Published in Physical Review B 58, issue 3, 1300-1317, 1998 1
which should be used for any reference to this work

Temperature-dependentelectronic structure of nickel metal

T. J. KreutzandT. Greber
Physik-Institut,Universita Zurich-Irchel, CH-8057Zurich, Switzerland

P. Aebi
Institut de Physique Universitede Fribourg, Perolles, CH-1700Fribourg, Switzerland

J. Osterwalder
Physik-Institut,Universita Zurich-Irchel, CH-8057 Zurich, Switzerland

An extendedsetof temperature-dependeARUPS datafrom Ni(111) is presentedThe ferromagneticand
the paramagnetistateaswell asthe phasetransitionareexaminedn greatdetail. Rathernew andunconven-
tional modesof dataacquisitionin ARUPS are appliedwith high angularand energyresolution,exhibiting
greatpower nearthe Fermi energyEr . Evenup to 5kgT aboveE; energybandsare readily observedThe
understandingof these ARUPS data is strongly enhancedby spin-polarizedband structure calculations.
Exchange-splibandsof both, sp- andd-characterareresolvedin angularscansandin photoemissiorFermi-
surfacemaps.Fromtwo-dimensionatlatasetsin energyandanglethe dispersiorandthe exchangesplitting are
obtainedwith high precision.All the observedsp- and d-bandsclearly exhibit a Stoner-likecollapsing-band
behavior.The exchangesplitting AE,, vanishesaboveT in all casesandAE,, closelyfollows the tempera-
ture dependencef the macroscopianagnetizationThe apparenteviationsfrom the Stoner-likebandbehav-
ior statedin P. Aebi et al., Phys.Rev.Lett. 76, 1150(1996 areexplained Furthermorewne detectanomalously
high intensityfrom a minority d-bandcloseto ansp-band.This stronglysuggestshats p-d-fluctuationsat the
Fermilevel area driving force for the magneticphasetransitionof nickel.

I. INTRODUCTION

Nickel is an itinerant ferromagnetwhich meansthat its
magneticmomentsare carriedby the conduction-banclec-
trons.In the ferromagneticstatebelowthe Curie temperature
Tc-=631K theconductionelectrongn nickel canbedivided
into two classes:‘spin-up” electronswhich havetheir mag-
netic momentaligned parallel to a given magnetizatiordi-
rection,and"spin-down” electronswith their magneticmo-
ment antiparallel. The exchange interaction lowers the
energyof the spin-upelectronswhile raising the energyof
the spin-downelectronsgiving rise to two slightly different
bandstructuresThis leadsto the energetic‘exchangesplit-
ting” AE,, betweenthesesubsetsf electronswhich is of
the orderof 300 meV and may dependon the energyE, the
electron wave vector k, and on the temperature T:
AE(E,k,T). Sincethe affectedelectronicbands,3d and
hybridized4sp states,crossthe Fermi level, there are less
spin-downelectronghanspin-upelectronsgiving riseto the
names‘minority” and‘“majority” electronsyespectively.

Detailed experimentaldata on AE.(E,k,T) provide an
important benchmarkfor theorieson itinerant magnetism.
The exchangesplitting is a microscopicquantity describing
magneticproperties,and it is a local quantity in the sense
that the orientationof the magneticmomentcan vary from
one atomicsite to anotherWhenmeasuringAE,, in a pho-
toemissionexperimenta macroscopi@areaon the sampleis
probed. Thereforemacroscopicallyaveragedocal informa-
tion is obtained.

If nickel metalis heatedaboveT, the spontaneoumag-
netic ordering breaksdown in a second-ordephasetransi-

tion, leavingthe metalin a paramagnetistate.The changes
in the electronic structure and the amount of short-range
magneticorder(SRMO) aboveT aresubjectsof along and
still ongoing debate,reviewedin the excellentarticles by
Capellmanh and Donath?

