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Resonance behaviors of the Ni and K& 3p and 3 related satellite photoemission and Auger features are
measured for the Ni and FepZore excitation in Ni$and Fe$. Chronological interpretation is proposed to
the Ni and Fe P3p3d Auger features. A resonance satellite around the binding energy of 30 eV is identified
as due to the plasmon satellite associated with the resonance-enhanced satellitedo$ttite.3
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[. INTRODUCTION takes place when the photoexcitation enehgyis beyond
the core excitation resonance enefgy,. The Auger elec-
Transition-metal pyrites show interesting electronic andtron has a smaller kinetic energy than the directly emitted
magnetic properties. In contrast to the metallic, ferromagphotoelectron and appears in the larger binding-energy re-
netic CoS (T,=120K), NiS; is an antiferromagnetic insu- gion than the direct photoelectron in the photoemission spec-
lator (Ty=40K) and Fe$is a nonmagnetic insulator. The trum. Whenhy approachesiv, from higher energies, the
d® ground state in NiShas theS=1 state, while thed®  Auger structure moves closer to the direct photoemission
low-spin ground state in Fe®as theS=0 state. Photoemis- structure. Sometimes the Auger feature overlaps completely
sion spectra of these materials are repeatedly stddied, with the direct photoemission structure fior very close to
sometimes by use of synchrotron radiation and sometimes byr,. Since the Auger intensity reflects the amount of core
use of x-rays. The 8-3d resonance photoemission is uti- holes, it is enhanced nehw,. If the resonance behavior of
lized to reveal 8 satellite structures, for which the the direct photoemission at a const&tis solely explained
configuration-interaction cluster-model analysis has beety the intensity behavior of the Auger structure, one consid-
applied>~" However, the resonance for thep Zore excita- ers a simple overlafor an incoherent superpositipof the
tion is not prominent enough to discuss details of the resoAuger structure as an origin of the resonance behavior. It is
nance processes. The contribution of the Auger processes ji®ssible, however, that the Auger process and the direct pho-
rather faint. Moreover, the resonance measurement is limitetbemission process are mixed to each othehfor hv, and
in the 3d photoemission region. are no longer discriminated. Then noticeable interference
The 2p-3d resonance is much stron§ehan the »-3d takes place between the two processes and a real or coherent
resonance. Detailed Auger features are clarified for the 2 resonance photoemission process is observed.
core excitation not only in the@photoemission but also in The present work of g-3d resonance photoemission is
the 3p and 3 photoemission regions. There is, however, aperformed to obtain more direct information on the satellites,
controversy on the role of the Auger contribution to the Auger processes, and interaction energies. We report the re-
resonancé. It is known that the Auger emission process sults on Ni$ and Fe$ in this paper.

0163-1829/99/6(Y)/50496)/$15.00 PRB 60 5049 ©1999 The American Physical Society



5050 S. SUGAet al. PRB 60
Il. EXPERIMENT 0 , , , ,
The NiS single-crystal sample was grown by the vapor a) . N_ISZ
transport method. The Fe$ a natural single crystal. The l Ni 2p XAS

sample surface was cleaned by filing with use of a diamond
file. The vacuum in the analyzer chamber was about
5x 10 Torr. The photoemission measurements were per-
formed at room temperature at tid -2B undulator beam
line of the Photon Factory, High Energy Accelerator Re-
search Organization, KEK. A 10-m grazing incidence mono-
chromator was used for the measurement. The resolution of
the monochromator was set to 0.4 eV at the photon energy
hy=800eV. The x-ray absorptiofXAS) spectrum in the
transition-metal (TM) 2 core region was measured by
means of the total photoelectron yield. The undulator gap
was so adjusted to give the fundamental peak slightly above
the 2p4, absorption peak. The total resolution of the photo-
emission measurement was set to about 0.5 eV to get reasor
able statistics of the counts. All photoemission measure-
ments were done in the wide binding enerdyg) region
from the Fermi level Eg) to 200 eV. The energy steps Bf
were properly tuned to the smallest value in the photoemis-
sion structure regions while the spectra were crudely scannec
in the structureless regions. Thus the $ @re photoemis-
sion was recorded in the same spectrum beside the @M 3
3p, and 3 states and related structures. The binding ener-
giesEg of the spectra are thus referencedsg of the S 2
peak and the photoemission intensities are normalized to the
intensity of the S P peak.
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Figures 1a) and Xb) show the Ni and Fe |2 core absorp- ,
relative photon energy (eV)

