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Temperature-dependent study of 3 multiplet splitting in ferromagnetic Ni
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A high-resolution x-ray photoelectron spectrosc@prRXPS study of the Ni % core level is presented. Ni
3s HRXPS spectra were comparedlat 298 K (T=0.47T,) and 863 K T=1.37T.). No significant variation
with temperature is observed. These HRXPS results, combined with prior spin-resolved x-ray photoelectron
spectroscopy studies of Ni core levels, indicate the persistence of atomic magnetism in the paramagnetic phase
of Ni on the length scale 0f0.75 A. The data suggest that temperature-induced changes in the $fiii3
polarization occur at the periphery of the metallic atom, i.e., outside a radius of 0.75 A, leaving the spin density
within 0.75 A unaffected.
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I. INTRODUCTION inverse photoemission peaks merged together with tempera-
ture in both theory and experiment.

Photoemission from ferromagnetic Ni has been an inten- Interestingly, the photoemission observations of a
sively studied subject, experimentdify and theoretically;”  temperature-dependent Ni exchange splitting are confined to
for almost 30 years. Both valence-hole and core-hole cre=direct” (i.e., nonresonahtphotoemission or inverse photo-
ation in Ni probe a variety of electronic phenomena includ-emission measurements of the Ni valence band. Kakizaki
ing extra-atomic relaxation and core-level binding energyet all’ m_easured the Ni 6-eV valence-band satellite in reso-
shifts*5 electron correlation and exchange in narrow-band’@nce with the B threshold and found no temperature de-
system$” and spin polarization in Auger decAy. pendence on the satellite line shape. This observation led the

Of particular interest has been the temperature deperi'jluthors to conclude th? _exi;tence of a temp_erature-
dence of the magnetic phenomena in Ni as revealed by Spir5r_1dependent exchange splitting in local ferromagnetic bands

integrated and spin-resolved photoelectron spectroscopy ar?cs Ni at eleyated temperature. very _recently, S|.nkceMJ(aI. .
; 9 have examined the NidBvalence spin polarization at the Ni
inverse photoelectron spectroscopy. Eastnetral.” used

valence-band photoemission to reveal a reduction in the l\&py2 threshold using electron spin analysis and circularly

I L . polarized soft x-ray radiation. Up to 1.04, there was no
Of“ 0, -
valence exch_ange sphttmg 40% with increasing te.m ._change in the dichroic valence spin polarization, suggesting
perature. Using spin- and angle-resolved photoemissio

10 _ that the magnitude of the local magnetic moment was inde-

Hopsteret al.”™ also obs_er\{ed a cqllapsmg of exchange—spll_tp(ﬂ,'dent of temperature up to 1104 The apparent contra-
valence-band states with increasing temperature, suggestidgttion between nonresonant valence-band photoemission
a reduction in gxchange splitting of ordei50%. A reduced (displaying collapsing exchange splittingnd resonant pho-
exchange splitting at elevated temperature was observed {gemission (displaying temperature-independent exchange
spin-resolved valence-band photoemission studies of Nipiitting) was not explored in these prior studies.
(111),* and a collapsing band behavior has also been seen in Our experiment probes the Ni valence spin polarization
inverse photoemission of unoccupied Ni valence bafds.  within the radial extent of the Score level by examining the
collapsing-band behavior has been inferred from Fermi surtemperature dependence o$-3d multiplet splitting in Ni
face photoemission measurements of spin-sgistates in  over the temperature range from 298 K (0I4) to 863 K
Ni, although a more complex behavior was observed fo1.37T.). In contrast to the previous photoemission measure-
3d-derived valence bands in other regionskafpace™® ments, the local Ni spin polarization is probed well above

Concurrent with these experimental observations havd@.. There have been no prior studies of the temperature
been developments in the theoretical study of temperaturedependence of core-level photoemission from Ni. One rea-
dependent Ni magnetism. Early Stoner-Wohlfarth mean-fielgon for this is that, for many years, it was believed Ni core-
theory** predicted a collapse of the exchange splitting andevel photoemission was not influenced by multiplet split-
the disappearance of all magnetic order and local magnetiting, since the valence configuration for Ni upon core-hole
moments as the temperature approaches the bulk Curie teroreation was thought to be the nonmagnetiall®
perature, T.=~630 K. Later, developments in local band configuration**® These assignments suggested that the Ni
theory”® predicted the existence of short-range magnetic oreore-level line shape would not a useful probe of Ni magne-
der aboveT . and a temperature-independent exchange splitism.
ting on the length scale of20 A. More recently, calcula- More recently, many-body @ configuration interaction
tions involving an effective medium approach to the(Cl) calculation§’ employing the Anderson impurity model
Hubbard model have been compared to both photoemissicend many-body calculations by Mench&ave suggested
and inverse photoemission spectra of‘fINo indication of a  that the final-state valence configuration in Ni, while pre-
stationary(i.e., temperature-independgmrixchange splitting dominantly 311° can have admixture from the magnetid®3
could be found. Instead, exchange-split photoemission andonfiguration. Recent spin-resolved x-ray photoelectron
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FIG. 2. HRXPS spectra of the Nis3evel at 298 and 863 K.
FIG. 1. Separatdl! andN| SRXPS spectra for the NisS3main

component, for majority-spif\) and minority-spin(¥) photoelec-
trons, respectively. The lines through the data are the result of a
11-point second-order Savitsky-Golay smooth through the Maw
andN| data points. Error bars are shown for both Mg andN|
spectra. Data are reproduced from Ref. 3.

