resolutio
function are precisely known and of approximately Gauss
shape, one can still apply the Fermi-function normalizati
Numerical simulations have shown that the convolution
the Fermi-Dirac distribution function with a Gaussian pe
of a FWHM of DEexpt yields again, with good accuracy,
-
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Fermi function, where the temperatureT has to be replaced
by a higher ‘‘effective’’ temperature:

f Fermi~E,T!→ f Fermi@E,AT21~DEexpt/4kB!2#.

At any temperature and without further input the ‘‘angl
average’’ normalization can be applied: Every ADC is d
vided by its average intensity. Also here the angu
anisotropies stay unchanged, while the Fermi step is es
tially removed.

For a maximum contrast in the data each ADC can
normalized to intensity values ranging from zero to one. T
‘‘maximum contrast’’ normalization has to be applied wi
care, because it sometimes can give misleading results, s
the energy dependence of the intensity can be alte
strongly. Figure 2 compares the normalization functions
the data set shown in Fig. 10. The curve labelled ‘‘min
mum’’ ~‘‘maximum’’ ! represents the minimum~maximum!
intensity value on each ADC, plotted for all the differe
energies.

The effective removal of the occupation numbers giv
by the Fermi function allows one to follow the data far in
the tail of the distribution function, since the human eye c
still recognize very faint and noisy features in these tw
dimensional data sets with the aid of the dispersion. Cl
identification of transitions up to about 5kBT aboveEF will
be shown in Secs. III B and III C.

Besides measuring angular distribution curves, i.e., ke
ing the azimuthal anglef fixed while scanning the pola
angle u or vice versa, it is as well possible to vary bo
angles while detecting photoelectrons of a given energy. T
way aconstant-energy surface mapcomprising information
on a continuous two-dimensional part ofk space can be
mapped by means of photoemission, and in particular Fer
surface maps can be obtained. The Fermi surface is of
cial importance, because it determines many properties
solid, like the electrical and the thermal conductivity, and t
chemical behavior. This is due to the fact that electrons at
Fermi edge can pick up and supply arbitrarily small amou
of energy, whereas the more strongly bound electrons
confined by the Pauli exclusion principle and therefore ne
high excitation energies. Also the ‘‘magnetic bands’’ in itin
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FIG. 3. HeI-excited Fermi-surface map from Ni~111!. In ~a! and ~b! the raw data are presented in parallel projection. In~a!, high
intensities are shown in white, while in~b! the grey scale is inverted with slightly enhanced contrast.~c! shows the data in stereograph
projection and normalized with ‘‘f average’’~see Sec. II B!. In ~d! the corresponding LKKR calculation is displayed. ‘‘PS1’’ and ‘‘PS2
indicate the direction of the angle-scanned EDCs from Sec. III C, Figs. 9 and 10, respectively. The dashed arrow tagged ‘‘110’’
follows the line ink space corresponding to the polar scan on Ni~110! discussed in Ref. 34.
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erant ferromagnets, responsible for the magnetic proper
are, per definition, located close toEF .

The first photoemission Fermi-surface map has been m
sured by Santoni and co-workers35 presenting the Fermi sur
face of quasi-two-dimensional graphite. The first measu
ment in this manner, applied to a three-dimensio
electronic system, namely, copper, has been given in Ref
The explanation of these data in terms of sections thro
the Fermi surface and by means of the free-electron fi
state approximation was given by Aebiet al., published in
Ref. 27 together with further measurements and ba
structure calculations confirming the interpretation.

The Fermi-surface data are usually presented in a t
dimensional grey scale plot in parallel projection, i.e., t
radius at which an intensity is plotted is proportional toki

5uk f
vacusinuvac, whereuvac is the measured polar emissio

angle@see, for example, Fig. 1~b!#. Note that due to the inne
potential there is a strong refraction effect leading to
smaller polar angle inside the crystal. Alternatively the s
reographic projection can be used. There the radius is
portional to tan(uvac/2). This second presentation is no long
linear in ki and is used to emphasize fine structure at hig
s,

a-

-
l
6.
h

al

d-

o-

a
-
o-
r
r

polar angles. Figure 3~c! ~Sec. III A! shows an example of a
stereographically projected Fermi surface map. Experim
tally the intensities often decrease at higheruvac due to the
instrumental response function. In such cases the data ca
normalized in order to discover features that might be hidd
in the limited dynamic range of the grey scale. The ‘‘f av-
erage’’ normalization works completely analogously to t
‘‘angle-average’’ normalization described before: For eve
polar angle the intensities on the corresponding azimu
circle are divided by the average intensity on that azimut
scan. However, data representations in this normaliza
have to be regarded with care, because some features m
altered notably. In particular any circular feature record
near the surface normal will be lost due to the changed p
dependence. For a comprehensive discussion of Fe
surface mapping see also Ref. 37.

III. RESULTS AND DISCUSSION

A. Fermi surface from Ni„111…

In this section Fermi-surface maps as measured thro
the Ni~111! surface are presented and compared to ba
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FIG. 4. LKKR calculation for the HeI-excited Fermi-surface map taken from Ni~111!. ~a! majority spin, ~b! minority spin. Further
information is given in the text.
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structure calculations. A layer Korringa-Kohn-Rostok
~LKKR ! code as implemented by MacLaren a
co-workers38 has been modified to allow the calculation
Fermi surfaces as measured by photoemission under th
sumption of a free-electron final state~compare Ref. 27 and
Ref. 24!.

