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2p resonance photoemission and Auger features in NiS2 and FeS2
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Resonance behaviors of the Ni and Fe 3d, 3p and 3s related satellite photoemission and Auger features are
measured for the Ni and Fe 2p core excitation in NiS2 and FeS2. Chronological interpretation is proposed to
the Ni and Fe 2p3p3d 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 satellite of the 3d state.
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I. INTRODUCTION

Transition-metal pyrites show interesting electronic a
magnetic properties. In contrast to the metallic, ferrom
netic CoS2 (Tc5120 K), NiS2 is an antiferromagnetic insu
lator (TN540 K) and FeS2 is a nonmagnetic insulator. Th
d8 ground state in NiS2 has theS51 state, while thed6

low-spin ground state in FeS2 has theS50 state. Photoemis
sion spectra of these materials are repeatedly studie1–7

sometimes by use of synchrotron radiation and sometime
use of x-rays. The 3p-3d resonance photoemission is u
lized to reveal 3d satellite structures,5 for which the
configuration-interaction cluster-model analysis has b
applied.5–7 However, the resonance for the 3p core excita-
tion is not prominent enough to discuss details of the re
nance processes. The contribution of the Auger process
rather faint. Moreover, the resonance measurement is lim
in the 3d photoemission region.

The 2p-3d resonance is much stronger8 than the 3p-3d
resonance. Detailed Auger features are clarified for thep
core excitation not only in the 3d photoemission but also in
the 3p and 3s photoemission regions. There is, however
controversy on the role of the Auger contribution to t
resonance.9 It is known that the Auger emission proce
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takes place when the photoexcitation energyhn is beyond
the core excitation resonance energyhn0 . The Auger elec-
tron has a smaller kinetic energy than the directly emit
photoelectron and appears in the larger binding-energy
gion than the direct photoelectron in the photoemission sp
trum. Whenhn approacheshn0 from higher energies, the
Auger structure moves closer to the direct photoemiss
structure. Sometimes the Auger feature overlaps comple
with the direct photoemission structure forhn very close to
hn0 . Since the Auger intensity reflects the amount of co
holes, it is enhanced nearhn0 . If the resonance behavior o
the direct photoemission at a constantEB is solely explained
by the intensity behavior of the Auger structure, one cons
ers a simple overlap~or an incoherent superposition! of the
Auger structure as an origin of the resonance behavior.
possible, however, that the Auger process and the direct p
toemission process are mixed to each other forhn;hn0 and
are no longer discriminated. Then noticeable interfere
takes place between the two processes and a real or coh
resonance photoemission process is observed.

The present work of 2p-3d resonance photoemission
performed to obtain more direct information on the satellit
Auger processes, and interaction energies. We report the
sults on NiS2 and FeS2 in this paper.
5049 ©1999 The American Physical Society
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II. EXPERIMENT

The NiS2 single-crystal sample was grown by the vap
transport method. The FeS2 is a natural single crystal. Th
sample surface was cleaned by filing with use of a diam
file. The vacuum in the analyzer chamber was ab
5310210Torr. The photoemission measurements were p
formed at room temperature at theBL-2B undulator beam
line of the Photon Factory, High Energy Accelerator R
search Organization, KEK. A 10-m grazing incidence mon
chromator was used for the measurement. The resolutio
the monochromator was set to 0.4 eV at the photon ene
hn5800 eV. The x-ray absorption~XAS! spectrum in the
transition-metal (TM) 2p core region was measured b
means of the total photoelectron yield. The undulator g
was so adjusted to give the fundamental peak slightly ab
the 2p1/2 absorption peak. The total resolution of the pho
emission measurement was set to about 0.5 eV to get rea
able statistics of the counts. All photoemission measu
ments were done in the wide binding energy (EB) region
from the Fermi level (EF) to 200 eV. The energy steps ofEB
were properly tuned to the smallest value in the photoem
sion structure regions while the spectra were crudely scan
in the structureless regions. Thus the S 2p core photoemis-
sion was recorded in the same spectrum beside the TMd,
3p, and 3s states and related structures. The binding en
giesEB of the spectra are thus referenced toEB of the S 2p
peak and the photoemission intensities are normalized to
intensity of the S 2p peak.

