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A sectionthroughthe three-dimensionaFermi surfaceof Ni hasbeenmappedperpendiculato the
[110] directionusing angle-scanneghotoemission. Regionsof minority and majority spin bands,well
separatedh k spacecanclearly beidentifiedthroughcomparisorwith a bandstructurecalculation. The
behaviorof the differentbandsis observedor temperaturedelow andabovethe Curie temperaturel’c.
We find bandswhich move andbandswhich stayin placefor goingfrom7T < Tc to T > T¢.

Despite a large amount of experimentaldata on the
electronic and magnetic structure of nickel, conflicting
conclusionspersistabout the behavior of the exchange
splitting AE., as a function of temperature[1-5]:
While someexperimentspoint to a largely temperature-
independenexchangesplitting in going acrossthe Curie
temperature (T¢c = 631 K) others give evidence for
changesof the Fermi surface (FS) in traversing T¢.
Insight into this question has also been gained from
photoemissionand inverse photoemissionexperiments
[6—12], and again conflicting views were obtainedwith
respectto the temperaturedependencef AE.,. Recent
experimentsfound that spin-split bands merged with
temperatureat some k locations while their splitting
remainedemperaturéndependenat others[10]. Inverse
photoemissiorstudies[12] reportedon collapsingspin-
split bandsupon approachinglc evenfor the magnetic
Z, band, and the experimentally determinedexchange
splitting followed the rescaledoulk magnetizatiorcurve.

Consideringthese results showing both temperature-
independenor collapsingexchangesplittings,andthusin-
dicatingatthe sametime the persistencef local moments
anda Stoner-typdehavior jt isimportantto obtainamore
systematicview of the temperaturebehaviorof AE., in
k space,and,in particular,of the magneticbandscross-
ing the Fermilevel (Er). We thereforepresenta high-
resolutiontemperature-dependentappingof a complete
sectionthroughthe FS of Ni, asviewedthroughthe (110)
surface,in which severalmagneticbandsare observecdat
thesametime. It is importantto notethatthe preseniex-
perimentresolvesmajority andminority bandsin k space.

Recently, Santoniet al. [13] useda two-dimensional
display-typeanalyzerto map the FS of layeredgraphite
directly by measuringthe total photoelectronintensity
within a narrow energywindow at Er. High intensities
are recordedat locationsof the wave vector component
parallel to the surface(k)) where direct transitionsdis-
persethroughthis window, namely, throughthe FS. In
the presentwork we use sequentialangle-scanninglata
acquisition[14], providing a high energyresolutionand

accesdo a wide rangein k space. Recentlywe demon-
stratedthe efficiencyandaccuracyof this methodby mea-
suring the two-dimensionalFS of a Bi cuprate[15] and
cuts throughthe three-dimensionaFS of Cu [16]. The
obviousadvantageof this procedureis thatit providesa
very accuratdntensitymappingwith a selectablauniform
samplingdensity. In contrastto conventionalphotoemis-
sion experimentsneasuringcompleteenergy-distribution
curves (EDC's), but at fewer locationsin the Brillouin
zone(BZ), the presentmeasurementill not missany di-
recttransitionscrossingEr. The experimentaprocedure
wasoutlinedin Refs.[14—-16], andwe referthe readerto
this work for details.

In Fig. 1(a) we presentthe room temperaturgRT) K
mapping of the intensity of Hel excited photoelectrons
collectedwithin an energywindow of about30 meV, de-
terminedby the instrumentalenergyresolution,centered
at Er. The outercircle correspondgo a polar angle of
90°, andthe centerof the imagerepresent:mormal emis-
sion. Intensitiesare linearly color codedas indicatedin
thecolorbar. High intensitiesresultat k| locationswhere
direct transitionsmove through Ef, yielding thereforea
FSof Ni. Theselocationsshowup asrelativelyfine, well
definedlines. Judgingfrom thesedata,theviolation of the
conservatiorof the wavevectorcomponenperpendicular
to thesurface(k ; ) doesnot appeatto betoo severe. The
mappingcorresponds$o a sectionthroughthe FS perpen-
dicular to the [110] direction as has beendemonstrated
in [16] for the exampleof Cu. Intensitiesare modulated
alongtheselines dueto matrix elementeffects.