The experimental data were taken fromuvac578° up to
the surface normal in steps of 2°, containing altogether 5
angular settings. In Figs. 3~a! and 3~b! the raw data are pre
sented in parallel projection. The grey scale is inverted w
slightly enhanced contrast in~b!. Figure 3~c! shows the data
normalized with ‘‘f average’’ and in stereographic proje
tion ~confer Sec. II B! in order to emphasize bands that occ
at large polar angles. Well-defined bands are readily foun
the experimental data. Finally in Fig. 3~d! the corresponding
spin-polarized LKKR calculation is presented in parallel p
jection. The free-electron final-state approximation has b
made, assuming an inner potential of 10.7 eV~Ref. 39! and a
work function ofF55.22 eV.40 More lightly dotted regions
indicate majority spin, and the regions in darker grey sta
for minority electrons. Regions of overlap appear darkes

In Fig. 4 the two spins are displayed separately in g
scale. The darker the dots the better the agreement of
calculatedk' eigenvalue with thek' expected for a free-
electron final state~the LKKR code38 provides all possible
k' eigenvalues for a givenki and a given energy!. A maxi-
mum deviation of 0.1 a.u.21 was allowed for calculated
ki-Ebind pairs to appear in Fig. 3~d! and in Fig. 4. The bind-
ing energy isEbind50 eV here, corresponding to the Ferm
energy. Not only the exact position of the bands can be
duced from the plots, but in Fig. 4~b! the minorityd andsp
bands are distinguishable.

Comparing the experimental data with the LKKR calc
lation shows a rather good agreement as all the meas
bands also appear in the calculation. The major differen
are intensity variations. Those are predominantly due to p
toexcitation matrix elements and polarization effects that
bulk band-structure calculation does not take into acco
The latter even give rise to a slight intensity asymme
around the @1̄ 1̄2# direction. Photoemission calculation
might help to quantitatively understand these phenomen41

It should be noted here that in the experiment the samp
r
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rotated, which leads to constantly changing polarization c
ditions inside the crystal lattice. Another deviation betwe
calculation and experiment is in theki scale, which appears
to be slightly stretched in Fig. 3~d!. In particular thesp
bands near the@1̄ 1̄2# azimuth occur closer to grazing emis
sion (uvac590°) than in the calculation. A different choic
of V0 and/or F usually allows one to overcome suc
discrepancies.42 The free-electron final-state model em
ployed in the calculations might also be a source of inc
sistency.

For high polar angles and near the@1̄ 1̄2# direction the
exchange-split pair ofsp bands can be found in the exper
ment. Especially in the stereographically projected data
Fig. 3~c! the clear angular separation of the two is obviou
In Ref. 34 thesp splitting was examined at practically thi
same location ink space, using the Ni~110! crystal: The
dashed arrow in Fig. 3~d! tagged ‘‘110’’ roughly sketches
the angular positions on the~111! surface that correspond t
the polar scan measured on Ni~110!. The arrow head points
approximately to the location accessed in normal emiss
from the ~110! face ~compare also Fig. 1 of Ref. 24!.

As demonstrated in Fig. 1 of Ref. 34 this position is clo
to the X point. In Fig. 4~b! there are obviously several m
nority bands crossing the Fermi level near that point. T
calculation of an angle-scanned EDC-type data set al
@2̄11#, analogous to calculations that will be discussed in S
III C, revealed that besides the two exchange-splitsp-like
bands, there are another three minority bands ofd-like elec-
trons to be expected. All these bands cross the Fermi le
twice between normal emission anduvac590°, summing up
to 10 Fermi level crossings altogether. Despite this com
cated situation some fine structure along the@2̄11# direction
allows one to clearly distinguish two different bands in t
experiment. According to the LKKR calculation these a
minority d bands, and consequently not even an explic
spin-resolved PES experiment could help to disentangle
complicated situation near theX point.

In Ref. 24 the Fermi surface of nickel as measur
through the ~110! surface is discussed. Only room
temperature data and data at 1.1TC were presented. The evo
lution with the temperature can be found in Ref. 43. We n
want to extend these studies to Fermi-surface maps meas
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FIG. 5. Fermi-surface maps from Ni~111! taken with monochromatized HeI radiation. Sample temperatures and high-symmetry dir
tions are indicated. All data are presented in parallel projection. On the left-hand side the linear grey scale ranges from minimum
in black to maximum intensity in white. The same data are displayed on the right-hand side with inverted grey scale and slightly e
contrast.
-
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through the~111! surface of nickel at four different tempera
tures. In Fig. 5 the data are presented in parallel projec
~see Sec. II B!. The sample temperatures were 162 K for~a!
and~b!, 297 K for ~c! and~d!, 503 K for ~e! and~f!, and 730
K for ~g! and ~h!.