III. RESULTS

Figures 1~a! and 1~b! show the Ni and Fe 2p core absorp-
tion ~XAS! spectra of NiS2 and FeS2. Besides the 2p3/2 and
2p1/2 spin-orbit split main peaks, satellite structures are r
ognized. The satellite structures of the XAS do not cor
spond directly to the conduction-band structures probed
the x-ray bremsstrahlung isochromat spectroscopy, but b
correspond to the structures predicted by the configurat
interaction calculation including the full multiplet splitting.10

The alphabet shows thehn at which the photoemission spe
tra in Fig. 2 are measured. The photoemission intensit
normalized in Fig. 2 as mentioned before.a and b in Fig.
2~a! correspond to thehn that are 10 and 5 eV belowc in
Fig. 1~a!. The spectraa to c in Fig. 2 are typical off-
resonance spectra. The spectrad to f in Fig. 2~a! andd to i in
Fig. 2~b! can be regarded as preresonance spectra. On
other hand, the spectral to o in Fig. 2~a! andp andq in Fig.
2~b! are regarded as beyond-resonance spectra. Beside
spectra excited near the main XAS peak are called
resonance spectra.

Some valence-band structures in Fig. 2 are strongly
hanced ashn approaches the peak energy of the 2p3/2 XAS
hn0 ~i for NiS2 and m for FeS2! from the low hn side. In
Figs. 2~a! and 2~b!, another prominent feature (D4) is
clearly observed nearEB530 eV. For the resonance excita
tion in the 2p1/2 XAS region, one notices resonance enhan
ment of some parts of the valence bands as seen inr of Fig.
2~a!. The 2p1/2 resonance is, however, not so prominent as
the case of 2p3/2 resonance and is not discussed anymore
this paper.
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Typical preresonance spectra,d of NiS2 andh of FeS2, are
shown in Figs. 3~a! and 3~b! compared with the on-
resonance and beyond-resonance spectra in the 3p and 3d
regions with enlarged scales. In order to clearly show str
tures, the relative photoemission intensity is arbitrary in F
3. As seen in Fig. 3~a!, the spectrumi of NiS2 shows two
prominent structures at 2.6~D1! and 6.0 eV (D2) in the Ni
3d region. In the valence-band spectrum of FeS2, prominent
enhancement is observed for the structures at 1.2 (D1) and
4.1 eV (D2) as confirmed in Fig. 2~b!. In addition, one no-
tices a stronger peak at 5.6 eV in the resonance spectrumm,
which is clearly deviated from the energy of the structu
D2.

In Fig. 3~a! i, the Ni 3p spectra show three structures
around 67 (P1), 71.5 (P2), and 78.4 eV (P3). In the case
of the Ni 3s spectra, two structures are resolved near 1
~S1! and 118 eV~S2! in Fig. 2~a! i. Another very prominent
doublet is resolved near 137~S3! and 144 eV~S4!. It is
noticed thatEB of these structures remain rather constant
the hn up to i from a. The Fe 3p spectra in Fig. 2~b! show
two structures near 54 (P1) and 63 eV (P2) for a to i. The
Fe 3s spectra show a peakS1 in the whole spectra froma to
s. A doubletS3 andS4 as well as a structureS5 are resolved

FIG. 1. Ni and Fe 2p core absorption spectra of~a! NiS2 and~b!
FeS2 at room temperature.
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FIG. 2. Photoemission spectra of~a! NiS2 and ~b! FeS2.
s

ea
ar

ry

o

r

for h to j. For a further increase ofhn, some of the structure
shift almost linearly to largerEB with hn, reflecting the Au-
ger character of the electron emission process. Such p
are namedS. Thus very rich and strong Auger processes
observed for the 2p core excitation compared to the 3p core
excitation.5