We distinguishseveralsetsof lines, which we label A,
B, and C in Fig. 1(a), as well astheir symmetry-related
counterparts. Since our experimentis not inherently
spin resolved, we have to comparethese data to the
result of a spin-polarized FS calculation in order to
determine which lines correspondto the majority FS
(which shouldbeessentiallysp-like asthe majority d band
is filled) andwhich to the minority FS. In Fig. 1(c) we
displaythe resultof a calculationusingthe spin-polarized
layer Korringa-Kohn-RostokeLKKR) formalism[17],
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FIG. 1(color). (@) RT (T /T¢c ~ 0.48) mappingof theintensityof Hel (21.2eV) excitedphotoelectrongollectedwithin anenergy

The outercircle indicatesan emissionangle of 90°, the centerrepresents
Intensitiesare given in a linear color code as indicatedin the color bar.
(c) Calculatedcut throughthe bulk FS usingthe spin-polarized_.KKR scheméfor the initial stateanda free-electron

(b) Sameas (a) but for

final state(seetext). Majority spinsaregivenin blue andminority spinsin red. (d) LKKR calculationasin (c) but unpolarized.

stacking (111) layers up to convergence. Calculations
alonghigh symmetrydirectionsagreewell with published
bandcalculationssuchas[18]. For a given energyand
k|, this codedeliversthe correspondingigenvaluesk |
of the Bloch functionsfor majority andminority spinsand
hencetheir constantenergy surface. Assuminga one-
beamfree electronapproximationfor the photoelectron
final statein the extendedBZ as describedin Ref.[16]
a sphericalsectionthroughthe calculatedFS is created.
An inner potentialof 10.7 eV [19] and a work function
of 4.7 eV were assumed. In order to allow a point to
be plotted in the calculation of Fig. 1(c) a maximum
difference of 0.1 inverse atomic units (a.u™) between
the free electronk ;| and the calculatedk ; on the FS
is accepted. No attempt has been made to optimize
parameterin the calculation. We find thatwhile majority
(blue) and minority (red) spin bandsoverlap in some
regions they are well separatedn others. Consulting

a recentband structurecalculationalong high-symmetry
directionsby Eckardtand Fritsche[20] we can identify

the three locationsmarkedin Fig. 1(c) with the Fermi-
level crossmgsof the minority d band nearthe X line

(namedEz) andof the spln splltsp bandsbetweenthe A

andthe > Imes(namedEl andEl) [21].

Comparing Figs. 1(c) and 1(a) we find an excellent
agreementf intensitylinesin the datawith the calculated
FS section. Indeed,the agreements of a quality that it
is justified to usethis calculationin orderto spinlabelthe
observedinesin theexperiment. In this way the majority
and minority bandscan be well separatedust by their
differentlocationsin k space. Moreover,this agreement
indicatesthat our experimenis representativéor the bulk
magnetism since surfaceeffects are not includedin the
calculations. The feature B can be |d<?ntified with the
magnetlcmlnorlty d band including 35. The splitting
of the sp band(El and 21) is also well resolvedin the
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experimentwhich is moreobviousin Fig. 2(a), providing
apolarsectionthroughthedataof Fig. 1(a)alongthe[ 110]
azimuth.

At this point we have to briefly commentupon the
relation of the datain Fig. 1(a) to a conventional FS
measurement.The photoemissioexperimentwith hv =
21.2 eV “takes place” in the secondBZ. Therefore,
as indicatedin Fig. 3 [22], the k; measuredin tilting
the electron detection angle away from the normal is
alongX'-Tp (andnot Typo-K) if onetilts towards[ 110].
This explainsthe fact thatin Fig. 1(a) one observeswith

increasingk alongthe [110] directionthe ordering El,

ETI, and Ell, which is reversedfrom that in the first
BZ. To makethe connectionwith the ordinary Brillouin
zoneobviouswe give in Fig. 4 one quadrantof the BZ
in the (001) plane containingthe resultsof a de Haas-
van Alphen (dHvA) experiment(opensymbols[23]) and
dataobtainedfrom Fig. 1(a) (filled ellipses). The dashed
line follows the locationsscannedduring the polar scan,
asindicatedin Fig. 3. The Er crossings[Fig. 1(a) and
2(a)]arerepresentedy ellipseswith dimensionseflecting
approximatelythe experimentalwidths of the transitions.
We find threeintensitymaximain good coincidencewith
crossingsf the FS observedy dHVA measurements.

