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An extended set of temperature-dependent ARUPS data fréfriNiis 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 enerBy . Even up to %z T aboveE; energy bands are readily observed. The
understanding of these ARUPS data is strongly enhanced by spin-polarized band structure calculations.
Exchange-split bands of botep- 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 observeg- andd-bands clearly exhibit a Stoner-like collapsing-band
behavior. The exchange splittingE, vanishes abové in all cases, and E, closely follows the tempera-
ture dependence of the macroscopic magnetization. The apparent deviations from the Stoner-like band behav-
ior stated in P. Aebét al, Phys. Rev. Lett76, 1150(1996 are explained. Furthermore we detect anomalously
high intensity from a minorityd-band close to asp-band. This strongly suggests tisgi-d-fluctuations at the
Fermi level are a driving force for the magnetic phase transition of ni¢k€l163-18208)01527-6

[. INTRODUCTION tion, leaving the metal in a paramagnetic state. The changes
in the electronic structure and the amount of short-range
Nickel is an itinerant ferromagnet, which means that itsmagnetic ordeSRMO) aboveT are subjects of a long and
magnetic moments are carried by the conduction-band elestill ongoing debate, reviewed in the excellent articles by
trons. In the ferromagnetic state below the Curie temperatur€apellmanh and Donatl.
Tc-=631 K the conduction electrons in nickel can be divided The ground-state properties of nickel can be understood in
into two classes: “spin-up” electrons, which have their mag-the Stoner modéf* sketched above: majority and minority
netic moment aligned parallel to a given magnetization di-bands are rigidly shifted against each other and energetically
rection, and “spin-down’ electrons with their magnetic mo- separated byAE,,. Finite-temperature predictions of this
ment antiparallel. The exchange interaction lowers theheory assume that the exchange splitting behaves just like
energy of the spin-up electrons, while raising the energy othe macroscopic magnetization, which decreases with in-
the spin-down electrons, giving rise to two slightly different creasing temperature and completely vanishebcat How-
band structures. This leads to the energetic “exchange spliever, Curie temperatures calculated in the Stoner model are
ting” AE,, between these subsets of electrons, which is ohearly one order of magnitude higher than the experimen-
the order of 300 meV and may depend on the en&gthe  tally found T, and no local magnetic moments are pre-
electron wave vectork, and on the temperaturd: dicted to persist aboveé,.
AE.(E,k,T). Since the affected electronic bands] and More refined extensions of the Hubbard model, the fluc-
hybridized 4p states, cross the Fermi level, there are lesguating mean-field theori€s, take spin fluctuations into ac-
spin-down electrons than spin-up electrons, giving rise to theount. Besides cluster calculatidfiswith regular spin con-
names “minority” and “majority” electrons, respectively. figurations and adjustable small-to-moderate short-range
Detailed experimental data ohE.(E,k,T) provide an magnetic ordekSRMO), there are the disordered local mo-
important benchmark for theories on itinerant magnetismment (DLM) calculationst®'! which assume only uncorre-
The exchange splitting is a microscopic quantity describindated transverse and longitudinal spin fluctuations. The most
magnetic properties, and it is a local quantity in the sensgopular of the fluctuating mean-field theories are the local
that the orientation of the magnetic moment can vary fromband theorieLBT),**~** according to which SRMO and a
one atomic site to another. When measurixig,, in a pho- local exchange splitting can persist abolg. Transverse
toemission experiment, a macroscopic area on the sample $pin fluctuations are responsible for the decrease of the mac-
probed. Therefore macroscopically averaged local informaroscopic magnetization at finite temperatures. Whether or not
tion is obtained. a nonzerdAE,, exists in the paramagnetic state depends on
If nickel metal is heated abovE:, the spontaneous mag- the group velocity of the electrons. Bands with nonzero
netic ordering breaks down in a second-order phase transgroup velocity are expected to collapgenotional narrow-
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ing” ), while the others may remain exchange split. Yet evermark for theories. Rather new and unconventional modes of
in the case of a practically vanishing group velocity, e.g., thedata acquisition in ARUPS, namely, angular distribution
Z,-band investigated in Ref. 15, a collapsing-band behaviogurves, angle-scanned energy distribution curves and
can be explained in the framework of the LB¥This makes constant-energy surface mapping, will be appliednfer

the experimental discrimination of these theories a very dif-Sec. Il B.. Especially in the vicinity of the Fermi level the
ficult task. new ARUPS modes exhibit their strengtisThey even al-

The most recent theory of the magnetism of nickel is thdow one to analyze the thermally excited electronic states
“generalized Hubbard model~'° By explicitly incorpo-  abovethe Fermi energ?® Instead of combining data from
rating electron-electron interactions and electron-magnofverse and direct photoemission in order to study the com-
scattering it delivers good values for the ground-state magplete set of magnetically active bands, the new data acquisi-
netization, the Curie temperature and exchange splittinggion modes can provide this information in one single experi-
And it also reproduces the “6 eV satellite” in nickel, which ment. As will be shown, our high-precision data even allow
is a many-body effect that occurs when a photoelectron i§€W insight concerning the mechanism driving the phase
excited®® Moreover, temperature-dependent values of thdransition in nickel.
exchange splittings as a function of wave vector and band A layer Korringa-Kohn-Rostoker band-structure cBde
index can be calculated. All these values are found to bebhas been slightly modified to permit the calculation of band
come zero afl¢. dispersion curves ned as a function of energy and of

Also from the experimental point of view the finite- angle, improving the understanding of our data greatly. Thus
temperature band structure of nickel is not well established@ very detailed study of the low- and high-temperature prop-
Most temperature-dependent ARUR&hgle-resolved ultra- e_rties of nickel and of the magnetic phase transition can be
violet photoemission spectroscopexperiments, with or given.
without spin resolution, show collapsing bands aki,,
=0eV atT.. The three-peak analysis forming the basis for Il. EXPERIMENT
the “evidence for short-range magnetic order in nickel above A. Sample preparation and characterization
Tc” with a temperature-independemE,, published in

Ref. 21 has been shown to rely on a false interpretation of an Al €xperiments were performed in a modified Vacuum
LBT calculation4 Generators ESCALAB 220 spectrometer, which is described

In Ref. 22 spin-resolved ARUPS data in normal emissioreisewhere? Ihe Ni(11) crystal was prepared by cycles of
from Ni(111) were interpreted as showing a strong depen-3—° Min Ar" sputtering with 800-V acceleration voltage,
dence of the behavior afE,, on the exciting photon energy, followed by dosing 24-36 L ©and subsequent flashing to
i.e., on the location sampled ik space. In particular for @pproximately 750 °C within about 3 min. During flashing
hv=16.85 eVAE,, is claimed to remain unchanged when the TDS (thermal desorption spectroscopsignals of CO,
approachingTc. But the “complicated line shapes” mea- H20, Ar, and Q were measured to confirm steady-state con-
sured and fitted for that energy may well arise from severaflitions in the preparation. XP&-ray photoemission spec-
bands, which are simultaneously observed due to the podfoSCOPY With SiKa excitation showed less than 1% oxygen
angular resolution of=3°.22 So far no clear evidence of a and carbon, no argon and no sulfur. Good surface crystallin-
persisting exchange splitting or of some indication of thely Was confirmed by LEED(low-energy electron diffrac-
amount of short-range magnetic order aboVe from tion) measurements, and XP@-ray photoelectron diffrac-

ARUPS or IPES(inverse photoemission spectrosch@x- tion) data showed good local atomic order and permitted us
periments has come to the authors’ attention. to measure the crystal orientation to within better than 1°.