tion (XAS) spectra of Ni$ and Fe$. Besides the @3, and
2p4,, spin-orbit split main peaks, satellite structures are rec- _ . .
ognized. The satellite structures of the XAS do not corre-Feglgt' rlo.olr\lr: ?enr?] Feerftucrzre absorption spectra & NiS, and(b)
spond directly to the conduction-band structures probed by P '

the x-ray bremsstrahlung isochromat spectroscopy, but better

correspond to the structures predicted by the configuration- Typical preresonance spectciof NiS, andh of FeS, are
interaction calculation including the full multiplet splittitg.  shown in Figs. 8) and 3b) compared with the on-
The alphabet shows ther at which the photoemission spec- resonance and beyond-resonance spectra in phar@ 3

tra in Fig. 2 are measured. The photoemission intensity isegions with enlarged scales. In order to clearly show struc-
normalized in Fig. 2 as mentioned befoeandb in Fig.  tures, the relative photoemission intensity is arbitrary in Fig.
2(a) correspond to thév that are 10 and 5 eV belowin 3. As seen in Fig. @), the spectrunmi of NiS, shows two
Fig. 1(a). The spectraa to ¢ in Fig. 2 are typical off- prominent structures at 2(®1) and 6.0 eV D2) in the Ni
resonance spectra. The spedita f in Fig. 2(a) andd toi in 3d region. In the valence-band spectrum of Leg®ominent
Fig. 2(b) can be regarded as preresonance spectra. On tlehancement is observed for the structures at D.2)(and
other hand, the specttdo o in Fig. 2(a) andp andqin Fig. 4.1 eV (D2) as confirmed in Fig. ®). In addition, one no-
2(b) are regarded as beyond-resonance spectra. Besides, tiwes a stronger peak at 5.6 eV in the resonance spectrum
spectra excited near the main XAS peak are called onwhich is clearly deviated from the energy of the structure
resonance spectra. D2.

Some valence-band structures in Fig. 2 are strongly en- In Fig. 3@ i, the Ni 3p spectra show three structures at
hanced as v approaches the peak energy of thg;2 XAS  around 67 P1), 71.5 (P2), and 78.4 eV P3). In the case
hvg (i for NiS, and m for FeS) from the lowhw side. In  of the Ni 3s spectra, two structures are resolved near 111
Figs. 2a) and 2b), another prominent featureD@) is (21) and 118 eM22) in Fig. 2(@) i. Another very prominent
clearly observed nedg=30eV. For the resonance excita- doublet is resolved near 13Z3) and 144 eV(34). It is
tion in the 204/, XAS region, one notices resonance enhancenoticed thatEg of these structures remain rather constant for
ment of some parts of the valence bands as seerofrFig.  thehv up toi from a. The Fe 3 spectra in Fig. &) show
2(a). The 2p,,, resonance is, however, not so prominent as irtwo structures near 54°1) and 63 eV P2) foratoi. The
the case of P4, resonance and is not discussed anymore irFe 3s spectra show a peakl in the whole spectra frora to
this paper. s. A doublet>3 andX4 as well as a structurE5 are resolved
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FIG. 2. Photoemission spectra @ NiS, and (b) FeS.