Theground-stat@ropertiesof nickel canbe understoodn
the Stonermodef* sketchedabove: majority and minority
bandsarerigidly shiftedagainsteachotherandenergetically
separatedby AE.,. Finite-temperaturepredictionsof this
theory assumethat the exchangesplitting behavegust like
the macroscopicmagnetization,which decreaseswith in-
creasingtemperatureand completelyvanishesat T . How-
ever, Curie temperaturegalculatedin the Stonermodel are
nearly one order of magnitudehigher than the experimen-
tally found T, and no local magneticmomentsare pre-
dictedto persistaboveT.

More refinedextensionsf the Hubbardmodel, the fluc-
tuating mean-fieldtheories) ™’ take spin fluctuationsinto ac-
count. Besidescluster calculation§® with regularspin con-
figurations and adjustable small-to-moderateshort-range
magneticorder (SRMO), thereare the disorderedocal mo-
ment (DLM) calculations-®* which assumeonly uncorre-
latedtransverseandlongitudinal spin fluctuations.The most
popularof the fluctuating mean-fieldtheoriesare the local
bandtheories(LBT),'>~* accordingto which SRMO anda
local exchangesplitting can persistabove T . Transverse
spinfluctuationsareresponsibldor the decreas®f the mac-
roscopicmagnetizatiorat finite temperaturesiVhetheror not
a nonzeroAE,, existsin the paramagnetistatedependson
the group velocity of the electrons.Bands with nonzero
group velocity are expectedo collapse(“motional narrow-



ing” ), while the othersmay remainexchangesplit. Yet even
in the caseof a practicallyvanishinggroupvelocity, e.g.,the
Z,-bandinvestigatedn Ref. 15, a collapsing-bandehavior
canbe explainedin the frameworkof the LBT.® This makes
the experimentaliscriminationof thesetheoriesa very dif-
ficult task.

The mostrecenttheory of the magnetismof nickel is the
“generalized Hubbard model.”*’=® By explicitly incorpo-
rating electron-electroninteractions and electron-magnon
scatteringit deliversgood valuesfor the ground-statenag-
netization, the Curie temperatureand exchangesplittings.
And it alsoreproduceshe “6 eV satellite” in nickel, which
is a many-bodyeffect that occurswhen a photoelectronis
excited?® Moreover, temperature-dependenalues of the
exchangesplittings as a function of wave vector and band
index can be calculated.All thesevaluesare found to be-
comezeroat Tc.

Also from the experimentalpoint of view the finite-
temperaturédbandstructureof nickel is not well established.
Most temperature-dependeARUPS (angle-resolvediltra-
violet photoemissionspectroscopy experiments,with or
without spin resolution, show collapsing bandsand AE,,
=0 eV a T . Thethree-pealanalysisforming the basisfor
the “evidencefor short-ranganagneticorderin nickel above
Tc” with a temperature-independeXE,, published in
Ref. 21 hasbeenshownto rely on afalseinterpretatiorof an
LBT calculation*

In Ref. 22 spin-resolvedARUPS datain normalemission
from Ni(111) were interpretedas showinga strong depen-
denceof the behaviorof AE,, ontheexcitingphotonenergy,
i.e., on the location sampledin k space.In particular for
hy=16.85eV AE,, is claimedto remainunchangedvhen
approachingT.. But the “complicated line shapes”mea-
suredandfitted for that energymay well arisefrom several
bands,which are simultaneouslyobserveddue to the poor
angularresolutionof +3°.22 So far no clear evidenceof a
persistingexchangesplitting or of someindication of the
amount of short-range magnetic order above T from
ARUPS or IPES (inverse photoemissiorspectroscopy ex-
perimentshascometo the authors’attention.