However, measurements of the angular correlation of "€ ARUPS data were taken with monochromatizedi He

(positron annihilation radiatiof? (ACAR) showed only litle ~ radiation(21.22 eV at an energy resolution OOf about 40 meV
changes in the Fermi surface of nickel as a function of tem@nd an angular resolution of better than 1° full width at half
perature, allowing for a reduction &fE,, by not more than maximum. D_ata at h|_gh temperatures_ were taker_1 in a mode
30% when going toward3.. On the other hand, Fermi- with alternating heating and measuring cycles in order to

surface mapping photoemission experim&htsvealed dras- avoid disturbing electric and magnetic fieftsSince tem-

tic differences between room-temperature data and daf3€rature measurements are only possible with a thermo-

taken in the paramagnetic state. In spin-polarized electroffPUPI€ in @ sliding contact to the sample holder, a tempera-
energy-loss spectroscop{EELS) data no changes in the ture calibration has been made with a thermocouple spot-
spectra were found up to 0.9% .25 Evidence for spin wave welded to the sample. Absolute temperature values are

excitations remaining more or less unchanged during thorecise W|th|n|10 K. The Fermi level wasteterm|ned W|th.an
phase transition was given by inelastic neutron scatterin _9(11_1) sample at room temperature, taxing a spectrum in a
experimentg® thereby demonstrating SRMO aboVg . Ar- irection with no obvious direct transition nedi. The
guments relating the time scales of the various experiment'g‘at')n contargmagog I|m|t|r?g the n?easu][mg time turned out
and of the possible spin fluctuations with the observation of® P& CO adsorbed on the sample surface. At temperatures

nonobservation of a collapsingE., have been put forwart, above ~_450 K the CO molecules desorb, enabling longer
but will not be discussed here. data taking at elevated sample temperatures.

It is the primary goal of this paper to present an extended
set of high-resolution ARUPS data near the Fermi energy
(Eg) in order to settle some of the questions posed by pre- The most commonly used way to do angle-resolved ultra-
vious experiments mentioned above, and to serve as a benchielet photoelectron spectroscopRUPS is to take energy

B. Modes of data acquisition
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FIG. 1. lllustration of the different modes of data acquisition in ARUPS, which are described in this [plipdata taken at room
temperature from a NL10) crystal: (a) Energy distribution curves for various polar angles in (b@l) plane;(b) Fermi-surface map(c)
angle-scanned energy distribution curves in(@@l) plane;(d) angular distribution curves in tH€01) plane. Their relation is illustrated by
the following pieces of data: A” is the EDC taken atd,,.=60°, “B” denotes the ADC(polar scahtaken at the Fermi level,C" is the
sp' peak atEp,q=150 meV andd,,=52°, and ‘D” marks thesp' peak atEg and 6,,.=55°.

spectra, also callednergy distribution curve€EDC9.32 For  tion for a free electron it follows immediately that the mag-
an EDC the experimental geometry is fixed so as to deteatitude of the wave vector is given as
only photoelectrons of a certain escape direction given by the
polar angled, .. and the azimuthal anglg, usually chosen to 1
be a high-symmetry direction. Then the photoelectron inten- k= 7 V2mEyin,
sity is measured as a function of the electron kinetic energy.
Peaks in such EDCs usually mark direct transitions fromwhich is constant for a given kinetic ener@y;, inside the
occupied initial states to unoccupied final states. solid. Ink space this means that the electron final states form

Given the unigue control of the crystal orientation by a sphere, and in the case of an ADC, they lie on a circle
means of our sample manipulatrive have explored new along the angular scanning direction, as shown in Fig. 1 of
data acquisition modes for ARUPS. Figure 1 displays exRef. 34. Comparison to a Fermi surface calculation allowed
amples of these and illustrates their relation. Alternatively tato unambiguously identify the involved initial state bands
measuring a spectrum of energies for a given electron escajisee also Ref. 24 A clear separation of two exchange-split
direction one can as well scan the electron escape directiosp bands was possible without explicit spin detection. It
while detecting electrons with a certain kinetic energy, e.g.turns out that in this case the effective resolution in the
those from the Fermi level. We term data of this kindri* ~ ADCs is superior to that in the EDJsompare Figs. (B)
gular distribution curve$ (ADCs) [Fig. 1(d)] in analogy to  and Xd)] which reproduce data discussed in Ref. 34.
EDCs. Again peaks indicate the occurrence of direct transi- There are some principal advantages of ADCs over
tions. EDCs: (i) bands are detected at the same ene(my,this

In the case of metals we apply the well-working free- energy can be chosen to Be , where lifetime broadening is
electron final-state approximation. From the dispersion relaminimal, (iii ) there is no deformation of peaks by the Fermi-
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FIG. 2. Examples for the different normalization functions that can be applied to angle-scanned EQaL$hénFermi normalization
function (dashed lingand the average intensity on the ADCs are displagi@dcompares the Fermi normalization functi@ashed lingto
the maximum and minimum intensity in the ADCs at the different energies, which are used in the “maximum contrast” normd§eation
text). Data are taken from Fig. 10.