In Sec. III B the temperature behavior of thesp bands
around the@1̄ 1̄2# direction will be examined in great detai
Here we want to concentrate on thed bands at the Ferm
level, which are indicated on the right-hand side of Fig
n
~compare also Figs. 3 and 4!. From 0.275TC to 0.47TC no
significant changes in the positions of the bands can be
tected. This is not surprising. As will be shown in Sec. III
the d bands exhibit a Stoner-like temperature behavior, a
the macroscopic magnetization changes by only 3.5% wit
that temperature range.

At 0.8TC @Figs. 5~e! and 5~f!# the two features represen
ing the minorityd-band move closer to each other. As w
become clear in Sec. III C, some of the intensity observ
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FIG. 6. Azimuthal angle-scanned EDCs taken from Ni~111! at RT and at a polar angle ofuvac578° covering two symmetry-equivalen
sp bands. The azimuthf50° indicates the@1̄ 1̄2# direction. The raw data are presented in~a!, while the data in~b! have been normalized
with the ‘‘angle-average’’~compare Sec. II B!. The linear grey scale ranges from black at maximum intensity to white at minimum inten
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between the minority spin features may be attributed to
majority d band. Finally, aboveTC only one large intensity
spot from thed band remains, and the spin labels lose th
meanings@Figs. 5~g! and 5~h!#.

In Ref. 24 the same behavior has been found on
Ni~110! crystal, but one band, which is labeled ‘‘A8’’ in Fig.
1~b! of Ref. 24, appeared to remain in place upon raising
temperature aboveTC . Although we now discuss data take
from the ~111! face of nickel, we are examining the sam
bands in approximately the same location ink space. There-
fore we should be able to observe the same tempera
independent band here. On the right-hand side of Fig. 5
white circle surrounds the angular range where this fea
appears. For the relation between the Fermi surface
viewed through the~111! and the~110! face see Fig. 3 and
Fig. 1 of Ref. 24. Following the temperature developmen
Fig. 5, we find that indeed a feature of high intensity, ce
tered in the encircled area, appears to remain fixed ik
space. The same behavior can be seen with varying clari
all of the six symmetry-related places in the Fermi-surfa
map. As mentioned above, intensity variations can be
cribed to polarization effects.

In view of our scrutiny of Stoner-like versus noncollap
ing exchange-splitting behavior it is important to further i
vestigate the nature of the band that apparently does
move ink space with temperature. As will be worked out
Sec. III C, not onlyd bands, but alsosp bands exist in the
area under examination. These steeply dispersing band
responsible for the observed stationary feature, which ne
theless does not imply a deviation from a Stoner-like beh
ior, as suggested in Ref. 24.

B. Dispersion and exchange splitting ofsp bands

In Ref. 34 the exchange splitting ofsp bands as derived
from angle-scanned EDC data at room temperature~RT!
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from Ni~110! has been discussed. The collapsing exchan
splitting behavior could be clearly deduced from one data
taken at approximatelyTC . In this section the temperatur
dependence of thesp bands will be examined in greate
detail, analyzing data taken from the Ni~111! crystal surface.

In the Fermi-surface map presented in Fig. 3~c! the
exchange-splitsp bands appear six times due to the 3m sym-
metry of the pattern, always at high polar angles near
@1̄ 1̄2#-equivalent directions. The best way to study their a
gular splitting through the~111! face is to take azimutha
scans in the vicinity of the@1̄ 1̄2# direction at a high polar
angle, e.g.,uvac578°. As already discussed in Sec. III A an
indicated in Fig. 3~d!, the correspondingk-space location
approximately coincides with the one examined in Ref. 3

Figure 6 shows angle-scanned energy distribution cur
around the@1̄ 1̄2# azimuth (f50) taken at room temperatur
(0.47TC) and with the polar angle fixed atuvac578°. The
EDCs cover the range from 130 meV above the Fermi le
to Ebind5600 meV in steps of 5 meV and are taken eve
0.43° in f. Figure 6~a! shows the raw data, whereas in~b!
the ‘‘angle-averaged’’ data~compare Sec. II B! are presented
for visualization of intensities aboveEF . Due to the mirror
symmetry we see the exchange-split pair ofsp bands two
times near the@1̄ 1̄2# direction. The slight difference in inten
sities left and right from@1̄ 1̄2# is ascribed to polarization
effects mentioned before. The intensity between 200-
400-meV binding energy nearf5215° stems from the mi-
nority d band~confer Fig. 3! and will not be discussed here

In analogy to the analysis in Ref. 34 the data have b
examined by a peak fitting procedure. The angular distri
tion curves were fitted with four Gaussian peaks and a lin
background. The peak positions give the dispersion of thesp
bands along the azimuthal scan. In the rangeEF680 meV
the dispersions of the four observed bands are linear
coincide within 10%, yielding 42.2564.1 meV/degree. The
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FIG. 7. Same as Fig. 6, but data taken at a sample temperature of 1.146TC .
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angular exchange splitting at the Fermi level is 4.8
60.09°, from which the energetic exchange splittingDEex
5205620 meV can be calculated. This value is in excelle
agreement with the result in Ref. 34, whereDEex5204
68 meV was found for thesp bands. This confirms that w
investigate in both cases the same initial-state bands a
proximately the same location ink space~compare Sec. III A
and Fig. 3!, although here we are taking data from Ni~111!,
and in Ref. 34 data from the~110! face of nickel. This also
demonstrates the high quality of the data and the reprod
ibility of the experiment.44