However, measurement®f the angular correlation of
(positron annihilationradiatiorf> (ACAR) showedonly little
changesn the Fermi surfaceof nickel asa function of tem-
perature allowing for a reductionof AE,, by not morethan
30% when going towards Tc. On the other hand, Fermi-
surfacemappingphotoemissiorexperiment&’ revealeddras-
tic differences between room-temperaturedata and data
takenin the paramagneticstate.In spin-polarizedelectron
energy-lossspectroscopy(EELS) data no changesin the
spectraverefound up to 0.97 T .2° Evidencefor spinwave
excitations remaining more or less unchangedduring the
phasetransition was given by inelastic neutron scattering
experimentg® therebydemonstratinggRMO aboveT. . Ar-
gumentsrelating the time scalesof the variousexperiments
andof the possiblespin fluctuationswith the observatioror
nonobservationf a collapsingA E., havebeenput forward?
but will not be discussedere.

It is the primary goal of this paperto presentan extended
set of high-resolutionARUPS data near the Fermi energy
(Eg) in orderto settlesomeof the questionsposedby pre-
vious experimentsnentionedabove,andto serveasabench-

mark for theories.Rathernew and unconventionamodesof

data acquisition in ARUPS, namely, angular distribution
curves, angle-scannedenergy distribution curves and
constant-energysurface mapping, will be applied (confer
Sec.ll B). Especiallyin the vicinity of the Fermilevel the
new ARUPS modesexhibit their strength€’ They evenal-

low one to analyzethe thermally excited electronic states
abovethe Fermi energy?® Insteadof combining datafrom

inverseand direct photoemissiorin orderto studythe com-
plete setof magneticallyactive bands the new dataacquisi-
tion modescanprovidethis informationin onesingleexperi-
ment.As will be shown,our high-precisiondataevenallow

new insight concerningthe mechanismdriving the phase
transitionin nickel.

A layer Korringa-Kohn-Rostokerband-structurecode”®
hasbeenslightly modifiedto permit the calculationof band
dispersioncurvesnear Eg as a function of energyand of
angle,improving the understandin@f our datagreatly. Thus
a very detailedstudyof the low- andhigh-temperaturg@rop-
ertiesof nickel and of the magneticphasetransitioncan be
given.

Il. EXPERIMENT

A. Sample preparation and characterization

All experimentswere performedin a modified Vacuum
Generator&£SCALAB 220 spectrometenvhich is described
elsewheré® The Ni(111) crystalwas preparedby cyclesof
3-5 min Ar" sputteringwith 800-V accelerationvoltage,
followed by dosing24-36 L O, and subsequentiashingto
approximately750°C within about3 min. During flashing
the TDS (thermal desorptionspectroscopy signalsof CO,
H,0, Ar, andO, weremeasuredo confirm steady-stateon-
ditions in the preparation XPS (x-ray photoemissiorspec-
troscopy with Si Ka excitationshowedessthan1% oxygen
andcarbon,no argonandno sulfur. Goodsurfacecrystallin-
ity was confirmedby LEED (low-energy electron diffrac-
tion) measurementsand XPD (x-ray photoelectrordiffrac-
tion) datashowedgoodlocal atomic order and permittedus
to measurethe crystal orientationto within betterthan 1°.
The ARUPS data were taken with monochromatizedHe|
radiation(21.22eV) atanenergyresolutionof about40 meV
andan angularresolutionof betterthan 1° full width at half
maximum.Data at high temperaturesvere takenin a mode
with alternatingheating and measuringcyclesin order to
avoid disturbing electric and magneticfields3! Since tem-
perature measurementsre only possible with a thermo-
couplein a sliding contactto the sampleholder,a tempera-
ture calibration has beenmade with a thermocouplespot-
welded to the sample. Absolute temperaturevalues are
precisewithin 10 K. The Fermilevel wasdeterminedvith an
Ag(111) sampleat roomtemperaturetakinga spectrumn a
direction with no obvious direct transition near Eg. The
main contaminationlimiting the measuringtime turned out
to be CO adsorbedon the samplesurface.At temperatures
above ~450K the CO moleculesdesorb,enablinglonger
datataking at elevatedsampletemperatures.