Dirac distribution, and(iv) transitions can be followed far Fermi function, where the temperatufehas to be replaced
into the thermally excited tail of the Fermi-Dirac distribu- by a higher “effective” temperature:
tion, because angular anisotropies persist alifiveas will
be shown in Secs. IlI B and IlI C. frermi(E.T) = f el E, VT2 + (AE®PY4Kg)?].
Combining energy distribution curves and angular distri-
bution curves, i.e., taking full EDCs at every angular setting At any temperature and without further input the “angle-
of an angular scan, yields a two-dimensional data set with aftverage” normalization can be applied: Every ADC is di-
the advantages of ADCs, since it also can be viewed as mar/ded by its average intensity. Also here the angular
ADCs at different energies. We term this type of data@nisotropies stay unchanged, while the Fermi step is essen-
“ angle-scanned energy distribution curvean example is ~ tally removed. ,
presented in Fig. (). Fitting direct transition peaks in all the For a maximum pontrast in thg data each ADC can pe
ADCs with Lorentzians gives quantitatively the dispersion Ofgormgllzed to mtens,l,ty value_s ranging from zero to one. Th's
the initial state bands as shown in Fig. 5 of Ref. 34. From maximum contrast n_ormahzatlo_n has_ to be_ applied W'th
o . . ; . care, because it sometimes can give misleading results, since
this it was possible to precisely derive the energetic ex-

o the energy dependence of the intensity can be altered
change splitting) E, of the sp band atEr from the angular strongly. Figure 2 compares the normalization functions for

exchange splitting\ fe,. _ the data set shown in Fig. 10. The curve labelled “mini-
The amount of m_format!on in the thermally excited part j,,m» (“maximum”) represents the minimurfmaximum
of the Fermi-Dirac distribution abover is not visible when intensity value on each ADC, plotted for all the different
displaying the raw data in the usual linear grey scale repregnergies.
sentation. This can be remedied by dividing every EDC by The effective removal of the occupation numbers given
the Fermi-Dirac distribution of the appropriate temperaturepy the Fermi function allows one to follow the data far into
In order to avoid overemphasizing background noise in thehe tail of the distribution function, since the human eye can
data points far abovEr a small constant offset of some per still recognize very faint and noisy features in these two-
mill is first added to the distribution function. If the sample dimensional data sets with the aid of the dispersion. Clear
temperaturél’ and the position of the Fermi level are known identification of transitions up to aboukgT aboveEg will
with sufficient precision and the experimental energy resolube shown in Secs. Il B and IIl C.
tion AE®'is smaller tharkgT this normalization removes Besides measuring angular distribution curves, i.e., keep-
the occupation number of the initial state from the data. Thisng the azimuthal angle fixed while scanning the polar
data representation is beneficially used in several figures aingle 6 or vice versa, it is as well possible to vary both
this publication. angles while detecting photoelectrons of a given energy. This
For data taken at low sample temperatures this normalizavay aconstant-energy surface majmprising information
tion becomes unfeasible, since the broadening of the Fernun a continuous two-dimensional part kf space can be
step due to the experimental resolutidiE® is no longer mapped by means of photoemission, and in particular Fermi-
negligible and already small uncertainties in the position ofsurface maps can be obtained. The Fermi surface is of spe-
Er can distort the image around the Fermi level. Neverthe€ial importance, because it determines many properties of a
less, if the position ofEg and the experimental resolution solid, like the electrical and the thermal conductivity, and the
function are precisely known and of approximately Gaussiarthemical behavior. This is due to the fact that electrons at the
shape, one can still apply the Fermi-function normalizationFermi edge can pick up and supply arbitrarily small amounts
Numerical simulations have shown that the convolution ofof energy, whereas the more strongly bound electrons are
the Fermi-Dirac distribution function with a Gaussian peakconfined by the Pauli exclusion principle and therefore need
of a FWHM of AE®* yields again, with good accuracy, a high excitation energies. Also the “magnetic bands” in itin-
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FIG. 3. Hel-excited Fermi-surface map from (4iL1). In (@) and (b) the raw data are presented in parallel projection(dn high
intensities are shown in white, while i) the grey scale is inverted with slightly enhanced contr@stshows the data in stereographic
projection and normalized with ¢ average”(see Sec. Il B In (d) the corresponding LKKR calculation is displayed. “PS1” and “PS2”
indicate the direction of the angle-scanned EDCs from Sec. Il C, Figs. 9 and 10, respectively. The dashed arrow tagged “110” roughly
follows the line ink space corresponding to the polar scan o)) discussed in Ref. 34.

erant ferromagnets, responsible for the magnetic propertiepolar angles. Figure(8) (Sec. Il A) shows an example of a
are, per definition, located close g . stereographically projected Fermi surface map. Experimen-
The first photoemission Fermi-surface map has been medally the intensities often decrease at higligs. due to the
sured by Santoni and co-work&tpresenting the Fermi sur- instrumental response function. In such cases the data can be
face of quasi-two-dimensional graphite. The first measurenormalized in order to discover features that might be hidden
ment in this manner, applied to a three-dimensionaln the limited dynamic range of the grey scale. The av-
electronic system, namely, copper, has been given in Ref. 3@&rage” normalization works completely analogously to the
The explanation of these data in terms of sections througHangle-average” normalization described before: For every
the Fermi surface and by means of the free-electron fingbolar angle the intensities on the corresponding azimuthal
state approximation was given by Aeéi al,, published in circle are divided by the average intensity on that azimuthal
Ref. 27 together with further measurements and bandscan. However, data representations in this normalization
structure calculations confirming the interpretation. have to be regarded with care, because some features may be
The Fermi-surface data are usually presented in a twoaltered notably. In particular any circular feature recorded
dimensional grey scale plot in parallel projection, i.e., thenear the surface normal will be lost due to the changed polar
radius at which an intensity is plotted is proportionalkio dependence. For a comprehensive discussion of Fermi-
=|k{39sin ¢, Where 6,5 is the measured polar emission surface mapping see also Ref. 37.
angle[see, for example, Fig.(fh)]. Note that due to the inner
potential there is a strong refraction effect leading to a Ill. RESULTS AND DISCUSSION
smaller polar angle inside the crystal. Alternatively the ste-
reographic projection can be used. There the radius is pro-
portional to tang,,4/2). This second presentation is no longer In this section Fermi-surface maps as measured through
linear ink, and is used to emphasize fine structure at highethe Ni(111) surface are presented and compared to band-

A. Fermi surface from Ni(112)
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FIG. 4. LKKR calculation for the He-excited Fermi-surface map taken from(iNiL1). (a) majority spin,(b) minority spin. Further
information is given in the text.

structure calculations. A layer Korringa-Kohn-Rostokerrotated, which leads to constantly changing polarization con-
(LKKR) code as implemented by MacLaren and ditions inside the crystal lattice. Another deviation between
co-workers® has been modified to allow the calculation of calculation and experiment is in the scale, which appears
Fermi surfaces as measured by photoemission under the ag- be slightly stretched in Fig.(8). In particular thesp
sumption of a free-electron final staigompare Ref. 27 and bands near thgl 12] azimuth occur closer to grazing emis-
Ref. 24. sion (fyac=90°) than in the calculation. A different choice