for htoj. For a further increase ¢fr, some of the structures however, observable at the saiig as in the off-resonance
shift almost linearly to largeEg with hv, reflecting the Au-  spectra for increasedv and are hereafter called stationary
ger character of the electron emission process. Such peakgfuctures. In Ni§ S1(d) and S2(d) converge toD1 and
are nameds. Thus very rich and strong Auger processes areD2. In the case of the Ni 3 photoemission, however, no
observed for the g core excitation compared to th@pXore  Auger structure converges Bil, whereass2(p) andS3(p)
excitation? converge taP2 andP3. It is impossible to recognize Auger
The structuredD1, P1, andX1 in NiS, and Fe$ are, structures continuing t&1 and X2, whereasS3(s) and
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FIG. 3. Detailed photoemission spectra(af NiS, and (b) FeS. Typical spectra of pre-, on-, and beyond-resonance are shown with
enlarged scales.
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S4(s) show linear shift withhv and converge t&3 and%4  (3p) are the saméboth arep like), case(1) may be much
athvg (i). favored over cas&). The corresponding doublet splitting of
In FeS, no clear Auger structure converges B1, the 2p3p3d Auger features in Ni§is interpreted in the
whereasS2(d), S4(d), S3(s), S4(s), andS5(s) converge same manner. In this way, a chronological interpretation of
to D2, D4, 23, 24, and5, respectively. Althouglt82(p) the 2p3p3d Auger process is proposed. In other words, it is
converges td*2, S1(p) does not converge directly 81 as  experimentally confirmed that thep2d3p Auger process is
shown in the on-resonance spectrum, Figb) and 2Zb) m, much weaker than the@@p3d Auger process. Here one
compared withh. Namely, the splitting energy between notices for FeSthat theS1(p) is much sharper tha82(p)
S2(p) andS1(p) is remarkably different from that between in the resonance Auger spectrariandl in Fig. 2(b). The
P2 andP1. S1(p) corresponds to the Auger emission Wgf{3d)=0 in
the final state, whereas tt8(p) corresponds t&,(3d)=
IV. DISCUSSION +1. S,(3d)=0 may be the reason why th&l(p) has a .
rather narrow width due to the absence of the exchange in-
Although theoretical works have been done for the resoteraction. In the case of NjSthe S2(p) corresponds to
nance photoemission under th@ Zore excitation without S,(3d)=+1 and S3(p) corresponds taS,(3d)=0. The
explicitly taking into account the Auger proce€s;onsider- slightly narrower width ofS3(p) in NiS, may be reflecting
ation of the Auger process is quite important for an intuitivethis situation.
interpretation of the experimental results. First, we discuss Under the preresonance condition, three structures are
the photoemission features in the N) &ore region.S2(p) recognized in Ni$asP1, P2, andP3 in Figs. 3a) d. The
and S3(p) are interpreted as the NipBp3d (L3sM,M45)  splitting betweenP2 andP3 (7 eV) is comparable to that
Coster-Kronig Auger processes from their energy positionshetweerS2 (p) andS3(p), suggesting a similar origin of the
This doublet structure is very prominent for the excita-doublet. Here the results of metallic Ni are reviewed for
tions fromh to min Fig. 2(a). If the majority of 3 spin is  comparison. In the photoemission spectrum of metallic Ni
assumed to be the up) spin in thed® ground state of Niin  calculated by the cluster mod&t'2the similar triplet struc-
NiS,, the 20 resonance excitation takes place from thetures(P1’, P2’, andP3’) are recognized and interpreted as
2p(l) core state to the emptydg|)e, state. By taking the 3p®3d°+3p°3d® (°F+1D) corresponding to P1’,3p°
quantization axis as the axis, we consider the exchange 3d° (°P+°D) to P2’, and 3°3d° (*F+P) to P3’. The
splitting to be proportional to the product &,(3d) and interpretation for Ni metal B photoemission is confirmed by