A similar data set as that of Fig. 6, but taken at a te
perature of 72369 K, i.e., T5(1.14560.01)TC , is pre-
sented in Fig. 7. The raw data are shown in~a!, while ~b! is
the grey scale representation of the Fermi-function norm
ized data. As in Ref. 34, a clearly Stoner-like behavior of
sp bands can be observed. AboveTC the formerly exchange
split sp bands collapse to onesp band. Analyzing the data
by fitting two Gaussian peaks on a linear background to
ADCs yields a linear dispersion of 45.660.7 meV/degree in
the range from 140 to2300 meV binding energy. This com
pares well to the RT value of 42.2564.1 meV/degree, and
we found that the high-temperaturesp band lies almost cen
tered between the RT bands as in Ref. 34.

With this knowledge we can study the temperature dep
dence ofDEex by recording one angular distribution curv
per temperature, which is one or two orders of magnitu
faster than taking a full set of angle-scanned EDCs. At ab
30 different temperatures between 119 K (0.19TC) and
838 K (1.33TC) ADCs at the Fermi energy were recorded
azimuthal steps of 0.29° near the@1̄ 1̄2# direction. As in the
angle-scanned EDCs above, the polar angle was fixe
uvac578°. In order to avoid systematic errors the data w
measured in three sets, each time taking ADCs both at
creasing and at decreasing temperatures. As already m
tioned in Sec. II A measurements at elevated temperat
could be taken during rather long periods of time, beca
°

t

p-

c-
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the main contamination, CO, desorbs from the sample
face already at about 450 K. Some of the raw data are
sented in Fig. 8~a!.

Obviously the exchange-split bands do not collap
abruptly, but move towards each other slowly and contin
ously when raising the temperature. For a quantitative an
sis, the ADCs were fitted with four Gaussian peaks on
linear background, taking advantage of the symmetry in
der to decrease the number of fitting parameters. Only u
T<0.83TC the two exchange-split bands can be fitted a
separated, while above this temperature basically one si
peak on each side of the@1̄ 1̄2# direction remains in the
ADCs. Possibly a more advanced fitting method, like t
maximum entropy regularization,45 would work up to
slightly higher temperatures.

As the peak-fitting procedure is limited to the data tak
at temperatures well belowTC , we also analyzed the data b
simply determining the angular FWHMs. At high temper
tures this is the width of the one remainingsp peak, and at
lower temperatures it is the FWHM of the double-peak co
sisting of both the majority and the minoritysp band. These
values are presented in Fig. 8~b!. The straight line in~b! is
fitted to the values clearly aboveTC , which show a slowly
increasing FWHM with temperature. Subtracting this li
from the data points in order to remove thermal broaden
effects and the offset due to the single peak width yields
data shown in Fig. 8~c!. The solid line in~c! is the bulk
magnetization curve as derived from the molecular fi
theory, rescaled to fit the data points belowTC .

The experimental data represent a microscopic measu
the magnetization and follow the tendency of the mac
scopic bulk magnetization rather well, but the agreemen
not perfect. The definition of the FWHM may be a source
systematic errors, in particular because the maximum he
of the double-peak at low temperatures is always the he
of the minoritysp peak. At the lowest temperatures the m
nipulator performance might have been a problem. The
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FIG. 8. Temperature-dependent exchange splitting ofsp bands. In~a! azimuthal Fermi-level ADCs taken at various temperatures fr
Ni~111! with uvac578° are presented. In~b! the FWHM of the singlesp peak ~at high temperatures! and of the double peak of the
exchange-split pair ofsp bands~at low temperatures! is plotted vs the temperature. Subtracting the high-temperature fitted straight line~b!
from the data points to remove thermal broadening effects and the intrinsic width yields the data in~c!. The solid line in~c! is the bulk
magnetization curve rescaled to best fit the data.
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gin of the deviations above 0.65TC is not clear. Also in ear-
lier work using spin-resolved PES~Refs. 22 and 46! the
temperature dependence ofDEex in nickel has been com
pared to the bulk magnetization curve. There it has b
found that the experimental values for temperatures neaTC
tend to lie below the curve. This has been interpreted
terms of a reduced magnetic moment within the top surf
layers. Calculations for the~110! surface of nickel by
Wang47 have predicted a faster decreasing magnetization
three atomic layers than for the bulk. Therefore our res
may confirm the observation of surface effects in the ARU
experiments. But it should be noted that in both studies c
above22,46 the data were taken with poor angular resolutio
which can lead to ambiguous results. Nevertheless, i
newer spin-resolved study48 of the ‘‘6 eV satellite’’ in
nickel,20 a similar temperature behavior as in the other t
studies was found. The quantity that has been compare
the macroscopic magnetization curve is the height of a
profile fitted to the photon-energy dependent polarizat
signal, which was interpreted as a measure for local magn
moments.