The experimental data were taken fraf,.=78° up to  of V, and/or ® usually allows one to overcome such
the surface normal in steps of 2°, containing altogether 5404jiscrepancie$’ The free-electron final-state model em-
angular settings. In Figs(& and 3b) the raw data are pre- ployed in the calculations might also be a source of incon-
sented in parallel projection. The grey scale is inverted withsistency.
slightly enhanced contrast iil). Figure 3c) shows the data For high polar angles and near the12] direction the
normalized with “¢ average” and in stereographic projec- exchange-split pair ofp bands can be found in the experi-
tion (confer Sec. Il B in order to emphasize bands that occurment. Especially in the stereographically projected data in
at large polar angles. Well-defined bands are readily found iFig. 3(c) the clear angular separation of the two is obvious.
the experimental data. Finally in Fig(d the corresponding |n Ref. 34 thesp splitting was examined at practically this
spin-polarized LKKR calculation is presented in parallel pro-same location ink space, using the Ki10 crystal: The
jection. The free-electron final-state approximation has beefashed arrow in Fig. (8) tagged “110” roughly sketches
made, assuming an inner potential of 10.7(&éf. 39 and a  the angular positions on th@11) surface that correspond to
work function of® =5.22 eV*° More lightly dotted regions  the polar scan measured on(NiLO). The arrow head points
indicate majority spin, and the regions in darker grey stanchpproximately to the location accessed in normal emission
for minority electrons. Regions of overlap appear darkest. from the (110 face (compare also Fig. 1 of Ref. 24

In Fig. 4 the two spins are displayed separately in grey As demonstrated in Fig. 1 of Ref. 34 this position is close
scale. The darker the dots the better the agreement of thg the X point. In Fig. 4b) there are obviously several mi-

calculatedk, eigenvalue with theék, expected for a free-
electron final statéthe LKKR codé® provides all possible
k, eigenvalues for a givek, and a given energy A maxi-

mum deviation of 0.1a.u! was allowed for calculated
k,-Eping Pairs to appear in Fig.(d) and in Fig. 4. The bind-

nority bands crossing the Fermi level near that point. The
calculation of an angle-scanned EDC-type data set along
[211], analogous to calculations that will be discussed in Sec.
Il C, revealed that besides the two exchange-spfitlike
bands, there are another three minority bandd-tke elec-

ing energy isE,i,q=0 eV here, corresponding to the Fermi trons to be expected. All these bands cross the Fermi level
energy. Not only the exact position of the bands can be detwice between normal emission aég,.=90°, summing up

duced from the plots, but in Fig.(d) the minorityd andsp
bands are distinguishable.

to 10 Fermi level crossings altogether. Despite this compli-
cated situation some fine structure along [tB&1] direction

Comparing the experimental data with the LKKR calcu- allows one to clearly distinguish two different bands in the
lation shows a rather good agreement as all the measurekperiment. According to the LKKR calculation these are
bands also appear in the calculation. The major differencesiinority d bands, and consequently not even an explicitly
are intensity variations. Those are predominantly due to phospin-resolved PES experiment could help to disentangle the
toexcitation matrix elements and polarization effects that theeomplicated situation near thé point.
bulk band-structure calculation does not take into account. In Ref. 24 the Fermi surface of nickel as measured
The latter even give rise to a slight intensity asymmetrythrough the (110 surface is discussed. Only room-
around the[112] direction. Photoemission calculations temperature data and data atTlzlwere presented. The evo-
might help to quantitatively understand these phenorfitna. lution with the temperature can be found in Ref. 43. We now
It should be noted here that in the experiment the sample igant to extend these studies to Fermi-surface maps measured
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FIG. 5. Fermi-surface maps from (4iL1) taken with monochromatized Headiation. Sample temperatures and high-symmetry direc-
tions are indicated. All data are presented in parallel projection. On the left-hand side the linear grey scale ranges from minimum intensity
in black to maximum intensity in white. The same data are displayed on the right-hand side with inverted grey scale and slightly enhanced
contrast.

through the(111) surface of nickel at four different tempera- (compare also Figs. 3 and.4~rom 0.275: to 0.47T: no
tures. In Fig. 5 the data are presented in parallel projectiosignificant changes in the positions of the bands can be de-
(see Sec. Il B The sample temperatures were 162 Kf@r tected. This is not surprising. As will be shown in Sec. Ill C
and(b), 297 K for(c) and(d), 503 K for (e) and(f), and 730 thed bands exhibit a Stoner-like temperature behavior, and
K for (g) and(h). the macroscopic magnetization changes by only 3.5% within
In Sec. lll B the temperature behavior of tlse bands that temperature range.

around thg112] direction will be examined in great detail. At 0.8T [Figs. 5e) and §f)] the two features represent-
Here we want to concentrate on tdebands at the Fermi ing the minorityd-band move closer to each other. As will
level, which are indicated on the right-hand side of Fig. Sbecome clear in Sec. Ill C, some of the intensity observed
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FIG. 6. Azimuthal angle-scanned EDCs taken fronf14L) at RT and at a polar angle &,,.=78° covering two symmetry-equivalent
sp bands. The azimutkp=0° indicates thé112] direction. The raw data are presentedan while the data in(b) have been normalized
with the “angle-average’{compare Sec. Il B The linear grey scale ranges from black at maximum intensity to white at minimum intensity.

between the minority spin features may be attributed to thérom Ni(110 has been discussed. The collapsing exchange-
majority d band. Finally, abovd@ only one large intensity splitting behavior could be clearly deduced from one data set
spot from thed band remains, and the spin labels lose theirtaken at approximatelffc. In this section the temperature

meaningqFigs. §g) and §h)]. dependence of thep bands will be examined in greater
_In Ref. 24 the same behavior has been found on thetail, analyzing data taken from the(l11) crystal surface.
Ni(110) crystal, but one band, which is labeled"" in Fig. In the Fermi-surface map presented in Figc)3the

1(b) of Ref. 24, appeared to remain in plape upon raising th%xchange—splia;p bands appear six times due to tha 3ym-
temperature aboveé. . AIFhough we now d|scg§s data taken metry of the pattern, always at high polar angles near the
from the (111) face of nickel, we are examining the same 1 1] equivalent directions. The best way to study their an-

?ands in aﬁpr%xi?ateg the saéne Iocatri]omispace. There- gular splitting through thg111) face is to take azimuthal
ore we shou e able to observe the same temperatur cans in the vicinity of th¢112] direction at a high polar

independent band here. On the right-hand side of Fig. 5 th — 70 . .
white circle surrounds the angular range where this featurengle’ €.9.fyac= 78", As already discussed in Sec. Il A and

appears. For the relation between the Fermi surface algdicat(_ed in Fig. Sd) the porresponding(—space _Iocation
viewed through thé111) and the(110) face see Fig. 3 and approxmately coincides with the one exam!neq in Ref. 34.
Fig. 1 of Ref. 24. Following the temperature development in Figure 6ihows_angle-scanned energy distribution curves
Fig. 5, we find that indeed a feature of high intensity, Cen_around the1 12].az|muth #=0) take.” at room temoperature
tered in the encircled area, appears to remain fixedk in (0.47T¢) and with the polar angle fixed a,c=78°. The
space. The same behavior can be seen with varying clarity iﬁDCS cover the range from 130 meV above the Fermi level
all of the six symmetry-related places in the Fermi-surface® Elgi“.d: 600 meV in steps of 5 meV and are taken every
map. As mentioned above, intensity variations can be asQ'43:‘ in ¢. Figure 6"’2 shows the raw data, whereas (in
cribed to polarization effects. the _angle—a\_/erage_d dat(a;ompare Sec. Il Bare prese_nted