S,(3p) of the final states. Then the abov@3p3d Auger  our spin-polarized photoemission experiment on core
transition has the following two possibilitigsases 1 and)2  levels!® The splitting between th®2’ and P3’ is mostly
Case (1). 2p(l)3p(1)3d(T) with S,(3d)=0 or ascribed to the spin exchange splitting. Since tp&38i°
2p(1)3p(1)3d(l) with S,(3d)=+1. In this case, the state is predominating in thel’ structure, the splitting be-
3p(l) electron fills the empty @(|) state with the resultant tween theP1’ and (P2’,P3’) is mostly attributed to the
3p spin of S,(3p)=+1/2. EitherT or | 3d electron is ex-  splitting by the charge-transfer mechanism. The interpreta-
cited and the resultant total spin of the 8lectrons can be 0 tion of P1, P2, andP3 in NiS, is very analogous to the case
or +1. of Ni. The charge-transfer hybridization may be slightly
Case (2). 2p(])3d(])3p(l) with S,(3p)=+1/2 or modifying the splitting patterns of the stationary structures
2p(1)3d(])3p(T) with S,(3p)=—1/2. In this case, the (P1, P2, andP3).
3d(]) electron fills the empty @(]) state and either theor In the 3p spectra of Fe$ one can only see a doublet
1 3p electron is ejected. Then the total spin of tht dec- andP2 for the preresonance excitation as shown in Fib) 3
trons isS,(3d) = +1 and the total spin of thef® electrons  h. The splitting of the double®1 andP2 of about 7.8 eV is
can beS,(3p)=*13. appreciably larger than the exchange splitting of the doublet
By representing the spin-exchange interaction betweefe 2p3p3d Auger featuresSl andS2 of 4.8 eV in Fe$
the S,(3d) andS,(3p) spins byJ(d,p), the above two cases This result clarifies the different mechanisms for the doublet.
(1) and (2) are thought to provide a doublet with different The doublet observed under the preresonance excitation is
energy splittings. Namely, the splittings are approximatelydue to the charge transfer splittifg®d’L for the main peak
(1) J(d,p)/2 and(2) J(d,p), respectively. andp®d® for the satellite wheré stands for the ligand hole
In the case of the FgSwith a fully occupiedt,y state, whereas the doublet Auger featur8%(p) and S2(p) are
corresponding doublet Auger features are observed in Figgiue to thep-d exchange interaction. The absence of the
2(b) asS1(p) and S2(p). For the excitation within the Fe exchange splitting in the preresonance spectra is consistent
2p3, main absorption band, the probabilities of creatingwith the low-spind® configuration[with S,(3d)=0] in the
holes in the (7) or 2p(|) states are just equal in Fe3f ground state.
the decay of cas€?) takes placeS,(3d)=0 and no ex- Now we discuss the Ni $ structures>1 and 2. The
change splitting is expected. In ca$®) with 2p(T) or  relative intensity changes considerably wil» in consis-
2p(l), S,(3p) becomes—1/2 or +1/2. For the (1), tence with a theoretical predictidfi These structures may be
S,(3d) can be 0 ort+1, while S,(3d) can be 0 or-1 for the  resulting from the mixed effects of both the charge transfer
2p(l). Then the Auger features will give a doublet split by and exchange splittin™** For Fe$ a single stationary
1/23(d,p) for either 20(7) or 2p(]) excitation. The obser- structureX1 is observed in the off- and preresonance condi-
vation of the clear doublet Auger features shows that ¢Bse tions. The absence of thes®d exchange interaction due to
is dominant in the p3p3d Auger decay in FeS Since the the S,(3d)=0 is responsible for the line shape. The weak
symmetries of the core hole 2 and the relaxing electron Auger feature S2(s) observed in the on- and beyond-
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resonance conditions may be ascribed to tph8s3d Auger tail, the Eg of this structure moves linearly withy as rep-
decay. resented by the structu®4(d). The resonance behavior of
One also notices prominent doublet Auger featiBg¢s)  the structureD4 and the energy shift of the structu® (d)