The structuresD1, P1, and S1 in NiS2 and FeS2 are,
ks
e

however, observable at the sameEB as in the off-resonance
spectra for increasedhn and are hereafter called stationa
structures. In NiS2, S1(d) and S2(d) converge toD1 and
D2. In the case of the Ni 3p photoemission, however, n
Auger structure converges toP1, whereasS2(p) andS3(p)
converge toP2 andP3. It is impossible to recognize Auge
structures continuing toS1 and S2, whereasS3(s) and
with
FIG. 3. Detailed photoemission spectra of~a! NiS2 and ~b! FeS2. Typical spectra of pre-, on-, and beyond-resonance are shown
enlarged scales.
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S4(s) show linear shift withhn and converge toS3 andS4
at hn0 ( i ).

In FeS2, no clear Auger structure converges toD1,
whereasS2(d), S4(d), S3(s), S4(s), andS5(s) converge
to D2, D4, S3, S4, andS5, respectively. AlthoughS2(p)
converges toP2, S1(p) does not converge directly toP1 as
shown in the on-resonance spectrum, Figs. 3~b! and 2~b! m,
compared withh. Namely, the splitting energy betwee
S2(p) andS1(p) is remarkably different from that betwee
P2 andP1.

IV. DISCUSSION

Although theoretical works have been done for the re
nance photoemission under the 2p core excitation without
explicitly taking into account the Auger process,10 consider-
ation of the Auger process is quite important for an intuiti
interpretation of the experimental results. First, we disc
the photoemission features in the Ni 3p core region.S2(p)
and S3(p) are interpreted as the Ni 2p3p3d (L3M2,3M4,5)
Coster-Kronig Auger processes from their energy positio

This doublet structure is very prominent for the exci
tions fromh to m in Fig. 2~a!. If the majority of 3d spin is
assumed to be the up~↑! spin in thed8 ground state of Ni in
NiS2, the 2p resonance excitation takes place from t
2p(↓) core state to the empty 3d(↓)eg state. By taking the
quantization axis as thez axis, we consider the exchang
splitting to be proportional to the product ofSz(3d) and
Sz(3p) of the final states. Then the above 2p3p3d Auger
transition has the following two possibilities~cases 1 and 2!.

Case ~1!. 2p(↓)3p(↓)3d(↑) with Sz(3d)50 or
2p(↓)3p(↓)3d(↓) with Sz(3d)511. In this case, the
3p(↓) electron fills the empty 2p(↓) state with the resultan
3p spin of Sz(3p)511/2. Either↑ or ↓ 3d electron is ex-
cited and the resultant total spin of the 3d electrons can be 0
or 11.

Case ~2!. 2p(↓)3d(↓)3p(↓) with Sz(3p)511/2 or
2p(↓)3d(↓)3p(↑) with Sz(3p)521/2. In this case, the
3d(↓) electron fills the empty 2p(↓) state and either the↓ or
↑ 3p electron is ejected. Then the total spin of the 3d elec-
trons isSz(3d)511 and the total spin of the 3p5 electrons
can beSz(3p)56 1

2 .
By representing the spin-exchange interaction betw

theSz(3d) andSz(3p) spins byJ(d,p), the above two case
~1! and ~2! are thought to provide a doublet with differe
energy splittings. Namely, the splittings are approximat
~1! J(d,p)/2 and~2! J(d,p), respectively.

In the case of the FeS2 with a fully occupiedt2g state,
corresponding doublet Auger features are observed in F
2~b! as S1(p) and S2(p). For the excitation within the Fe
2p3/2 main absorption band, the probabilities of creati
holes in the 2p(↑) or 2p(↓) states are just equal in FeS2. If
the decay of case~2! takes place,Sz(3d)50 and no ex-
change splitting is expected. In case~1! with 2p(↑) or
2p(↓), Sz(3p) becomes21/2 or 11/2. For the 2p(↑),
Sz(3d) can be 0 or11, while Sz(3d) can be 0 or21 for the
2p(↓). Then the Auger features will give a doublet split b
1/2J(d,p) for either 2p(↑) or 2p(↓) excitation. The obser-
vation of the clear doublet Auger features shows that case~1!
is dominant in the 2p3p3d Auger decay in FeS2. Since the
symmetries of the core hole (2p) and the relaxing electron
-

s

.
-

n

y

s.

