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S K and Ir L3 x-ray absorption measurements across the temperature-induced(Mgtal insulator(l)
transition in CulgS, are presented. DramatickSedge changes reflect thedrelectronic state redistribution
across this transition. These changes, along with a detailed considerationlgftthse structure, motivate a
model in which thel-phase stabilization involves an interplay of charge dratbital orientation ordering
along Ir chains, a quadrupling of the Ir-chain repeat unit, and correlated dimer spin-singlet formation.
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Metal-insulator transitions involving transition metd)  X18B used a displex refrigeratqusing the transmission
compounds have been of intense interest in recent years onode.
both fundamental and technological ground&his field has Previous photoemission spectroscopy measurements on
been dominated bydrow T-oxide compounds, by virtue of Culr,S, showed a subtle loss of electronic states at 0.2 eV
the renaissance in these materials that followed the discovepe|ow the Fermi energyHg) in the | phasé® These pho-
of high-T.. superconductivity. The subclass of mixed valent tomession and-phase inverse photoemission results mani-
metallic compounds that “charge order” into an insulating fested  substantial ~ departufes from  band-structure
state has been the focus of special recent intérEse com- predictiong on a wider energy scale. Thus the generic gap

pound CulgS, stands out as unique in this subclass for a5mation belowE,, and the absence of any information

-9
nqur? er Of. reIaS(t)n‘é.t CulE dh about aboveEr density-of-statd DOS) changesacross this
e spinel structure Cuib, compound has a paramag- M-I transition, have provided little guidance to direct the

B - _ . 4+
netic, high-temperature, homogeneously mixed"ftr", theoretical attack on this interesting system.

metallic (M) phase, which undergoes a first-order transition . ) o . .
(near 230 K to a low-temperature, charge-ordered, diamag-S é((ﬁcs h?s tbee_n m:po;tant n eIu0|dat||ng atomf|ct/orb|'F?I—
netic, insulating(l) phase'™® Recent definitive x-ray and Pecilic_electronic: structure in- many classes ol ransition

neutron scattering measurements showed ltnbase to in- metal compounds. The comblngtlon oftGedge(probing O
volve a complex ordering of 4F -spin-singlet dimers and P State$ and Cul,sedge(probing Cud states measure-
undimerized I#* sites'® This finding is novel, since such ments empha5|zed. the cruma.l |mporFance of hybridized O
dimerization transitions have previously occurred almost ex/Cu d hole states in the physics of high-cuprates:* Im-
clusively in compounds with clearly defined quasi-one-Portantly, OK-edge measurements on Y@larified the spe-
dimensional(1D) chains, and certainly not in a complex Cific electronic structure changes behind its metal to
three-dimensional3D) type structuré! Moreover, the com-  dimerized-insulator transitiof?. Systematic OK-edge mea-
plex pairwise ordering of " -Ir3* nondimer and f-Ir**  surements in T(8)-O compounds have profilefiia their
singlet-dimer moieties appears not to have been previousithreshold structunethe important variations in their hybrid-
observed. In addition, the broadness of tiledsbitals makes ized O p/T d empty state$® 4d/5d-hole states have been
such M-I transitions rare in 8-row compounds, and still studied extensively by TL,zedge spectroscopy in
rarer in a nonoxiddi.e., § 5d compound. These properties, transition-metal compounds.Finally, T(3d) K-edge XAS
along with the previous dearth of precise structural or elechas been used to chronicle the valence variations in manga-
tronic information, have hindered the development of thenites and the charge donation to Cu in electron-doped high-
outlines of a theory for tha- transition in CulsS,. Inthis T, materials:® This background motivates our 1§ and Ir
paper, we present S and Ir XAS results spanninghhe  Lz-edge studies across thé-l phase transition in Cul6,.
transition in CulgS,. The SK-edge results, along with a Cu K-edge measurements in our laboratory, along with pre-
careful review of the dimerized/charge-ordered chain charactious NMR® and band-structufecalculations, indicate @
ter of the | phase, motivate a proposal for a specificCu'” state in CulsS,, allowing us to neglect Cu state
electronic/structural basis from which to approach underinfluences on thé states abov&r .
standing of this novel-M transition. The elemental X edge in Fig. 18) is dominated by an
The sample preparation and characterization techniquestense “white line” (WL) feature, due to dipole transitions
were as discussed in Ref. 10. The&KSnd IrL; XAS mea-  into empty 3 states. In transition-metal sulfide compounds,
surements were, respectively, performed on beamlines X19A8ne typically observé$ a diminution of the WL intensity
and X18B at the Brookhaven National Synchrotron Lightdue to T to S charge transfer and the appearance of promi-
Source, using methods discussed in Refs. 12 and 13. Theent threshold features, shifted down by 0-5 eV from the
low-temperature XAS measurements on X19A utilizes a ni-elemental-S WL, due to hybridized 8T d states. The K
trogen cryostat(in the fluorescence mogleand those on threshold features probe thed)(DOS (weighted by transi-
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FIG. 1. (a) The SK edges of elemental S and Ci§,, with T
=Cr, Co, and Ir. Th&'- anda-threshold features are, respectively,
associated with T t,y and ey state hybridization(b) The SK
edges of CulyS,, at temperature3=195K (in the | phasé¢ and
300 K (in the M phasg. (c) The Ir L5 edges of elemental Ir, IrQ
Culr,Se,, and CulgS,. The intensity in theA andA’ positions are
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associated with Id t,4 ande, final states, respectively.
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FIG. 2. Comparison of the B edges
I-phasg225 K) to M-phase239 K) trans