andS4(s) in both NiS, and Fe$. Very similar features are are observed through NiSCoS$, and Feg To our knowl-

also observed for CoSThese results suggest that the origin ©19€; however, there has been no interpretation for this state.

of the doublet is not related to thed3states. The energy We may first consider the p_OSS|b|_I|ty of the Auger pro-
" . : ) cess. When the TM |2 electron is excited to the continuum

positions suggest an interpretation as tipé 8tates. Then the

o9 . ) . state forhv>hwv,, the TM 3d electron may fill the empty
energy splitting is ascribed to the p exchange interaction. 1\ 2p core hole state. Since the TMd3state is strongly

The splitting of this doubleS3 and S4 is of about 7 eV.  pypridized with the S p and 3 states’™ this also induces
Under the on- and preresonance conditions, structd®s the sudden change of the Coulomb potential on $hite.
and 24 are observed. The energy splitting is equal to theThen either the S8or S 3p electron can be ejected as an
S3-S4 splitting. The 323p*3d"*! states (33 and 34)  Auger electron. If theS4(d) is interpreted as the TM
strongly couple with the §'3p®3d" stategS1 and32 states 2pS3sS3p Auger transition, the effective correlation energy
in NiS, and=1 state in Fe§ by the intraatomic configura- Uer(3s,3p) between the S8and S P holes is evaluated as
tion interaction, where is the number of thel electrons in 12 eV by assuming theg of the S (3) state as 13 eV and

the ground state. Then finite intensity is given to thethatof the S () state as 5 eV in Nig The S 3 state has
3s23p*3d™* ! states. When the Auger featur&8(s) and two components due to the molecular-orbital formation in

the S molecule, which nearly octahedrally surrounds the Ni
S4(s) approach the structures3 and 4, the latter struc- atom. TheEg of these S 8 states ranges from 14 to 15 eV

tures are resonantly enhanced. Their intensities are, howev%[ccording to the molecular-orbital studieXPS studies have
not linear to the absorption intensitpr number of the p revealed that the Ss3states in Ni$ are atEg=12.5 and 17
core holes as seen from the comparisoniondh in Fig. ey (Ref. 2 or 12.9 and 16.6 eV¥.Even when we take
2(a) or k, I, and m in Fig. 2b). This result supports the Eg(S3s)=17eV, the Uy(3s,3p) becomes 8 eV in the
coherent resonance enhancement mechanism of the configabove model, which is still unusually large. If we interpret
ration interaction satellite rather than a simple incoherenthe structure as twos3holes are left behind the Nif2core
overlap of the Auger features. The Auger feat8Bein FeS  hole Auger decay, the)«(3s,3s) can be smaller. However,
is interpreted as the@Bp3s decay. we have not seen the possible TM23pS3p Auger fea-

As for theP3 andP2 structures in Nig their intensities  {Ures in the smalleEg region. So we should consider an-

are not linear to the core absorption intensity shown in Fig©ther possibility for the structurb4.
One may think that the structui24 is a plasmon satel-

é(ea)oarlwrlid-rtehseorlwlgﬁcseh,iﬂeizrg; Je (?crrz T;'rchglfferlg_r:ef?e?;c_e lite. The plasmon energy is estimated as 21(88 eV) for

ey 19€r sp . mpiene NiS, (FeS) from optical spectrd. It is noticed that the

ior of the §tructurePl is ne|ther. e>.<pla|ned by the |nco.herenF D4-D2 splitting is roughly 22 eV in Ni$and 26 eV in
superposition of the Auger_emlssmn structures. The intensityes, Considering the broad spectral shape of the structure
behavior of theD2 andD1 is also not explained by consid- D4, these energies rather correspond to the reported bulk-
ering the simple incoherent overlap of the Auger structureplasmon energies. One may also remember the unidentified
S3(d), S2(d), andS1(d). We conclude that the resonance structures in the Ni and Fep3core regions. Namely, one
behaviors of the structurd31, D2, P1, P2, andP3 are due observes broad structureskizg=88-108eV in Ni$ and in

to coherent resonance photoemission processes. Eg=78-90eV in Feg The energy splitting of these struc-