(3p) are the same~both arep like!, case~1! may be much
favored over case~2!. The corresponding doublet splitting o
the 2p3p3d Auger features in NiS2 is interpreted in the
same manner. In this way, a chronological interpretation
the 2p3p3d Auger process is proposed. In other words, it
experimentally confirmed that the 2p3d3p Auger process is
much weaker than the 2p3p3d Auger process. Here on
notices for FeS2 that theS1(p) is much sharper thanS2(p)
in the resonance Auger spectra inm and l in Fig. 2~b!. The
S1(p) corresponds to the Auger emission withSz(3d)50 in
the final state, whereas theS2(p) corresponds toSz(3d)5
61. Sz(3d)50 may be the reason why theS1(p) has a
rather narrow width due to the absence of the exchange
teraction. In the case of NiS2, the S2(p) corresponds to
Sz(3d)511 and S3(p) corresponds toSz(3d)50. The
slightly narrower width ofS3(p) in NiS2 may be reflecting
this situation.

Under the preresonance condition, three structures
recognized in NiS2 as P1, P2, andP3 in Figs. 3~a! d. The
splitting betweenP2 and P3 ~7 eV! is comparable to tha
betweenS2(p) andS3(p), suggesting a similar origin of the
doublet. Here the results of metallic Ni are reviewed f
comparison. In the photoemission spectrum of metallic
calculated by the cluster model,11,12 the similar triplet struc-
tures~P18, P28, andP38! are recognized and interpreted
3p53d1013p53d9 (3F11D) corresponding to P18,3p5

3d9 (3P13D) to P28, and 3p53d9 (1F11P) to P38. The
interpretation for Ni metal 3p photoemission is confirmed b
our spin-polarized photoemission experiment on c
levels.13 The splitting between theP28 and P38 is mostly
ascribed to the spin exchange splitting. Since the 3p53d10

state is predominating in theP18 structure, the splitting be-
tween theP18 and (P28,P38) is mostly attributed to the
splitting by the charge-transfer mechanism. The interpre
tion of P1, P2, andP3 in NiS2 is very analogous to the cas
of Ni. The charge-transfer hybridization may be slight
modifying the splitting patterns of the stationary structur
~P1, P2, andP3!.

In the 3p spectra of FeS2, one can only see a doubletP1
andP2 for the preresonance excitation as shown in Fig. 3~b!
h. The splitting of the doubletP1 andP2 of about 7.8 eV is
appreciably larger than the exchange splitting of the dou
Fe 2p3p3d Auger featuresS1 andS2 of 4.8 eV in FeS2.
This result clarifies the different mechanisms for the doub
The doublet observed under the preresonance excitatio
due to the charge transfer splitting~p5d7L for the main peak
andp5d6 for the satellite whereL stands for the ligand hole!,
whereas the doublet Auger featuresS1(p) and S2(p) are
due to thep-d exchange interaction. The absence of t
exchange splitting in the preresonance spectra is consis
with the low-spind6 configuration@with Sz(3d)50# in the
ground state.

Now we discuss the Ni 3s structuresS1 and S2. The
relative intensity changes considerably withhn in consis-
tence with a theoretical prediction.10 These structures may b
resulting from the mixed effects of both the charge trans
and exchange splitting.10–13 For FeS2 a single stationary
structureS1 is observed in the off- and preresonance con
tions. The absence of the 3s-3d exchange interaction due t
the Sz(3d)50 is responsible for the line shape. The we
Auger feature S2(s) observed in the on- and beyond
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resonance conditions may be ascribed to the 2p3s3d Auger
decay.