C. Dispersion and exchange splitting ofd bands

While the exchange-split pair of bands examined in
last section could be clearly identified as fast-dispersingsp
n
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to
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bands, we now focus on a region ink space where the mag
netic d bands can be observed.

The data discussed in this section are angle-scan
EDCs ~confer Sec. II B!. The first data set, shown in Fig. 9
is measured at room temperature in steps of 1° fromuvac

576° to normal emission on an azimuth 67° off the@1̄10#
direction and 23° off@1̄ 1̄2#, also indicated in Fig. 3~d! as
‘‘PS1.’’ The energy spectra range fromEbind5550 meV to
2150 meV in steps of 10 meV, thus crossingEF . In Fig.
9~a! the raw data are presented. Two bands of similar pa
bolic dispersion can be identified. The intensity drop abo
EF , associated with the Fermi-Dirac distribution functio
cuts the apex of the upper band. The Fermi-function norm
ized data~see Sec. II B! are shown in Fig. 9~c!. Here the
closed parabola of the upper band is nicely recovered. F
these data alone one can identify the two bands as
exchange-splitd bands. In Sec. III A it has been shown th
this assignment is unambiguous. From fitting parabolas
the data, as shown by the dashed lines in the maxim
contrast normalized data in 9~b!, an exchange splitting o
280620 meV is deduced. This is compatible withd-band
exchange splittings from ARUPS experiments reported in
literature,39,49–51 where values between 170 and 330 me
were obtained. The apexes are atuvac541°62° or ki

51.34460.054 Å21.
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FIG. 9. Angle-scanned EDC data taken at RT from Ni~111! along a section ink space denoted ‘‘PS1’’ in Fig. 3~d!. ~a! shows the raw
data,~b! and~c! display the data, normalized with the maximum-contrast normalization and with the Fermi function, respectively. Th
grey scale ranges from black at maximum intensity to white at minimum intensity.~d! shows a LKKR calculation corresponding to th
section ink space. Note that the energy scale is different in~d!.
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Slight modification of the band-structure code38 described
in Sec. III A permits the calculation of angle-scanned ED
type data taking into account the variation of the final st
circle radius with the initial state binding energy. Figure 9~d!
shows such a calculation for the polar scan under discuss
Grey markers represent majority bands and black mar
bands of minority spin.

In these calculations the Green-function scattering form
ism findsk' eigenvalues for a givenki and a given energy. If
the value of such ak' differs by less than 0.04 a.u.21 from
thek' expected for a free electron final state, theki-E pair is
e

n.
rs

l-

written into the output. The spin dependence is explici
incorporated into the calculations by an exchange term~com-
pare Ref. 52!. The results shown in Fig. 9~d! are suchki-E
pairs.

Comparing these results to the experimental data@Figs.
9~a!–9~c!#, we find a generally good agreement. For a be
comparability of theory and experiment the LKKR data a
plotted against the polar angle in vacuumuvac ~Ref. 53! and
the energy scale is compressed, so as to roughly match
effective masses of the bands. It is well known that ba
calculations, not explicitly incorporating electron correl
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FIG. 10. Same as Fig. 9, but along a section ink space denoted ‘‘PS2’’ in Fig. 3~d!.
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tions, overestimate band widths.54,55Also the exchange split
ting of 620620 meV as derived from the LKKR results
too large. As the dispersion of thed band near the apex i
approximately parabolic@see Figs. 9~b! and 9~d!#, we can
determine the projected effective massesm* of the electrons
both in the experiment and in the LKKR calculation. For t
ratio of the two we obtainm* (LKKR)/ m* (Expt.)51.91
60.20. Within the error bars this value coincides with t
ratio of the exchange splittingsDEex(LKKR)/ DEex(Expt.)
52.2160.17. This is reasonable, since in a first approxim
tion the incorporation of correlation effects in band-structu
calculations for metals can be understood as a renorma
tion of the kinetic energy scale, which therefore alters ba
separations and band curvatures to the same extent.

The d-band maximum atuvac537°62° is quite close to
the experimentally found value of 41°62°, but it should be
-
e
a-
d

noted that the angle scale in Fig. 9~d! is based on the as
sumed inner potentialV0510.7 eV ~Ref. 39! and the work
functionF55.22 eV,40 which were taken from the literatur
without further adjustment. The complicated situation ne
Ebind5280 meV anduvac518° seen in the experimental da
has its reason in the two exchange-splitsp bands that touch
and even cross thed band in this region. Extracting the an
gular distribution curves between 180- and 380-meV bind
energy allows the identification of three bands dispersing
that area~not shown!, but for a clear identification the situ
ation is too complex. The fact that the broad features
higher polar angles in the calculation are not very clea
visible in the experiment is partially due to the fact that
the experiment the intensity decreases strongly withuvac
above 60° or 70°.

Figure 10 shows, in complete analogy to Fig. 9, a po
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FIG. 11. Angular distribution curves extracted from the data shown in Fig. 10. For clearer visibility the ADCs in~a! are offset in intensity
and inuvac ~by 0.4°/15 meV). The highest and lowest electron binding energies are indicated near the corresponding ADC.
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scan of spectra that are taken inuvac steps of 1° from 66° to
0° and in the energy range from 700 meV below to 135 m
aboveEF in steps of 15 meV. The azimuthal direction is 5

off@1̄10# and 37° off@1̄ 1̄2#. In Fig. 3~d! the azimuthal direc-
tion of the polar scan is indicated as ‘‘PS2.’’