B. Modes of data acquisition

The mostcommonlyusedway to do angle-resolvediltra-
violet photoelectrorspectroscopyARUPS is to takeenergy
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FIG. 1. lllustration of the different modesof dataacquisitionin ARUPS, which are describedin this paper[all datatakenat room
temperaturdrom a Ni(110) crystal: (a) Energydistribution curvesfor variouspolar anglesin the (001 plane;(b) Fermi-surfacemap;(c)
angle-scannednergydistributioncurvesin the (001) plane;(d) angulardistributioncurvesin the (001) plane.Their relationis illustratedby
the following piecesof data:“ A” is the EDC takenat 6,,,.=60°, ‘‘B” denoteghe ADC (polarscan takenat the Fermilevel, “ C” is the
sp' peakat Ep,q=150meV and 6,,c=52°, and“ D” marksthe sp' peakat Ex 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. Examplesfor the different normalizationfunctionsthat can be appliedto angle-scanne&DCs. In (a) the Fermi normalization
function (dashedine) andthe averagedntensityon the ADCs aredisplayed.(b) compareshe Ferminormalizationfunction (dashedine) to
the maximumandminimum intensityin the ADCs at the differentenergieswhich are usedin the “maximum contrast” normalization(see
text). Dataare takenfrom 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
care, because it sometimes can give misleading results, since

this it was possible to precisely derive the energetic ex- : )
change splitting\ E.,, of the sp band atE,. from the angular the energy dependence of the intensity can be altered

. 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-surfacemap from Ni(111). In (a) and (b) the raw dataare presentedn parallel projection.In (a), high
intensitiesare shownin white, while in (b) the grey scaleis invertedwith slightly enhancedontrast.(c) showsthe datain stereographic
projectionand normalizedwith “ ¢ average”(seeSec.Il B). In (d) the correspondind KKR calculationis displayed.“PS1” and“PS2”
indicatethe direction of the angle-scanne&DCsfrom Sec.lll C, Figs. 9 and 10, respectively.The dashedarrow tagged“110” roughly
follows theline in k spacecorrespondingo the polar scanon Ni(110) discussedn 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 calculationfor the He I-excited Fermi-surfacemap takenfrom Ni(111). (a) majority spin, (b) minority spin. Further
informationis givenin 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-workerg€® 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 frafy,=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 aép 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 ifFig. 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(@&eéf. 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 thek, expected for a free- nority bands crossing the Fermi level near that point. The
electron final statéthe LKKR codé® provides all possible calculation of an angle-scanned EDC-type data set along
k, eigenvalues for a givek, and a given energy A maxi-  [211], analogous to calculations that will be discussed in Sec.
mum deviation of 0.1a.u! was allowed for calculated Il C, revealed that besides the two exchange-spfitlike
k,-Eping Pairs to appear in Fig.(8) and in Fig. 4. The bind- bands, there are another three minority bandd-bke 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(#) the minorityd andsp  to 10 Fermi level crossings altogether. Despite this compli-
bands are distinguishable. 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-surfacemapsfrom Ni(111) takenwith monochromatizedie | radiation.Sampletemperaturesind high-symmetrydirec-
tions areindicated.All dataarepresentedn parallelprojection.On the left-handsidethe linear grey scalerangesfrom minimum intensity
in blackto maximumintensityin white. The samedataare displayedon the right-handside with invertedgrey scaleandslightly 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-scanne&DCstakenfrom Ni(111) at RT andat a polar angleof 6,,.=78° coveringtwo symmetry-equivalent
sp bands.The azimuth¢=0° indicatesthe[112] direction. The raw dataare presentedn (a), while the datain (b) havebeennormalized
with the “angle-average”(compareSec.ll B). Thelineargreyscalerangesdrom black at maximumintensityto white at minimumintensity.