Rurity Cu foil, used for control measurements, was also
cleaned byin situ scraping. The samples were heaieditu
by resistive heating.

IIl. RESULTS AND DISCUSSION
spectroscopySRXPS studied?! of the Ni 3s level show _ , _
that the 3 photoemission peak is in fact dominated by F_'g},”e 2 displays a HRXPS spectrum of the Ns 3
3s-3d intra-atomic exchange. The decomposition of the Ni M&in” component (from 106—113 eV binding energyor
3s spectrum into]-spin and]-spin contributions is shown in  {emperatures well belo298 K) and well above863 K) the
Fig. 1 for the “main” Ni 3s component from 106—113 eV bulk Ni Curie temperature of630 K. We find no significant

binding energy. The main NiSpeak shows a core-valence variation in the Ni 3 line shape with temperature. Control
exchange splitting of 0.38 eV. If the Nidspin polarization ~HRXPS measurements on the Csi[@vel at 298 and 863 K

were to vanish within the radial extent of the N& Brbital, also revealed no detectable line shape variation with tem-
the Ni 3s peak would narrow considerably. We examine be-PErature, which is expected since the [@vel of nonmag-

low the line shape of the NiSpeak well below and well netic Cu Is not mult|ple_t split Th_e Cu _control measurement
above the bulk Ni Curie temperature. The experimental del_nd|cates_that phon_o_n-lnduced line width broadenlqg does
tails are described in Sec. II, with results presented and didl0t contribute significantly to these HRXPS experiments,

cussed in Sec. Ill. Conclusions are reviewed in Sec. Iv,  due to the large intrinsic energy widths of the Gore peaks.
Comparison of the Cusand Ni 3s photoemission line

shapes allows an estimate of the sensitivity of the HRXPS
measurement to changes in valence spin polarization. We
The high-energy-resolution XPSRXPS measurements take the Ni 3 FWHM to represent the exchange splitting
of Ni employed Lehigh University’'s SCIENTA ESCA-300 due to 0.56 electronghe bulk Ni valence spin polarizatipn
spectrometer, described elsewh&@&he overall instrumen- and the Cu 8 FWHM to represent zero exchange splitting
tal energy resolution for these measurements was 0.36 efue to zero Cu valence spin polarization. From this assump-
full width at half maximum(FWHM) for the Ni 3s data. The ~tion, we estimate a variation in the Nid3spin of ~0.07
pressure in the SCIENTA analysis chamber during measurelectrons should be detectable as a reliably observable line-
ment was~ 1x 108 Torr for the 298 K measurements and Width variation of 0.12 eV in the Ni 8 photoemission peak.
~1x10"7 Torr for the high-temperature measurements. The temperature independence of the NiFERXPS spec-
Surface cleanliness was checked repeatedly by XPS. Despité indicates that thes33d exchange interaction, which de-
the modest vacuum conditions, XPS survey spectra befor&rmines the Ni 8 main component line shag€ig. 1), does
and after the measurements revealed only trace contaminfot change with temperature. The length scale of the persis-
tion of the Ni sample. Small amounts of surface contami-tent spin polarization can be estimated from the radial extent
nants would not affect the measurements, since the largef the Ni 3s orbital. Figure 3 shows the radial distribution
(~1376 eV} kinetic energies and associated lofigl9 A) functionrzRﬁl(r) plotted against radial distancdor the 3s
electron mean free pdthof the outgoing 3 photoelectrons and 3 levels of atomic Ni. The calculatiéf is for the
renders the HRXPS measurement an essentially bulk meatomic configuration 4*3d°, which is the expected configu-
surement. ration of Ni atoms in metallic Ni. The vast majority of the 3
The sample was a high-purity Ni foil, which was cleaned probability density lies within 0.75 A of the atomic center.
in situ by scraping with a tungsten carbide blade. A high-Therefore, we conclude that the Ni ¥alence spin polariza-

Il. EXPERIMENT
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outside a radius of 0.75 A, leaving the spin density within
0.75 A unaffected. Since the direct photoemission and in-
15+ 3s verse photoemission techniques sample the dNband over

its entire radial range, these spectroscopic techniques are
sensitive to peripheral and itinerant influences on tlev/&-
lence band. These peripheral influences are specifically re-
sponsible for interatomic magnetic phenomena in Ni, such as
10~ ferromagnetic order, valence-band dispersion, and valence-
band exchange splitting. If a thermally induced reduction in
the Ni valence spin polarization takes place at the periphery
of the Ni atom, “direct” electron spectroscopy would detect
05k this, as is clearly observed in the prior valence-band
' 3d photoemissiofr 1t and inverse photoemissitistudies. Note
from Fig. 3 that a substantial portion of the Nd3Jadial
distribution function extends beyond a radius of 0.75 A and
therefore participates in itinerant electron phenomena.