In view of our scrutiny of Stoner-like versus noncollaps- for visualization of intensities aboVéF_. Dge to the mirror
ing exchange-splitting behavior it is important to further in- SYmmetry we see the exchange-split pairsgf bands two
vestigate the nature of the band that apparently does ndnes near th¢l12] direction. The slight difference in inten-
move ink space with temperature. As will be worked out in SitiéS left and right from(112] is ascribed to polarization
Sec. Il C, not onlyd bands, but alssp bands exist in the effects mermo_ned before. The mterlsny between 200-_and
area under examination. These steeply dispersing bands £#80-MeV binding energy negf=—15° stems from the mi-
responsible for the observed stationary feature, which nevefority d band(confer Fig. 3 and will not be discussed here.
theless does not imply a deviation from a Stoner-like behay- N @nalogy to the analysis in Ref. 34 the data have been
ior, as suggested in Ref. 24. gxamlned by a pe_ak flttlpg procedure..The angular dISt'I’Ibu-
tion curves were fitted with four Gaussian peaks and a linear
background. The peak positions give the dispersion offhe
bands along the azimuthal scan. In the raige-80 meV

In Ref. 34 the exchange splitting sfp bands as derived the dispersions of the four observed bands are linear and
from angle-scanned EDC data at room tempera(iR€) coincide within 10%, yielding 42.254.1 meV/degree. The

B. Dispersion and exchange splitting o6 p bands
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FIG. 7. Same as Fig. 6, but data taken at a sample temperature off¢.146

angular exchange splitting at the Fermi level is 4.84°the main contamination, CO, desorbs from the sample sur-
+0.09°, from which the energetic exchange splittihg., face already at about 450 K. Some of the raw data are pre-
=205+20 meV can be calculated. This value is in excellentsented in Fig. &).
agreement with the result in Ref. 34, whef&E,,=204 Obviously the exchange-split bands do not collapse
+8 meV was found for thep bands. This confirms that we abruptly, but move towards each other slowly and continu-
investigate in both cases the same initial-state bands at apusly when raising the temperature. For a quantitative analy-
proximately the same location knspacelcompare Sec. lll A sis, the ADCs were fitted with four Gaussian peaks on a
and Fig. 3, although here we are taking data from(Ni1), linear background, taking advantage of the symmetry in or-
and in Ref. 34 data from the€l10 face of nickel. This also der to decrease the number of fitting parameters. Only up to
demonstrates the high quality of the data and the reproducF=<0.83T; the two exchange-split bands can be fitted and
ibility of the experiment* separated, while above this temperature basically one single
A similar data set as that of Fig. 6, but taken at a tem-peak on each side of thgl12] direction remains in the
perature of 7239K, i.e,, T=(1.145-0.01)T, is pre- ADCs. Possibly a more advanced fitting method, like the
sented in Fig. 7. The raw data are showr(an while (b) is maximum entropy regularizatidh, would work up to
the grey scale representation of the Fermi-function normalslightly higher temperatures.
ized data. As in Ref. 34, a clearly Stoner-like behavior of the As the peak-fitting procedure is limited to the data taken
sp bands can be observed. AboVg the formerly exchange- at temperatures well beloW , we also analyzed the data by
split sp bands collapse to ongp band. Analyzing the data simply determining the angular FWHMs. At high tempera-
by fitting two Gaussian peaks on a linear background to theures this is the width of the one remainisg peak, and at
ADCs yields a linear dispersion of 45:®.7 meV/degree in  lower temperatures it is the FWHM of the double-peak con-
the range from 140 te- 300 meV binding energy. This com- sisting of both the majority and the minorigp band. These
pares well to the RT value of 42.251.1 meV/degree, and values are presented in Fig(b3. The straight line in(b) is
we found that the high-temperatus@ band lies almost cen- fitted to the values clearly abovi., which show a slowly
tered between the RT bands as in Ref. 34. increasing FWHM with temperature. Subtracting this line
With this knowledge we can study the temperature depenfrom the data points in order to remove thermal broadening
dence ofAE,, by recording one angular distribution curve effects and the offset due to the single peak width yields the
per temperature, which is one or two orders of magnitudedata shown in Fig. @). The solid line in(c) is the bulk
faster than taking a full set of angle-scanned EDCs. At aboutagnetization curve as derived from the molecular field
30 different temperatures between 119 K (O.dP and theory, rescaled to fit the data points beldw.
838 K (1.33 ) ADCs at the Fermi energy were recorded in  The experimental data represent a microscopic measure of
azimuthal steps of 0.29° near the12] direction. As in the the magnetization and follow the tendency of the macro-
angle-scanned EDCs above, the polar angle was fixed acopic bulk magnetization rather well, but the agreement is
A= T78°. In order to avoid systematic errors the data werenot perfect. The definition of the FWHM may be a source of
measured in three sets, each time taking ADCs both at insystematic errors, in particular because the maximum height
creasing and at decreasing temperatures. As already meot the double-peak at low temperatures is always the height
tioned in Sec. Il A measurements at elevated temperaturesf the minoritysp peak. At the lowest temperatures the ma-
could be taken during rather long periods of time, becausaipulator performance might have been a problem. The ori-
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FIG. 8. Temperature-dependent exchange splittingmbands. In(a) azimuthal Fermi-level ADCs taken at various temperatures from
Ni(111) with 6,,.=78° are presented. Itb) the FWHM of the singlesp peak (at high temperatur¢sand of the double peak of the
exchange-split pair of p bands(at low temperaturgss plotted vs the temperature. Subtracting the high-temperature fitted straight (e in
from the data points to remove thermal broadening effects and the intrinsic width yields the dataTihe solid line in(c) is the bulk
magnetization curve rescaled to best fit the data.