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. SameasFig. 6, but datatakenat a sampletemperatureof 1.146T .

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-dependeekchangesplitting of sp bands.In (a) azimuthalFermi-level ADCs takenat varioustemperature$rom
Ni(111) with 6,,.=78° are presentedin (b) the FWHM of the single sp peak (at high temperaturesand of the double peak of the
exchange-splipair of sp bands(atlow temperaturesss plottedvs the temperatureSubtractinghe high-temperaturétted straightline in (b)
from the datapointsto removethermalbroadeningeffectsand the intrinsic width yields the datain (c). The solid line in (c) is the bulk
magnetizatiorcurverescaledo bestfit 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&DC datatakenat RT from Ni(111) alonga sectionin k spacedenoted‘PS1” in Fig. 3(d). (a) showsthe raw
data,(b) and(c) displaythe data,normalizedwith the maximum-contrashormalizationandwith the Fermifunction, respectivelyThelinear
grey scalerangesfrom black at maximumintensity to white at minimum intensity. (d) showsa LKKR calculationcorrespondingo this

sectionin k spaceNote thatthe energyscaleis differentin (d).

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
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
the energy scale is compressed, so as to roughly match the
effective masses of the bands. It is well known that band
calculations, not explicitly incorporating electron correla-

bands of minority spin.

ism findsk, eigenvalues for a givek, and a given energy. If
the value of such &, differs by less than 0.04 a:U- from
thek, expected for a free electron final state, kyeE pair is
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FIG. 10. SameasFig. 9, but alonga sectionin k spacedenoted‘PS2” in Fig. 3(d).

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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andin 6,,. (by 0.4°/15meV). The highestand lowestelectronbinding energiesare indicatednearthe correspondingADC.

scan of spectra that are takendy),. 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. HeI-excitedpolar-anglescannedEDCstakenfrom Ni(111) alongthe sameazimuthasthe datashownin Fig. 9 [“PS1” in Fig.
3(d)], measuredat threedifferent temperaturesRaw dataare presentedn the left, the Fermi-functionnormalizeddata(seeSec.ll B) are
given on theright. The linear grey scalerangesfrom minimum intensity (white) to maximumintensity (black. The sampletemperatures
were0.47T in (a) and(b), 0.80T¢ in (c) and(d), and1.21T. 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,



this is anotherexperimentalndicationthatthe simple Stoner
model doesnot properly describethe phasetransition.

Not only the linewidths, but also the peak intensities,
showan unexpectedehavior.As discussedn Ref. 28 there
is a clearlyenhancedntensityof the minority d bandrelative
to the majority d bandin the normalizeddata(compareour
Fig. 12 andFig. 4 of Ref. 28). This is not an artifact of the
normalizationprocedure,and we get the sameresult using
theangle-averagaormalization(compareSec.ll B). Thein-
tensitydifferenceis unlikely to be causedoy matrix element
effectsbecaus®f the closeproximity of the bandsin energy
andin k space.A spin-dependeniatrix-elementeffect is
ruled out by our experimentalsetup, since the average
samplemagnetizationis zero and weakly linearly polarized
light is used.

We thereforeinterpretthe high intensity of the emission
from the minority d bandto be causedy the stronginterac-
tion with the nearbysp band.In Fig. 12(f) this sp bandcan
be seenevenclearerthanin (d). In the rangefrom — 100 to
—300meV (aboveEg) thereis only little intensityfrom the
minority d band left, allowing one to detectthe weak sp
intensity. New important aspectsconcerningthe magnetic
phasetransition in nickel are provided by thesedata: We
monitor a regionin k spacewherethe minority d bandand
the exchange-splipair of sp bandscrossthe Fermilevel at
the samek and with nearly the samegroup velocity. This
meansthat minority electrontransitionsof the type sp—d
may be strong, which could reducethe Stonergap, usually
associatedvith d-electrontransitionsfrom majority to mi-
nority, to zero.