The exchange splitting of 270620 meV that can be ex
tracted from this set of data is hardly differing from the val
obtained from Fig. 9, which is reasonable, since we
studying the same bands not very far apart ink space. Yet
the bands moved up in energy by about 45 meV and by 2
a higher polar angle. In the LKKR calculationsDEex
amounts to 600630 meV, which is also only slightly smalle
than what was obtained from Fig. 9~d!. Accordingly the ratio
of these two exchange splittingsDEex(LKKR)/ DEex(Expt.)
52.2260.22 is practically the same as for the data in Fig.
The ratio of the projected effective masses near the ape
the d band, determined from fitting parabolas as describ
before, yields the valuem* (LKKR)/ m* (Expt.)51.45
60.39. Thus for this polar scan the two ratios agree less w
than for the scan from Fig. 9, but they still lie remarkab
close.

Furthermore we find that thesp bands moved away from
the minorityd band by some degrees, as can also be see
the LKKR calculation of Fig. 10~d!. This allows one to dis-
tinguish the three bandssp↑, sp↓, andd↓. As suggested by
the experimental data as well as by the LKKR calculation
Fig. 10~d! the band with the steepest dispersion measu
between2100 and 300-meV binding energy can be asso
ated with the the majoritysp band. NearEbind5200 or 300
meV the three bands cross each other and can experimen
be discriminated rather well, as is clearly shown in F
11~a!, where the ADCs from 85-to 385-meV binding ener
are presented. Including thed↑ band, four distinct bands ca
be found in this figure. Also above the Fermi level the se
ration of thed↓ band from thesp bands can be detected. Th
is visible in the grey scale representation of the data@Fig.
10~c!# and in the ADCs extracted in the rangeEbind
5295 meV toEbind525 meV in Fig. 11~b!.
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So far we have discussed the dispersion and the exch
splitting of d bands at room temperature. In the two ang
scanned EDC data sets of Fig. 9 and Fig. 10 the obse
direct transitions could be unambiguously assigned to ini
states fromd and sp bands, strongly supported by ou
LKKR calculations. Based on this knowledge we now wa
to study the behavior of thed bands during the magneti
phase transition.

Figure 12 displays polar-angle scanned energy distri
tion curves taken along the same azimuthal direction as
data in Fig. 9. On the left-hand side the raw data are p
sented, and on the right-hand side the data have been
malized with the Fermi function~see Sec. II B!. Angular
steps of 1° and energy steps of 10 meV were taken.
respective ranges can be inferred from the figure.

The data in Figs. 12~a! and 12~b! were taken at room
temperature (297 K50.47Tc).56 The overlap of thed and
sp bands nearEF is strong and does not allow to distinguis
them in the experiment. At room temperature the Fermi s
is steep and does not populate states at energies far en
above the apex of the minorityd band so as to be able t
observe the strongly dispersingsp bands there.

In Figs. 12~c! and 12~d! the data taken at 507 K
50.80TC are presented. Thed bands have moved toward
each other leading to a decreased exchange splitting. In a
ogy to Fig. 9~b! parabolas have been used to determineDEex
for this case. A value ofDEex5210620 meV could be de-
duced. The fact that the minorityd band moved down to-
wardsEF , and that the Fermi edge is broader at this high
temperature, now allows one to see the above-mentionedsp
bands. At 150 or 200 meV aboveEF thesp band is found at
uvac531°.

Above the Curie temperature the exchange splitting of
d bands has vanished, as can be concluded from the
presented in Figs. 12~e! and 12~f!, taken at 766 K
51.21TC . Only a singled band remains. The energy widt
of this band is larger than the widths at the lower tempe
tures. Near the apex the FWHM is 190615 meV as derived
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FIG. 12. HeI-excited polar-angle scanned EDCs taken from Ni~111! along the same azimuth as the data shown in Fig. 9@‘‘PS1’’ in Fig.
3~d!#, measured at three different temperatures. Raw data are presented on the left, the Fermi-function normalized data~see Sec. II B! are
given on the right. The linear grey scale ranges from minimum intensity~white! to maximum intensity~black!. The sample temperature
were 0.47TC in ~a! and ~b!, 0.80TC in ~c! and ~d!, and 1.21TC in ~e! and ~f!.
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from the Fermi-normalized data, while at 0.80TC 135
620 meV and at 0.47TC 110615 meV were found. This
broadening can be partially attributed to the increa
electron-phonon interaction at higher temperatures. For
Cu~111! surface state the temperature-dependent peak br
ening has been examined by McDougall and co-worker57

yielding a value of 0.074 meV/K in the temperature ran
from 30 to 625 K. Applying this value to our measuremen
on nickel can account for about 50% of the observed bro
ening effects.