of CulS, just across the
ition. The differencébot-

tom) between thd- and M-phase spectra is shown to highlight the

full details of theM to | electronic state

changes.

S p/Ir d(t,g) hybridized states, defines thesg states much
more sharply. The alignment of thellg B feature and X b
feature for the CulS, suggests S-Ir hybridization effects at

these higher energiés.

For comparison, the Ir; edges of IrQ, Culr,Se,, and Ir
metal are also shown in Fig(d. The higher WL intensity
and chemical shift of the Ir9Qspectrum reflect its higher
valence relative to Cuy6,. The IrLg spectrum of CubSe

shows a greater Id DOS nearEg
consistent with a higher density o

, relative to CulyS,,
f overlapping states near

tion matrix element effecian sulfides in the same sense as E. in the always-metallic Se isomorﬁﬁ?he combination of

monochromator resolution, core hole broadening, and core-
| ) - ¢ holed-electron interactions make thellg WL feature essen-
1(a) illustrate this for the octahedral ligand field case, wheretia"y identical in theM and| phases of CulS, .

S K-edge spectra were taken as the sample slowly
warmed through thé-M transition (with temperature mea-
e i : '€ surements being-5 K) and the details of the discontinuous
t55-€g- Theaanda’ features in the X spectra are associ- spectral change can be seen by comparing The225 K

O K threshold features do in oxidé&The SK-edge spectra
for the spinel compounds QyS, (T=Cr, Co, and Iy in Fig.

thed orbitals are split into a lowetr,, sextet and an uppey
guartet. For the isoelectronicd3Co and % Ir compounds,
the empty states até';-eg and for the Cr compound they are

ated with the empty $ states, hybridized with the empty,

and e, states,

calculations’ the ligand field spliting forT=Ir is large

localized Cod orbitals (yielding an unresolve@’ shoulder

respectively. Consistent

I-phase andl ~239 K M-phase spe

ctra in Fig. @op). The

with  banddifference between these spectra, shown in Figodtom
cul ld provides a direct estimate of the detaileddliS-p state re-
(yielding a resolved’-a splitting) and smaller for the more  distribution occurring at the transition. Here we will focus

only on the central element of thi

s redistribution, the dra-

on thea feature. In theT=Cr case, the broaderbands and  matic shift of thea'(t,,) feature to higher energy in the

larger number of,, holes broaden the threshold features andphase. A proper theoretical treatment of this transition should
enhance the'-feature intensity. Finally, although not ger- also replicate the state redistribution on the low energy side
mane to this work, it should be noted that a full treatment ofof the a feature.
such threshold features should include exchange and multip- We tacitly assume the & threshold features are domi-

let effects, particularly for the Cr compound.