gin of the deviations above 0.85 is not clear. Also in ear- bands, we now focus on a regionknspace where the mag-
lier work using spin-resolved PESRefs. 22 and 46the neticd bands can be observed.
temperature dependence AE,, in nickel has been com- The data discussed in this section are angle-scanned
pared to the bulk magnetization curve. There it has beeEDCs (confer Sec. Il B. The first data set, shown in Fig. 9,
found that the experimental values for temperatures Mgar s measured at room temperature in steps of 1° frieym
tend to lie below the curve. This has been interpreted in=76° to normal emission on an azimuth 67° off 0]
terms of a reduced magnetic moment within the top surfacgjrection and 23° off112], also indicated in Fig. @) as
layers. Calculations for thg110) surface of nickel by «pgq» The energy spectra range frof,,,s=550 meV to
Wand'” have predicted a faster decreasing magnetization for 150 meV in steps of 10 meV, thus crgssiEg In Fig
B e e o eeS1a he raw cata are preserted. Two bands of smiar para-

yc ) . ; .. “bolic dispersion can be identified. The intensity drop above
experiments. But it should be noted that in both studies cite ) : S e )

g, associated with the Fermi-Dirac distribution function,

abové?* the data were taken with poor angular resolution, ; ;
which can lead to ambiguous results. Nevertheless, in guts the apex of the upper band. The Fermi-function normal-
' ized data(see Sec. Il B are shown in Fig. &). Here the

newer spin-resolved stutfy of the “6 eV satellite” in ot
nickel2° a similar temperature behavior as in the other twoclosed parabola of the upper band is nicely recovered. From

studies was found. The quantity that has been compared {§€S€ data alone one can identify the two bands as two
the macroscopic magnetization curve is the height of a digxchange-splid bands. In Sec. Il A it has been shown that
profile fitted to the photon-energy dependent polarizatiorfhis assignment is unambiguous. From fitting parabolas to

signal, which was interpreted as a measure for local magneti®e data, as shown by the dashed lines in the maximum-
moments. contrast normalized data in(t9, an exchange splitting of

280=20 meV is deduced. This is compatible withband
) ) - exchange splittings from ARUPS experiments reported in the
C. Dispersion and exchange splitting ofi bands literature3®49-1where values between 170 and 330 meV
While the exchange-split pair of bands examined in thewere obtained. The apexes are @J,—=41°+2° or k;
last section could be clearly identified as fast-dispersipg =1.344+0.054 A~ 1.
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FIG. 9. Angle-scanned EDC data taken at RT frongINIl) along a section ik space denoted “PS1” in Fig.(d). (a) shows the raw
data,(b) and(c) display the data, normalized with the maximum-contrast normalization and with the Fermi function, respectively. The linear
grey scale ranges from black at maximum intensity to white at minimum interfdjtshows a LKKR calculation corresponding to this
section ink space. Note that the energy scale is differentdin

Slight modification of the band-structure cdtidescribed written into the output. The spin dependence is explicitly
in Sec. Il A permits the calculation of angle-scanned EDCincorporated into the calculations by an exchange t@aom-
type data taking into account the variation of the final statpare Ref. 52 The results shown in Fig.(8) are suchk;-E
circle radius with the initial state binding energy. Figufe)9 pairs.
shows such a calculation for the polar scan under discussion. Comparing these results to the experimental d&igs.
Grey markers represent majority bands and black marker8(a)—9(c)], we find a generally good agreement. For a better
bands of minority spin. comparability of theory and experiment the LKKR data are

In these calculations the Green-function scattering formalplotted against the polar angle in vacuutp. (Ref. 53 and
ism findsk, eigenvalues for a givek, and a given energy. If the energy scale is compressed, so as to roughly match the
the value of such &, differs by less than 0.04 altt. from  effective masses of the bands. It is well known that band
thek, expected for a free electron final state, KjeE pairis  calculations, not explicitly incorporating electron correla-
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FIG. 10. Same as Fig. 9, but along a sectiork ispace denoted “PS2” in Fig.(@).

tions, overestimate band widtF$>® Also the exchange split- noted that the angle scale in Fig(d® is based on the as-
ting of 620+20 meV as derived from the LKKR results is sumed inner potential/y=10.7 eV (Ref. 39 and the work
too large. As the dispersion of theband near the apex is function® =5.22 eV2° which were taken from the literature
approximately paraboli¢see Figs. &) and 9d)], we can  without further adjustment. The complicated situation near
determine the projected effective mass#sof the electrons  Eg;,q=280 meV and,,.—= 18° seen in the experimental data
both in the experiment and in the LKKR calculation. For thehas its reason in the two exchange-splitbands that touch
ratio of the two we obtairm* (LKKR)/m* (Expt.)=1.91  and even cross the band in this region. Extracting the an-
+0.20. Within the error bars this value coincides with thegular distribution curves between 180- and 380-meV binding
ratio of the exchange splittingAE.(LKKR)/AE.(Expt.)  energy allows the identification of three bands dispersing in
=2.21+0.17. This is reasonable, since in a first approxima-that area(not shown, but for a clear identification the situ-
tion the incorporation of correlation effects in band-structureation is too complex. The fact that the broad features at
calculations for metals can be understood as a renormalizéigher polar angles in the calculation are not very clearly
tion of the kinetic energy scale, which therefore alters bandisible in the experiment is partially due to the fact that in
separations and band curvatures to the same extent. the experiment the intensity decreases strongly wiih
The d-band maximum ab,,.=37°+2° is quite close to above 60° or 70°.
the experimentally found value of 41°2°, but it should be Figure 10 shows, in complete analogy to Fig. 9, a polar
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FIG. 11. Angular distribution curves extracted from the data shown in Fig. 10. For clearer visibility the ARl sire offset in intensity
and in 6, (by 0.4°/15 meV). The highest and lowest electron binding energies are indicated near the corresponding ADC.

scan of spectra that are takendg,. steps of 1° from 66° to So far we have discussed the dispersion and the exchange
0° and in the energy range from 700 meV below to 135 me\splitting of d bands at room temperature. In the two angle-
aboveEg in steps of 15 meV. The azimuthal direction is 53° scanned EDC data sets of Fig. 9 and Fig. 10 the observed
off[110] and 37° off[112]. In Fig. 3d) the azimuthal direc- direct transitions could be unambiguously assigned to initial

tion of the polar scan is indicated as “PS2.” states fromd and sp bands, strongly supported by our
The exchange splitting of 22020 meV that can be ex- LKKR calculations. Based on this knowledge we now want