The peak widths in EDCs depend on the lifetimes and
the group velocities of the initial and final electron states58

Therefore, changes in these quantities could be the reaso
d
e
d-

e
s
d-

n

for

the larger linewidth at elevated temperatures. But the d
~Figs. 12 and also 13! imply a rather rigid behavior of the
bands, which means that the group velocities are appr
mately the same below and aboveTC . Also the quasiparticle
lifetimes, if they can be described by the Fermi liqu
theory,59 cannot explain the findings: At any of the temper
tures thed bands were examined within the same small e
ergy range ofEF6150 meV~see Fig. 12!, and aboveTC the
d band even lies right at the Fermi level, where lifetimes a
longest and linewidths are smallest. In the simple Sto
picture3,4 the bands are rigidly shifted versus each other w
increasing temperature. But they remain unchanged ot
wise, not allowing for an additional broadening. Therefo
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this is another experimental indication that the simple Sto
model does not properly describe the phase transition.

Not only the linewidths, but also the peak intensitie
show an unexpected behavior. As discussed in Ref. 28 t
is a clearly enhanced intensity of the minorityd band relative
to the majorityd band in the normalized data~compare our
Fig. 12 and Fig. 4 of Ref. 28!. This is not an artifact of the
normalization procedure, and we get the same result u
the angle-average normalization~compare Sec. II B!. The in-
tensity difference is unlikely to be caused by matrix elem
effects because of the close proximity of the bands in ene
and in k space. A spin-dependent matrix-element effec
ruled out by our experimental setup, since the aver
sample magnetization is zero and weakly linearly polariz
light is used.

We therefore interpret the high intensity of the emiss
from the minorityd band to be caused by the strong intera
tion with the nearbysp band. In Fig. 12~f! this sp band can
be seen even clearer than in~d!. In the range from2100 to
2300 meV~aboveEF) there is only little intensity from the
minority d band left, allowing one to detect the weaksp
intensity. New important aspects concerning the magn
phase transition in nickel are provided by these data:
monitor a region ink space where the minorityd band and
the exchange-split pair ofsp bands cross the Fermi level a
the samek and with nearly the same group velocity. Th
means that minority electron transitions of the typesp→d
may be strong, which could reduce the Stoner gap, usu
associated withd-electron transitions from majority to mi
nority, to zero.

The minority sp band could therefore act as an electr
reservoir that populates the minorityd band already before
the minorityd band is depopulated when the temperature
raised. This leads to a reduced magnetic moment and a
creasedDEex, thus supplying a positive feedback driving th
phase transition. And, as suggested by the high relative
tensity of minority to majorityd electrons, the occupatio
number of the minorityd electrons could be higher tha
expected.

Furthermore it is interesting to note that thed-band peak
aboveTC lies precisely atEF . Therefore we located ak
vector where spin flips would cost no energy, making o
data fully consistent with fluctuating local moments and s
waves in the paramagnetic state. The anomalously large
width in the data of Figs. 12~e! and 12~f! might even be a
consequence of these.

We now again move slightly away to a location ink
space, where thesp band is separately detectable already
room temperature. The RT data of the polar scan 53°
@1̄10# and 37° off@1̄ 1̄2# ~compare Fig. 3, ‘‘PS2’’! have al-
ready been discussed in Fig. 10. Figure 13 displays an
scanned EDCs taken along this same azimuth and meas
at different sample temperatures.60 As in Fig. 12 the left-
hand side shows the raw data and the right-hand side
normalized data. For the lowest temperature of 139
50.22TC the ‘‘angle-average’’ normalization@Fig. 13~b!#
has been applied to the raw data@Fig. 13~a!#, while the data
in ~d! at 297 K50.47TC and in ~f! at 689 K51.09TC have
been normalized with the Fermi function.

In conjunction with the LKKR calculations@Fig. 10~d!#
the existence of an exchange-split pair ofsp bands has been
r

,
re

ng

t
y

s
e
d

-

ic
e

lly

s
e-

n-

r
n
e-

t
ff

e-
red

he

deduced and confirmed by the RT data~see also Figs. 10 and
11!. As also shown before the exchange splitting of thed
band, which is here no longer simply parabolic, amounts
DEex5270620 meV at room temperature. WithDEex
5300640 meV derived from the data in~b! the splitting at
0.22TC is slightly larger. The estimated error of 40 meV h
its origin in the weak definition of the minorityd band,
which has its apex approximately 160 meV above the Fe
level. This is clearly outside the range of 5kBT aboveEF ,
where we can currently measure reliable band dispersion
our experiment.

Above TC @Figs. 13~e! and 13~f!# the collapsing band be
havior of thed bands manifests itself again in a single hig
temperature band. As in the data of Fig. 12~e! and 12~f! the
two d bands meet atEF and we observe an increased lin
width. Also here the minority to majorityd-intensity ratio is
anomalously large belowTC . Since thesp and the minority
d band lie equally close to the Fermi level as in the data
Fig. 12, these findings can be explained along the same
involving the importance of minoritysp-d interaction.