Figure 1(b) shows a FS map analogousto that of
Fig. 1(a) but for a temperaturecorrespondingo a value
of T/T¢ ~ 1.1. Noticeablechangeoccur. Thechanges
betweerfigs. 1(a)and1(b) occursmoothlywith tempera-
ture [24]. We find regionswherelines are considerably
broaderthanin Fig. 1(a), while othersremainas fine as
before. Measurementperformedon Cu for comparison
underthe sameconditionsstay virtually unchanged24].
Therefore we are assuredto observethe influence of
temperatureon the magnetismof Ni over an extended
regionin k space.
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FIG. 2. (a) Polar sectionthrough the RT intensity map of
Fig. 1(a) alongthe [ 110] azimuth. (b) Sameasin (a) but for
T/Te ~ 1

A very obvious changehappensto the feature C in
Fig. 1(a), which is relatedto the sp band(ETl and Ell):
The splitting collapsesbut the line remainsrather fine.
This is clearly seenin the section given in Fig. 2(b)
indicating also that phonon effects as describedin [25]
for x-ray excitationdo not seemto play animportantrole
here. In this samefigure onefinds a differentbehaviorfor
the d bandrelatedfeatureB (212), which becomesmuch
broaderand shows,if at all, a slight shift towardslower
polarangles. The overallamountof diffuse intensityalso
increasewvith temperature.This seemdo be relatedwith
the magnetismor at leastwith the flat bandsof Ni since
the measurementsn Cu do not show such a behavior
[24]. Furthermorewe observea changeof the feature
in the centerof Fig. 1(a), which doesnot disappeaupon
heating,but changests relativeweightin Fig. 1(b).

It is not obvious from the calculationin Fig. 1(c) to
assesavhich is the spin characterof bandsthat movein
theregionof featureA sinceminority bandswith mainly
d characterat Er and majority bandswith mainly sp
characteat Er aredegenerate But we cansaythatsome
bands(A, B) move while othersdo not (A’). This is not
consistentwith a simple Stoner picture where all bands
are expectedto move smoothly. Also, the increaseof
diffuseintensityindicatesa morecomplexbehavior. This
is further confirmedby the calculationgivenin Fig. 1(d),
which representsthe FS obtained by the unpolarized
LKKR method. Clearly, the agreementwith the high-
temperatureexperimentFig. 1(b)] is poor exceptfor the
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FIG. 3. View of the (001) planein reciprocalspacejndicating
the Brillouin zone boundariesfor Ni in the extendedzone
schemd22]. High-symmetrypointsandlines areindicatedas
well asthe [110] surfacenormal. Thecircle representshefree-
electronfinal-statewave vectorsfor emissionfrom the Fermi
edgeat a photonenergyof 21.2eV. The full rangeof polar
emissionanglesd is indicatedby the curvedarrow.
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FIG. 4. Fermi surface cross sections of Ni in the (001)
plane obtainedfrom de Haas-van Alphen experiments(open
symbols,from Ref. [23]) comparedto the dataextractedfrom
Fig. 1(a) (filled ellipses).

splike featureC, where the collapseof the splitting as
well asthe positionis quite well reproduced.

Movementsof bandson the FS mustalsobe associated
with changesin band filling. We have probed the
dispersionof the bandsnear the FS at RT by taking
similar constant energy surfacesfor energiesslightly
aboveandbelow E in orderto addresshis question(not
shown [24]). In fact, we find a similar coalescencef
featuresA andB for anintensitymapat Er + 100 meV,
whichis far in thetail of the Fermifunction. Onepossible
interpretationof our high-temperaturelatais thusthatwe
havemovedupwardthe chemicalpotentialin the minority
band by roughly 100 meV, which is about half way
of typical valuesfor AE.,. Naturally, this rigid-band-
like shift shouldbe compensatedby an oppositeshift of
majority bandsin order to maintain a constantelectron
number. Again, in a constantenergy scan at Er —
150 meV we find a similar pileup of intensityin theregion
betweenfeaturesA and B. Togetherwith the observed
collapseof the splitting in the sp band (featureC), these
phenomenandicatea Stoner-likebehavior.

In summary,we havepresented high-resolutionpho-
toemissionmeasuremendf a complete section through
the FS of Ni providing macroscopicallyaveragedocal
information on the electronicand magneticstructureand
agreeingwith conventionaldata. We find that majority
andminority bandscanbe separatedby their differentlo-
cationsin k space. The measuremenfor T > T¢ shows
both bandsmoving and joining eachother and bandsre-
maining in place. Theseexperimentgrovide a system-
atic view on which bandsfollow a Stoner-typepicture
and which show a more complexbehavior. A measure-
ment of the temperaturedependencef the shapeof the
FSof Ni is difficult with conventionatechniqueswhile it
is obviouslyeasywith thetechniquepresentedhere.
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