tracted from this set of data is hardly differing from the value!© Study the behavior of thel bands during the magnetic
obtained from Fig. 9, which is reasonable, since we aréhase transition. o
studying the same bands not very far aparkispace. Yet ~ Figure 12 displays polar-angle scanned energy distribu-
the bands moved up in energy by about 45 meV and by 2° ton curves taken along the same azimuthal direction as the
a higher polar angle. In the LKKR calculationsE,, data in Fig. 9. On the left-hand side the raw data are pre-
amounts to 60& 30 meV, which is also only slightly smaller sented, and on the right-hand side the data have been nor-
than what was obtained from Fig(d. Accordingly the ratio  malized with the Fermi functiorisee Sec. Il B Angular
of these two exchange splittingsE . (LKKR)/ AE.(Expt.)  steps of 1° and energy steps of 10 meV were taken. The
=2.22+0.22 is practically the same as for the data in Fig. 9.respective ranges can be inferred from the figure.
The ratio of the projected effective masses near the apex of The data in Figs. 12) and 12b) were taken at room
the d band, determined from fitting parabolas as describedemperature (297 K 0.47Tc).%® The overlap of thed and
before, yields the valuem*(LKKR)/m*(Expt.)=1.45 sp bands neaEg is strong and does not allow to distinguish
+0.39. Thus for this polar scan the two ratios agree less wethem in the experiment. At room temperature the Fermi step
than for the scan from Fig. 9, but they still lie remarkably iS steep and does not populate states at energies far enough
close. above the apex of the minority band so as to be able to
Furthermore we find that thep bands moved away from observe the strongly dispersiisg bands there.
the minorityd band by some degrees, as can also be seen in In Figs. 12c) and 12d) the data taken at 507 K
the LKKR calculation of Fig. 1@). This allows one to dis- =0.80T¢ are presented. Theé bands have moved towards
tinguish the three bandsp', sp', andd!. As suggested by each other leading to a decreased exchange splitting. In anal-
the experimental data as well as by the LKKR calculation ofogy to Fig. 9b) parabolas have been used to deterndifg,
Fig. 10d) the band with the steepest dispersion measurefpr this case. A value oAE,=210+20 meV could be de-
between— 100 and 300-meV binding energy can be associdduced. The fact that the minority band moved down to-
ated with the the majoritgp band. NeaE,;,;=200 or 300 wardsEg, and that the Fermi edge is broader at this higher
meV the three bands cross each other and can experimentatgmperature, now allows one to see the above-mentisped
be discriminated rather well, as is clearly shown in Fig.bands. At 150 or 200 meV abo¥g thesp band is found at
11(a), where the ADCs from 85-to 385-meV binding energy 6,,.=31°.
are presented. Including tlg band, four distinct bands can Above the Curie temperature the exchange splitting of the
be found in this figure. Also above the Fermi level the sepad bands has vanished, as can be concluded from the data
ration of thed! band from thesp bands can be detected. This presented in Figs. 18 and 12f), taken at 766 K
is visible in the grey scale representation of the détig. @ =1.2IT.. Only a singled band remains. The energy width
10(c)] and in the ADCs extracted in the randgg,,s  of this band is larger than the widths at the lower tempera-
=—95 meV toE,.=—5meV in Fig. 11b). tures. Near the apex the FWHM is 1905 meV as derived
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FIG. 12. Hel-excited polar-angle scanned EDCs taken fror(iLiii) along the same azimuth as the data shown in F[¢gP$1" in Fig.
3(d)], measured at three different temperatures. Raw data are presented on the left, the Fermi-function normalzeel Sata Il B are
given on the right. The linear grey scale ranges from minimum interfaibjte) to maximum intensity(black. The sample temperatures
were 0.47 ¢ in (a) and(b), 0.80T¢ in (c) and(d), and 1.2T. in (e) and(f).

from the Fermi-normalized data, while at 0180 135 the larger linewidth at elevated temperatures. But the data
+20meV and at 0.47. 110+15meV were found. This (Figs. 12 and also 23mply a rather rigid behavior of the
broadening can be partially attributed to the increased@nds, which means that the group velocities are approxi-
electron-phonon interaction at higher temperatures. For th@ately the same below and abolg. Also the quasiparticle
Cu(111) surface state the temperature-dependent peak broalifetimes, if they can be described by the Fermi liquid
ening has been examined by McDougall and co-worRrs, theory?® cannot explain the findings: At any of the tempera-
yielding a value of 0.074 meV/K in the temperature rangetures thed bands were examined within the same small en-
from 30 to 625 K. Applying this value to our measurementsergy range oEg+ 150 meV(see Fig. 12 and abovel . the
on nickel can account for about 50% of the observed broadd band even lies right at the Fermi level, where lifetimes are
ening effects. longest and linewidths are smallest. In the simple Stoner
The peak widths in EDCs depend on the lifetimes and orpicture®* the bands are rigidly shifted versus each other with
the group velocities of the initial and final electron stafes. increasing temperature. But they remain unchanged other-
Therefore, changes in these quantities could be the reason fatise, not allowing for an additional broadening. Therefore,
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this is another experimental indication that the simple Stonededuced and confirmed by the RT détae also Figs. 10 and
model does not properly describe the phase transition. 11). As also shown before the exchange splitting of the
Not only the linewidths, but also the peak intensities,band, which is here no longer simply parabolic, amounts to
show an unexpected behavior. As discussed in Ref. 28 the®E.,=270-20 meV at room temperature. WithAEq,
is a clearly enhanced intensity of the minoritpand relative =300+ 40 meV derived from the data ifb) the splitting at
to the majorityd band in the normalized dataompare our 0.22T is slightly larger. The estimated error of 40 meV has
Fig. 12 and Fig. 4 of Ref. 28 This is not an artifact of the its origin in the weak definition of the minoritg band,
normalization procedure, and we get the same result usinghich has its apex approximately 160 meV above the Fermi
the angle-average normalizaticcompare Sec. Il B The in-  level. This is clearly outside the range okgI aboveEg,
tensity difference is unlikely to be caused by matrix elementwhere we can currently measure reliable band dispersions in
effects because of the close proximity of the bands in energgur experiment.
and ink space. A spin-dependent matrix-element effect is Above T [Figs. 13e) and 13f)] the collapsing band be-
ruled out by our experimental setup, since the averagéavior of thed bands manifests itself again in a single high-
sample magnetization is zero and weakly linearly polarizedemperature band. As in the data of Fig(d2and 12f) the
light is used. two d bands meet aEr and we observe an increased line-
We therefore interpret the high intensity of the emissionwidth. Also here the minority to majoritgl-intensity ratio is
from the minorityd band to be caused by the strong interac-anomalously large beloW: . Since thesp and the minority
tion with the nearbysp band. In Fig. 1#) thissp band can d band lie equally close to the Fermi level as in the data of
be seen even clearer than(oj. In the range from-100 to  Fig. 12, these findings can be explained along the same line,
—300 meV(aboveEg) there is only little intensity from the involving the importance of minoritgp-d interaction.
minority d band left, allowing one to detect the wealp Since the Fermi step is broad in the data taken atT;09
intensity. New important aspects concerning the magnetithe sp band can be clearly identified betweenl00 meV
phase transition in nickel are provided by these data: Wend —300 meV (aboveEg), dispersing with a high group
monitor a region irk space where the minority band and velocity (Fig. 13. The dispersion of thesp band can be
the exchange-split pair cfp bands cross the Fermi level at quantified, yielding about 125 meV/degree. Assuming a
the samek and with nearly the same group velocity. This room-temperature exchange splitting of the order of 200
means that minority electron transitions of the tyge—d meV (compare Sec. lll Ban angular exchange splitting of
may be strong, which could reduce the Stoner gap, usuallgnly some 1.6° at low temperatures is expected. Therefore it
associated withd-electron transitions from majority to mi- is clear that at room temperature thp-band exchange split-
nority, to zero. ting cannot be detected in thisspace region by our experi-
The minority sp band could therefore act as an electronment. Only explicitly spin-resolved measurements with high
reservoir that populates the minority band already before angular resolution could resolve these bands.
the minorityd band is depopulated when the temperature is On this basis we can understand the apparently stationary
raised. This leads to a reduced magnetic moment and a dbehavior of this band, which has suggested deviations from a
creased\ E.,, thus supplying a positive feedback driving the simple Stoner-like behavior, as reported in Ref. 24. The band
phase transition. And, as suggested by the high relative irthat remains apparently unchanged and fixed ispace as
tensity of minority to majorityd electrons, the occupation observed in the Fermi-surface maps in Fig. 1 of Ref. 24 and
number of the minorityd electrons could be higher than Fig. 5(Sec. Il A) is actually composed of a spin-split pair of