the same(albeit displaceg energy scale for thé and M

nated by electronic structure effects in analogy to all past O
Figure 1b) compares the &- and IrL;-edge spectra on K-edge threshold measuremetfts!® The close quantitative

similarity of ourl-phase X threshol

d spectra to thephase

phases of CulS,. The IrL; edge also manifests an intense inverse photoemission resfltsstrongly supports this

WL feature due to the & states abov&, . TheA feature, at
thel ; edge of CulsS,, involves the four empte, states per

tions to Sp/Ir d(ey) hybridized states. ThétZg hole per Ir
makes a weak unresolved contribution to thé& JrWL near
the A’ energy range; however, theksa' feature, involving

assumption.

We will pattern our proposals for understanding GSkr
Ir, and the aligned ¥ a peak is associated with the transi- after those of the Abbatet al'® reformulation of Good-
enough’s ided$§ for the paramagnetic-metal-to-dimerized-
insulator transition in VQ. These authofs'*® developed a

simple molecular orbitalMO) theory
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FIG. 3. (a) The Ir atomdonly) in the cubic spinel CuyS,. Note
the interleaved and Ir-chain structure and threefold chain intersec-
tions at the Ir siteqsee center )r (b) The I-phase Ir chains of
Culr,S, with surrounding atoms omitted for clarity. The isolated ;
circles are I#* and the circles, connected by heavy lines, are SELS e
Ir**-1r** dimers. Clasd chains(light dotted ling are along the e ¥ n
triclinic-(110) direction with the ™ -1r**-1r3"-1r3"-1r*" inter-
atomic distances being 3.06, 3.59, 3.66, and 3.59 A and the chain
repeat distance being 13.95 A. Class Il chdlight dashed lingare
along the (01} direction with the interatomic distances being 3.00,
3.72, 3.55, and 3.66 A and the chain repeat distance being 13.93 A.

dy?

. . FIG. 4. Schematic views of the proposed electronic properties of
the appearance of a prominenttCthreshold feature inthe ¢y, (a) The I-phase chain repeat unit with ®ctahedra be-

phase. The model was based on a strong hybridizationng viewed from above. The overlapping orbital lobes of the f*
induced splitting of dimer Vd states ¢, state$ oriented  gimer are shown. The filled? shell I?* sites are represented by
along the chains of edge-sharing yOctahedra in the rutile circles. (b) The proposed MO electronic structure in thiephase.
structuret>!® Abbate et al® noted, and Sommerst al’®  (c) The proposed MO electronic structure, in thehase at the
emphasized, that Mott-Heitler-London electron correlationdimerized(left) and undimerizedright) sites. Note only the highest
effects also contribute to they splitting. lying t,4 d states have been shown explicitly in the diagram.

The spinel structure of Cul§, is decidedly three dimen-
sional, however, as Fig(8) illustrates, it also contains criss- posed of atgg-t;3 dimer, bounded by two filled-orbitatgg
crossing Ir chains with an Ir-Ir spacing di=3.48 A  sites. After Abbateet al,'® we denote the last filled orbital
=a\/2/4, wherea is the lattice parameter. The chains crossalong the chain asl; and note that thd-phase chain se-
in adjacent planea/2 apart, and cross-linking chains create quence would bel’d;-d{d?. In the extended-zone scheme,
three-fold chain intersections at the Ir sitesee the cube the dispersion curve for thd, band would now have new
centej. The cell edge-to-edge chain has a length &f 4 gaps atw/4h, 7/2h, and 3m/4h. The 3m/4h gap falls in the
=13.92 A and contains four Ir atoms in the cubic cell. In therange of the Fermi energy of thgfilled d, band, and the
metallic phase the i atoms, with a configuration dﬁ'g5, removal of nested states ndgt should play some role in the
can be thought of astgg][tﬁ's], where the former bracket M to | transition. Sommerst al'® emphasized that electron
constitutes two filledd orbitals and the latter &filled band ~ repulsion/correlation effects were important in ¥Calong
for the highest-lyingd(t,,) orbital. with directd, overlap effects. We believe the correlated sin-