Ni atom

I'2R2nl ( r)

0.0 The results presented here for Ni are very reminiscent of

T e temperature-dependent photoemission results from metallic

00 05 10 15 Cr252%|n those prior studies, a temperature-independent Cr
r(A) 3s multiplet splitting was observétiup to 715 K above the

bulk Neel temperature. This Cr atomic magnetism persists,

FIG. 3. Radial distribution function?R2(r) plotted against ra- .
i(r) P g even though direct valence-band measurements of Cr reveal

dial distancer for the 3s and 3 levels of atomic Ni in the 4'3d° he | f . d he | h le of & A
configuration. The figure is created from the calculations of Ref. 23.t e loss of magnetic order on the engt scale o :

R (r) are the normalized nonrelativistic self-consistent Hartree- \-Ne. note here that a temperature-lnd.ependen'pBot.o-
Fock Slater radial wave functions. emission peak has been observed previously for Mrir3

MnO (Ref. 29 and for Fe 3 in metallic Fe(Ref. 28. MnO

tion, within the ~0.75 A radial extent of the 8core level, is @ highly localized ionic system. The Nih atomic mag-
does not vary up to 1.37, far into the paramagnetic phase netic moment is not expected to vary from the antiferromag-
of Ni. netic to paramagnetic phase. So a temperature-independent
Why does nonresonant valence-band measurement didin 3s photoemission peak is expected for MnO. Metallic
play collapsing band behavior, whereas valence-band photd=e, though not as localized a system as MnO, is one of the
emission in resonance with core excitation reveals a statiorstronger  “local moment” systems of the itinerant
ary (temperature-independentexchange splitting? The magnets*° A temperature-independent Fe Bne shape is
HRXPS data suggest that the explanation lies with the pertherefore not too surprising. However, a temperature-
sistent Ni 31 spin polarization within 0.75 A of the atomic independent Ni 8 line shape is surprising, since metallic Ni
center. In the resonant photoemission experiments, the origig not considered to be a strong local moment systei?,
of the excitation is a highly localizedp2,, or 3p core level. ~and its exchange-split valence electronic structure shows a
Because the cross section for resonant valence-band photeollapsing” behavior aboveT, as discussed previously.
emission necessarily involves valence-core overlap integrals,
the resonant experiment is sensitive to tliespin polariza- IV. CONCLUSIONS
tion with?n the r_adiz_il 'ef‘gth sca_le of the photoemitting core — 5, HRXPS study of the Ni 8 core level is presented.
level. This localization, induced in the resonant valence-bami{Ii

t is sianificantly higher than the lenath | ckel 3s HRXPS spectra measured at=298K (T
measurement, 1S signiicantly igher than the feng SCae=0.471'c) and 863 K T=1.37T.) show the same spectral

associated with direct valence photoemission or inverse phcfi'ne shape. These HRXPS results, combined with prior spin-

to?mlssmnéltwlmch pro(;)e t(;el gnlilrg”:am?l eXtt(;nt of the ?t) resolved x-ray photoelectron spectroscopy studies of Ni core
vaience or _|as,uon or e"r = A. Theretore, the resonant o015 - jndicate the persistence of atomic magnetism in the
photoeglssmn SENses the atom|c_ spin densny. vv_|th|n paramagnetic phase of Ni on the length scale~@.75 A.
t;O;c?t?]' of .thz ato_rtnlcdcenter. tThe NI HRX;,Ssd}?tab'gd'cateThe data suggest that temperature-induced changes in the Ni
at this spin density does not vary even above a4 spin polarization occur at the periphery of the metallic
Thus vaIence.—band spectra measured at core-level absforpugpom, i.e., outside a radius of 0.75 A, leaving the spin density
thrlesholdbs V(‘;'”b n;])t Tevea' temperature dependence in th'&?\/ithin 0.75 A unaffected. It is our hope that the data generate
valence-band benavior. theoretical interest in the intra-atomic spatial variation of Ni

. Although the.intra-atomicr(<0.75. A) spin density in Ni spin polarization during the ferromagnetic-to-paramagnetic
is temperature independent, the diréabnresonantphoto- phase transition

emission and inverse photoemission studies of the Ni va-
lence band still show a collapsing band behavior at elevated
temperature. We speculate that if temperature-induced
changes in the @ spin polarization occur in Ni, then these  This paper is based upon work supported by the National
variations occur at the periphery of the metallic atom, i.e.,Science Foundation under Grant No. CHE-9117138.
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