One also notices prominent doublet Auger featuresS3(s)
andS4(s) in both NiS2 and FeS2. Very similar features are
also observed for CoS2. These results suggest that the orig
of the doublet is not related to the 3d states. The energy
positions suggest an interpretation as the 3p4 states. Then the
energy splitting is ascribed to thep-p exchange interaction
The splitting of this doubletS3 and S4 is of about 7 eV.
Under the on- and preresonance conditions, structuresS3
and S4 are observed. The energy splitting is equal to
S3-S4 splitting. The 3s23p43dn11 states ~S3 and S4!
strongly couple with the 3s13p63dn states~S1 andS2 states
in NiS2 andS1 state in FeS2! by the intraatomic configura
tion interaction, wheren is the number of thed electrons in
the ground state. Then finite intensity is given to t
3s23p43dn11 states. When the Auger featuresS3(s) and
S4(s) approach the structuresS3 and S4, the latter struc-
tures are resonantly enhanced. Their intensities are, howe
not linear to the absorption intensity~or number of the 2p
core holes! as seen from the comparison ofi and h in Fig.
2~a! or k, l, and m in Fig. 2~b!. This result supports the
coherent resonance enhancement mechanism of the con
ration interaction satellite rather than a simple incoher
overlap of the Auger features. The Auger featureS5 in FeS2

is interpreted as the 2p3p3s decay.
As for theP3 andP2 structures in NiS2, their intensities

are not linear to the core absorption intensity shown in F
1~a! and the line shapes ing– j are much different from the
beyond-resonance Auger spectra, for example,o. The behav-
ior of the structureP1 is neither explained by the incohere
superposition of the Auger emission structures. The inten
behavior of theD2 andD1 is also not explained by consid
ering the simple incoherent overlap of the Auger structu
S3(d), S2(d), andS1(d). We conclude that the resonanc
behaviors of the structuresD1, D2, P1, P2, andP3 are due
to coherent resonance photoemission processes.

In the case of FeS2, the line shapes of the Auger featur
S2(p) andS1(p) noticeably change when they approach t
structuresP2 andP1. Their intensities are not linear to th
core absorption intensity, suggesting the interference w
the direct photoemission processes. As for the 3d photoemis-
sion, no Auger feature overlaps with the structureD1. Still
the resonance enhancement is clearly observed forD1. The
intensity of this peak as a function ofhn has shown a Fano
type shape with a dip on the lowerhn side. Thus the reso
nance behaviors ofD1, P1, andP2 are ascribed to coheren
resonance photoemission processes.

In NiS2, the structureD1 is interpreted as thed8L final
states and the structureD2 is ascribed to thed7 final states in
the configuration-interaction theory.5 The structureD3 may
be ascribed to the S 3s state. In FeS2, the configuration-
interaction calculation has not yet been done. In the b
model, theD1 is ascribed to the fully occupiedt2g band and
the structuresD2 andD3 are interpreted as the S 3p band
hybridized with the Fe 3d eg states.

In the 3d photoemission region, we have also noticed
remarkable satelliteD4 appearing aroundEB530 eV for the
2p3/2 core excitation. When we excite a higherhn absorption
e

er,

gu-
t

.

ty

s

th

d

a

tail, the EB of this structure moves linearly withhn as rep-
resented by the structureS4(d). The resonance behavior o
the structureD4 and the energy shift of the structureS4(d)
are observed through NiS2, CoS2, and FeS2. To our knowl-
edge, however, there has been no interpretation for this s