Since the Fermi step is broad in the data taken at 1.09TC ,
the sp band can be clearly identified between2100 meV
and 2300 meV ~aboveEF), dispersing with a high group
velocity ~Fig. 13!. The dispersion of thesp band can be
quantified, yielding about 125 meV/degree. Assuming
room-temperature exchange splitting of the order of 2
meV ~compare Sec. III B! an angular exchange splitting o
only some 1.6° at low temperatures is expected. Therefo
is clear that at room temperature thesp-band exchange split
ting cannot be detected in thisk-space region by our experi
ment. Only explicitly spin-resolved measurements with hi
angular resolution could resolve these bands.

On this basis we can understand the apparently statio
behavior of this band, which has suggested deviations fro
simple Stoner-like behavior, as reported in Ref. 24. The b
that remains apparently unchanged and fixed ink space as
observed in the Fermi-surface maps in Fig. 1 of Ref. 24 a
Fig. 5 ~Sec. III A! is actually composed of a spin-split pair o
sp bands with high group velocities, which are not resolv
due to their small angular exchange splitting.

Since the data sets of Figs. 12 and 13 present the samd
band in a similar location ink space and accordingly show
about the same exchange splitting, we can plot all the
rived d-band exchange splittings versus the temperature.
ure 14 shows the resulting temperature dependence od
bands. The solid line is the macroscopic bulk magnetizat
curve scaled to fit the experimental data. As in the case of
sp bands~Sec. III B! we find a generally good agreement
the exchange splittingDEex with the macroscopic bulk mag
netization behavior. It should again be noted thatDEex is a
microscopic quantity describing the magnetism, but in
ARUPS experiment it is averaged within the macrosco
area of electron detection on the sample. The ground-s
exchange splitting derived from the fit is 290610 meV.

IV. CONCLUSIONS

The temperature-dependent electronic structure of nic
near the Fermi energy has been studied by angle-reso
ultraviolet photoelectron spectroscopy. New and unconv
tional modes of data acquisition in ARUPS, specifica
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FIG. 13. HeI-excited angle-scanned EDCs taken from Ni~111! along the same azimuth as the data shown in Fig. 10@‘‘PS2’’ in Fig. 3~d!#,
taken at three different temperatures. Raw data are presented on the left, normalized data on the right. The linear grey scale ra
minimum intensity~white! to maximum intensity~black!. The sample temperatures were 0.22TC in ~a! and ~b!, 0.47TC in ~c! and ~d! and
1.09TC in ~e! and ~f!.
rv
e
th

ne
rm

ew
a

c
S

of
The
rve
constant-energy surface maps, angular distribution cu
~ADCs!, and angle-scanned energy distribution curves, w
applied and turned out to be very valuable extensions to
more conventional type of ARUPS data~see Sec. II B!. The
power of these new methods becomes particularly clear
the Fermi level, and exactly the electrons near the Fe
level are those responsible for the magnetic properties
nickel. Even the thermally excited states up to 5kBT above
EF can be readily analyzed in angle-scanned EDCs~see
Secs. III B and III C!.

The enhanced effective resolution provided by the n
ARUPS modes made a detailed study of the magnetic ph
transition possible for both,d and sp electrons. This was
only possible because the bands are clearly separable in
gular distribution curves, even without explicit spin dete
tion. The extensive temperature dependence study in
III B reproduced the value ofDEex520468 meV ~Ref. 34!
es
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i
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FIG. 14. Temperature dependence of the exchange splittingd
bands. The values are derived from the data in Figs. 12 and 13.
solid line represents the macroscopic bulk magnetization cu
scaled to fit the experimental data.
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for the sp bands at room temperature with high accura
And, more importantly, it revealed a clear Stoner-like d
crease of the exchange splitting. Thed bands showed this
type of temperature behavior as well~Sec. III C!. Their RT
exchange splitting is larger and amounts toDEex5275
620 meV.

An anomalously high intensity ratio of the minority t
majority d electrons has been observed wheresp and d
bands coincide on the Fermi surface with nearly the sa
group velocity. We are convinced that this allows for
strongsp-d interaction and reveals a driving force for th
magnetic phase transition. Thesp band serves as an electro
reservoir for the minorityd electrons, and the minority
d-band single-particle states can be populated to a hig
extent than expected. The observed large linewidth of
paramagneticd band at the Fermi level is fully compatibl
with spin fluctuations aboveTc and cannot be explained b
thermal effects alone.

Constant-energy surface maps taken near the Fermi
ergy allow the direct and simultaneous examination of
dispersion of several bands in a wide and continuous t
dimensional part ofk space. Specific constant-energy surfa
maps, taken at the Fermi energy at room temperature
aboveTc , lead in Ref. 24 to the conclusion that the da
could not be explained in a Stonerlike picture: One ba
s.
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appeared to remain at a fixed position ink-space during the
phase transition.

The presented measurements confirm these findings,
make them again consistent with a Stoner-like behavior
the exchange splitting~Secs. III A and III C!, notably with
the support of band-structure calculations using the sp
polarized layer Korringa-Kohn-Rostoker formalism. Modifi
cations of the program code permit the calculation of d
that can be directly compared to angle-scanned EDCs. Un
the assumption of a free-electron final state the calculati
agree excellently with the experiment. It could be shown t
the apparently stationary bands are in factsp bands with a
high group velocity. Therefore they show an angular e
change splitting too small to be detected in the experime
and the band must appear fixed ink space.
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