expected. sp bands with high group velocities, which are not resolved
Furthermore it is interesting to note that ttiéband peak due to their small angular exchange spilitting.
above T lies precisely atEr. Therefore we located & Since the data sets of Figs. 12 and 13 present the slame

vector where spin flips would cost no energy, making ourband in a similar location ik space and accordingly show
data fully consistent with fluctuating local moments and spinabout the same exchange splitting, we can plot all the de-
waves in the paramagnetic state. The anomalously large lingived d-band exchange splittings versus the temperature. Fig-
width in the data of Figs. 18) and 12f) might even be a ure 14 shows the resulting temperature dependencd of
consequence of these. bands. The solid line is the macroscopic bulk magnetization
We now again move slightly away to a location kn  curve scaled to fit the experimental data. As in the case of the
space, where thep band is separately detectable already atsp bands(Sec. Il B) we find a generally good agreement of
room temperature. The RT data of the polar scan 53° ofthe exchange splitting E,, with the macroscopic bulk mag-
[110] and 37° off[112] (compare Fig. 3, “PS2) have al- netization behavior. It should again be noted th&i, is a
ready been discussed in Fig. 10. Figure 13 displays anglanicroscopic quantity describing the magnetism, but in the
scanned EDCs taken along this same azimuth and measur@RUPS experiment it is averaged within the macroscopic
at different sample temperaturf®sAs in Fig. 12 the left- area of electron detection on the sample. The ground-state
hand side shows the raw data and the right-hand side thexchange splitting derived from the fit is 2600 meV.
normalized data. For the lowest temperature of 139 K
=0.2ZT the “angle-average” normalizatiofiFig. 13b)]
has been applied to the raw dgfédg. 13a)], while the data
in (d) at 297 K=0.47T¢ and in(f) at 689 K=1.09T: have The temperature-dependent electronic structure of nickel
been normalized with the Fermi function. near the Fermi energy has been studied by angle-resolved
In conjunction with the LKKR calculation§Fig. 10(d)] ultraviolet photoelectron spectroscopy. New and unconven-
the existence of an exchange-split pairsgfbands has been tional modes of data acquisition in ARUPS, specifically

IV. CONCLUSIONS



PRB 58 TEMPERATURE-DEPENDENT ELECTRONIC STRUCTUR .. 1315

(a) (b)
% -100 -100
E o 0
5 100 100
8 200 200
W 300 300
2
3 400 400
& 500 500
§ 600 600
E 700 700
11}

. © (@
> -100 -100
E o 0
§ 100 100
2 200 200
]
> 300 300
T 400 400
@ 500 500
c
S 600 600
E 700 700
i

(e) (£)
< 300 -300
g -200 -200
> -100 -100
6 0 0
@ 100 100
2 200 200
o]
£ 300 300
= 400 400
[o]
§ 500 500
(]
] 600 600

0 20 40 60 0 20 40 60
Polar Angle GVac (degrees) Polar Angle GVac (degrees)

FIG. 13. Hel-excited angle-scanned EDCs taken fronilNil) along the same azimuth as the data shown in Fig:'B82" 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 ranges from
minimum intensity(white) to maximum intensityblack. The sample temperatures were @.22n (a) and(b), 0.47T in (c) and(d) and
1.09T¢ in (e) and (f).

constant-energy surface maps, angular distribution curves

(ADCs), and angle-scanned energy distribution curves, were < T

; . ® 300 ,
applied and turned out to be very valuable extensions to the g i “ﬁ .
more conventional type of ARUPS dafsee Sec. Il B The 520 A
power of these new methods becomes particularly clear near 5 2°° 3
the Fermi level, and exactly the electrons near the Fermi 3150 >
level are those responsible for the magnetic properties of § 100 \
nickel. Even the thermally excited states up a5 above g 50 \
Er can be readily analyzed in angle-scanned EOS=e 5 o
Secs. I B and Il G. &

The enhanced effective resolution provided by the new
0.0 0.2 0.4 0.6 0.8 1.0 1.2

ARUPS modes made a detailed study of the magnetic phase T/T

transition possible for bothd and sp electrons. This was ¢

only possible because the bands are clearly separable in an- F|G. 14. Temperature dependence of the exchange splittidg of
gular distribution curves, even without explicit spin detec-bands. The values are derived from the data in Figs. 12 and 13. The
tion. The extensive temperature dependence study in Sesolid line represents the macroscopic bulk magnetization curve
[1l B reproduced the value oAE.,=204+8 meV (Ref. 39  scaled to fit the experimental data.
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for the sp bands at room temperature with high accuracy.appeared to remain at a fixed positionkirspace during the
And, more importantly, it revealed a clear Stoner-like de-phase transition. . o
crease of the exchange splitting. THebands showed this ~ The presented measurements confirm these findings, but
type of temperature behavior as wélec. Il Q. Their RT make them again consistent with a Stoner-like behavior of
exchange splitting is larger and amounts AE. =275 the exchange splittingSecs. Il A and Il Q, notably with
+20 meV. the support of band-structure calculations using the spin-
An anomalously high intensity ratio of the minority to polanzed layer Korrmga—Kohn-Rost_oker formahsr_n. Modifi-
majority d electrons has been observed where and d cations of the program code permit the calculation of data
bands coincide on the Fermi surface with nearly the sam#at can be directly compared to angle-scanned EDCs. Under
group velocity. We are convinced that this allows for athe assumption of a free-electron final state the calculations
strongsp-d interaction and reveals a driving force for the 39r€€ excellently with the experiment. It could be shown that

magnetic phase transition. Tk@ band serves as an electron (h€ apparently stationary bands are in faptbands with a
reservoir for the minorityd electrons, and the minority Nigh group velocity. Therefore they show an angular ex-
d-band single-particle states can be populated to a highé?hange splitting too small to be c_ietected in the experiment,
extent than expected. The observed large linewidth of th&nd the band must appear fixedkrspace.
pgramagneud bgnd at the Fermi level is fully compatlble ACKNOWLEDGMENTS
with spin fluctuations abové&_; and cannot be explained by
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