The minority sp bandcould thereforeact as an electron
reservoirthat populatesthe minority d bandalreadybefore
the minority d bandis depopulatedvhenthe temperatures
raised.This leadsto a reducedmagneticmomentand a de-
creased\E,,, thussupplyinga positivefeedbacldriving the
phasetransition. And, as suggestedy the high relative in-
tensity of minority to majority d electrons,the occupation
number of the minority d electronscould be higher than
expected.

Furthermoreit is interestingto notethat the d-bandpeak
above T lies preciselyat Ex. Thereforewe locateda k
vector where spin flips would cost no energy,making our
datafully consistenwith fluctuatinglocal momentsandspin
wavesin the paramagnetistate. The anomaloushfargeline-
width in the dataof Figs. 12(e) and 12(f) might evenbe a
consequencef these.

We now again move slightly away to a location in k
spacewherethe sp bandis separatelydetectablealreadyat
room temperatureThe RT data of the polar scan53° off
[110] and 37° off [112] (compareFig. 3, “PS2"”) haveal-
ready beendiscussedn Fig. 10. Figure 13 displaysangle-
scannecEDCstakenalongthis sameazimuthand measured
at different sampletemperature’ As in Fig. 12 the left-
hand side showsthe raw data and the right-handside the
normalized data. For the lowest temperatureof 139K
=0.22T the “angle-average” normalization[Fig. 13(b)]
hasbeenappliedto the raw data[Fig. 13(a)], while the data
in (d) at 297K=0.47T andin (f) at 689K=1.09T: have
beennormalizedwith the Fermifunction.

In conjunctionwith the LKKR calculations[Fig. 10(d)]
the existenceof an exchange-splipair of sp bandshasbeen
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deducedandconfirmedby the RT data(seealsoFigs.10 and
11). As also shown before the exchangesplitting of the d

band,which is hereno longer simply parabolic,amountsto
AE.=270=20meV at room temperature. With AE.,
=300+ 40meV derivedfrom the datain (b) the splitting at
0.22T is slightly larger.The estimatecerror of 40 meV has
its origin in the weak definition of the minority d band,
which hasits apexapproximatelyl60 meV abovethe Fermi
level. This is clearly outsidethe rangeof 5kgT aboveEg,

wherewe cancurrentlymeasureeliable banddispersionsn

our experiment.

Above T [Figs. 13(e) and 13(f)] the collapsingbandbe-
havior of the d bandsmanifeststself againin a single high-
temperaturdband.As in the dataof Fig. 12(e) and 12(f) the
two d bandsmeetat Ex and we observean increasedine-
width. Also herethe minority to majority d-intensityratio is
anomaloushfargebelow T . Sincethe sp andthe minority
d bandlie equally closeto the Fermilevel asin the dataof
Fig. 12, thesefindingscanbe explainedalongthe sameline,
involving the importanceof minority sp-d interaction.

Sincethe Fermistepis broadin the datatakenat 1.09T ¢,
the sp band can be clearly identified between—100meV
and —300meV (aboveEg), dispersingwith a high group
velocity (Fig. 13). The dispersionof the sp band can be
quantified, yielding about 125 meV/degree.Assuming a
room-temperatureexchangesplitting of the order of 200
meV (compareSec.lll B) an angularexchangesplitting of
only somel.6° atlow temperaturess expectedThereforeit
is clearthatat roomtemperaturehe s p-bandexchangesplit-
ting cannotbe detectedn this k-spaceregionby our experi-
ment.Only explicitly spin-resolvedneasurementwith high
angularresolutioncould resolvethesebands.