In the case of FeS the line shapes of the Auger features tures from the strong (3 photoemission satellite structures is
S2(p) andS1(p) noticeably change when they approach theof a comparable amount as the bulk-plasmon energy.
structuresP2 andP1. Their intensities are not linear to the _Plasmon satellites associated with Auger peaks are some-
core absorption intensity, suggesting the interference witfjmes reported® The resonance satellite of thel aind 3

the direct photoemission processes. As for thepBotoemis-  Photoemission under thep2core resonance excitation is at-
sion, no Auger feature overlaps with the struct@r. Still tributed to the coherent interference between the direct pho-

the resonance enhancement is clearly observe®forThe [0€mission and the direct recombination-type Auger decay
intensity of this peak as a function bf has shown a Fano- following the core absorption. Therefore we interpret the
type shape with a dip on the lowéw side. Thus the reso- structureD4 andS4 as well as the corresponding structure in
nance behaviors db1, P1, andP2 are ascribed to coherent the 3p core region as the bulk-plasmon satellite associated
resonance photoemission processes. with the 3d and 3 resonance satellite and the corresponding
In NiS,, the structureD1 is interpreted as the®L final Auger structure. This interpretation is more plausible than
states and the structuB2 is ascribed to thel’ final states in (€ inteératomic Auger decay model, which fails to explain
the configuration-interaction theoryThe structureD3 may the above-mentioned broaq fea_tures in tr[ga)re region.
be ascribed to the Ss3state. In Feg the configuration- Finally the S1(d) anq_SZ(d) in NiS, are ascribed to the Ni
interaction calculation has not yet been done. In the bangP3d3d Auger transition. Wher$2(d) approaches, thB2
model, theD1 is ascribed to the fully occupieg, band and IS stror_1g|y enhanced reflecting it c_h_aracter. In Fes the
the structureD2 andD3 are interpreted as the ©dand  S2(d) is the Fe $3d3d Auger transition.
hybridized with the Fe 8 e, states.
In the 3d photoemission region, we have also noticed a
remarkable satellit®4 appearing arounBg=30eV for the In conclusion, we have studied thep Zore resonance
2p3; core excitation. When we excite a highter absorption  photoemission behavior of Nj%nd Fe$. Various satellites

V. CONCLUSION
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and Auger structures are resolved. Coherent interference b&;(3d) in the final state can be either 0 arl and the Auger
haviors of the resonance photoemission processes are expegmission is split by the-d exchange interaction. The com-
mentally clarified. Chronological interpretation is presentedparable splitting in Ni§is interpreted in the same manner
for the TM 2p3p3d Auger features. Plasmon satellites asso-sinceS,(3d) in the final state is either 0 ot 1.

ciated with the 8 and 3 resonance satellites and Auger  Without detailed theoretical calculations, one can thus re-
emission are identified. It is found that various spectral feaveal some details of the resonance photoemission processes
tures in low-spin FeSare a result of th&,(3d)=0 charac- by high resolution resonance photoemission spectroscopy in
ter of the 3 electrons in the ground state. For example, thea wide energy region.

3s photoemission shows a single structure not split by the
exchange interaction. The doublet featues and P2 in
FeS in contrast to the triplet featureB1, P2, andP3 in
NiS, are also due to the absence of fal exchange inter- The authors acknowledge Dr. A. Tanaka and Professor T.
action. The sharp spectral feature of t8&(p) resonance Jo for stimulating discussions. This work was supported by
Auger structure in FeSin contrast to the broade®2(p) the Grant-in-Aid for COE ReseardiGrant No. 10CE2004
Auger structure is interpreted by considering t8g3d) of the Ministry of Education, Science, Sports and Culture,
=0 character in the corresponding final state. Tp@@3d  Japan. The experiments were performed under the approval
Auger emission has shown a doublet in FeBecause the of the PF Program Advisory Committee.
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