We may first consider the possibility of the Auger pr
cess. When the TM 2p electron is excited to the continuum
state forhn.hn0 , the TM 3d electron may fill the empty
TM 2p core hole state. Since the TM 3d state is strongly
hybridized with the S 3p and 3s states,5,14 this also induces
the sudden change of the Coulomb potential on theS site.
Then either the S 3s or S 3p electron can be ejected as a
Auger electron. If theS4(d) is interpreted as the TM
2pS3sS3p Auger transition, the effective correlation energ
Ueff(3s,3p) between the S 3s and S 3p holes is evaluated a
12 eV by assuming theEB of the S (3s) state as 13 eV and
that of the S (3p) state as 5 eV in NiS2. The S 3s state has
two components due to the molecular-orbital formation
the S2 molecule, which nearly octahedrally surrounds the
atom. TheEB of these S 3s states ranges from 14 to 15 e
according to the molecular-orbital studies.1 XPS studies have
revealed that the S 3s states in NiS2 are atEB512.5 and 17
eV ~Ref. 2! or 12.9 and 16.6 eV.3 Even when we take
EB(S 3s)517 eV, the Ueff(3s,3p) becomes 8 eV in the
above model, which is still unusually large. If we interpr
the structure as two 3s holes are left behind the Ni 2p core
hole Auger decay, theUeff(3s,3s) can be smaller. However
we have not seen the possible TM 2pS3pS3p Auger fea-
tures in the smallerEB region. So we should consider an
other possibility for the structureD4.

One may think that the structureD4 is a plasmon satel
lite. The plasmon energy is estimated as 21 eV~23 eV! for
NiS2 (FeS2) from optical spectra.4 It is noticed that the
D4-D2 splitting is roughly 22 eV in NiS2 and 26 eV in
FeS2. Considering the broad spectral shape of the struc
D4, these energies rather correspond to the reported b
plasmon energies. One may also remember the unident
structures in the Ni and Fe 3p core regions. Namely, one
observes broad structures inEB588– 108 eV in NiS2 and in
EB578– 90 eV in FeS2. The energy splitting of these struc
tures from the strong 3p photoemission satellite structures
of a comparable amount as the bulk-plasmon energy.

Plasmon satellites associated with Auger peaks are so
times reported.15 The resonance satellite of the 3d and 3p
photoemission under the 2p core resonance excitation is a
tributed to the coherent interference between the direct p
toemission and the direct recombination-type Auger de
following the core absorption. Therefore we interpret t
structureD4 andS4 as well as the corresponding structure
the 3p core region as the bulk-plasmon satellite associa
with the 3d and 3p resonance satellite and the correspond
Auger structure. This interpretation is more plausible th
the interatomic Auger decay model, which fails to expla
the above-mentioned broad features in the 3p core region.
Finally theS1(d) andS2(d) in NiS2 are ascribed to the N
2p3d3d Auger transition. WhenS2(d) approaches, theD2
is strongly enhanced reflecting itsd7 character. In FeS2, the
S2(d) is the Fe 2p3d3d Auger transition.

V. CONCLUSION

In conclusion, we have studied the 2p core resonance
photoemission behavior of NiS2 and FeS2. Various satellites
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and Auger structures are resolved. Coherent interference
haviors of the resonance photoemission processes are ex
mentally clarified. Chronological interpretation is present
for the TM 2p3p3d Auger features. Plasmon satellites ass
ciated with the 3d and 3p resonance satellites and Auge
emission are identified. It is found that various spectral f
tures in low-spin FeS2 are a result of theSz(3d)50 charac-
ter of the 3d electrons in the ground state. For example, t
3s photoemission shows a single structure not split by
exchange interaction. The doublet featuresP1 and P2 in
FeS2 in contrast to the triplet featuresP1, P2, and P3 in
NiS2 are also due to the absence of thep-d exchange inter-
action. The sharp spectral feature of theS1(p) resonance
Auger structure in FeS2 in contrast to the broaderS2(p)
Auger structure is interpreted by considering theSz(3d)
50 character in the corresponding final state. The 2p3p3d
Auger emission has shown a doublet in FeS2, because the
e-
ri-

-

-

e

Sz(3d) in the final state can be either 0 or61 and the Auger
emission is split by thep-d exchange interaction. The com
parable splitting in NiS2 is interpreted in the same manne
sinceSz(3d) in the final state is either 0 or11.

Without detailed theoretical calculations, one can thus
veal some details of the resonance photoemission proce
by high resolution resonance photoemission spectroscopy
a wide energy region.
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