On this basiswe canunderstandhe apparentlystationary
behaviorof this band,which hassuggestedeviationsfrom a
simple Stoner-likebehavior,asreportedin Ref. 24. Theband
that remainsapparentlyunchangedand fixed in k spaceas
observedn the Fermi-surfacemapsin Fig. 1 of Ref. 24 and
Fig. 5 (Sec.lll A) is actuallycomposedaf a spin-splitpair of
sp bandswith high groupvelocities,which arenot resolved
dueto their small angularexchangesplitting.

Sincethe datasetsof Figs.12 and 13 presentthe samed
bandin a similar locationin k spaceandaccordinglyshow
aboutthe sameexchangesplitting, we can plot all the de-
rived d-bandexchangesplittingsversusthetemperaturekig-
ure 14 shows the resulting temperaturedependenceof d
bands.The solid line is the macroscopidulk magnetization
curvescaledo fit theexperimentatiata.As in the caseof the
sp bands(Sec.lll B) we find a generallygoodagreemenof
the exchangesplitting AE,, with the macroscopidulk mag-
netizationbehavior.lt shouldagainbe notedthat AE,, is a
microscopicquantity describingthe magnetism,but in the
ARUPS experimentit is averagedwithin the macroscopic
areaof electrondetectionon the sample.The ground-state
exchangesplitting derivedfrom the fit is 290+ 10 meV.

IV. CONCLUSIONS

The temperature-dependeatectronicstructureof nickel
nearthe Fermi energyhas beenstudied by angle-resolved
ultraviolet photoelectrorspectroscopyNew and unconven-
tional modes of data acquisition in ARUPS, specifically
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constant-energysurface maps, angular distribution curves
(ADCs), andangle-scannednergydistributioncurves,were
appliedandturnedout to be very valuableextensiondo the
more conventionakype of ARUPSdata(seeSec.ll B). The
powerof thesenew methodsbecomesarticularlyclearnear
the Fermi level, and exactly the electronsnear the Fermi
level are those responsiblefor the magneticpropertiesof
nickel. Eventhe thermally excited statesup to 5kgT above
Er can be readily analyzedin angle-scanne®DCs (see
Secs.lll B andlll C).

The enhancedeffective resolution provided by the new
ARUPS modesmadea detailedstudy of the magneticphase
transition possiblefor both, d and sp electrons.This was
only possiblebecausehe bandsare clearly separablen an-
gular distribution curves,even without explicit spin detec-
tion. The extensivetemperaturedependencestudy in Sec.
[ll B reproducedhe value of AE.,=204+8 meV (Ref. 34)
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FIG. 14. Temperaturelependencef the exchangesplitting of d
bandsThevaluesarederivedfrom thedatain Figs.12and13. The
solid line representsthe macroscopicbulk magnetizationcurve
scaledto fit the experimentadata.



for the sp bandsat room temperaturewith high accuracy.

And, more importantly, it revealeda clear Stoner-like de-
creaseof the exchangesplitting. The d bandsshowedthis
type of temperaturébehavioraswell (Sec.lll C). Their RT
exchangesplitting is larger and amountsto AE.=275
*+20meV.

An anomalouslyhigh intensity ratio of the minority to
majority d electronshas been observedwhere sp and d
bandscoincide on the Fermi surfacewith nearly the same
group velocity. We are convinced that this allows for a
strongsp-d interactionand revealsa driving force for the
magneticphasetransition.The sp bandservesasanelectron
reservoir for the minority d electrons,and the minority
d-band single-particlestatescan be populatedto a higher
extentthan expected.The observedlarge linewidth of the
paramagnetid bandat the Fermilevel is fully compatible
with spin fluctuationsabove T, and cannotbe explainedby
thermaleffectsalone.

Constant-energygurfacemapstaken near the Fermi en-
ergy allow the direct and simultaneousexaminationof the
dispersionof severalbandsin a wide and continuoustwo-
dimensionapartof k space Specificconstant-energgurface
maps,taken at the Fermi energyat room temperatureand
aboveT., leadin Ref. 24 to the conclusionthat the data
could not be explainedin a Stonerlike picture: One band
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