Space limitations preclude detailed discussion of the comglet dimerization energy is crucial here also, and while the
plex triclinic (a=11.95A, b=6.98A, c=11.93A, « direct d-overlap effects should be enhanced and the cor-
=91.05°, B=108.47°, andy=91.03°) I-phase structur&®  relation effects reduced in thisd5Ir compound, both are
however, several crucial points should be nofede Fig. anticipated.
3(b)]. All Ir atoms are members of charge-ordered In Fig. 4@ we show a schematic representation of the
e 3t C At Ir3t- .. chains with dimerized  fr-1rdt dimer-containing chain repeat cell indicating the filldﬁ
pairs. There are two closely related types of chéirend Il)  sites with circles, and the orientek,-type charge cloud at
having unit repeat distances of4h, and extending along thed; sites. The intersite diredt-d| overlap of the dimer,
approximately orthogonal triclinic cell edge-to-edge direc-across the shared octahedral edge, is emphasized.
tions. Planes of chains in these two directions alternate in the In the M phase of CulyS,, the itinerantd holes are hop-
third direction. At staggered chain crossing regions, adjacerpting on and off Ir sites along three-fold cross-linked chains,
Ir3*-1r** atoms are still clos¢in the 3.43-3.56 A range  with the spatial orientation of the,, charge lobes also fluc-
however, the orientation of the crucial ndas-, d-orbital  tuating. The transition to the phase involves several com-
charge lobes, within our model, should aleng the chains  ponents: a ft"Ir**-1r**Ir3* charge ordering with a con-
This should produce minimal overlap between the filled-shelcomitant quadrupling of the chain cell to4h, an orbital
tgg Ir3* on one chain, and the transverdébe on the I#* ordering of the charge lobes at each site into one chain and
on the adjacent chain, leading to n&r-d bands with across the shared edge of afi"kir** dimer, and finally,
quasi-1D charactewithin a 3D geometrical structuye dnl-d”1 hybridization into a spin singlet dimer with correlation

The four atom repeat unit in thiephase chains is com- effects.
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In Fig. 4(b) the MO proposal for thé/ phase of CulS, ing di states to abovE at the dimer sites. The bondinf
is shown. The bondingo)—antibonding ¢*) orbitals in-  states at the dimer sites, and the fillgg states at the f*
volve Ird(eg) states that point toward the S sites, and inducssites, are both pulled belo&: and do not contribute to the S
strongly split hybrid states. The less split bondig)— K edge. Thus, this simple starting-point model involveslithe
antibonding ¢*) orbitals involve Ird states that point be- phase arising from orbital ordering of treorbital charge
tween the S sites, and hybridize more weakly. The highestypes into in-chaird, states, and intrachain charge ordering
|y|ng Ir d(tZQ) orbital [Iabeledd n F|g 4(b)] IS partla”y into |r4+_|r4+ (dlﬁll._dlﬁll.) correlated Singlet dimers bounded by

filled at Eg. 34 g 2 . .
In the | phase there will be two differing MO combina- " Mglrlgd (tja‘h((e)rr:Illtal tsr:eesu.nderl ing electronic origin of the
tions, one for thal’-d? dimer and one for the? sites which g Y. ying g

are shown in Fig. &). At the dimer site, the splitting of the M- trar;mon in_this s;(;stgm _3ppearsl, at presen)t(,Agmque
d states into a bonding, and antibondingdjf pair is dra- among i row compound. Besides expiaining our re-

. . . sults, the proposed MO picture appears to explain the photo-
matic. The fact that both théj andd, states carry hybrid- o P ion bel | inalv. the fact th
ized Sp states with them, away frofi. , has been empha- emission gap formation belof . Interestingly, the fact that
Iszized in Fi © b ' the additfo,nal broader  box the band structure calculation predicts a metallic state, even

9. y 3102 si > in a tetragonally distorted phasRef. 9, strongly suggests

accompanying these states. At the'lid site, the closedl] ot the electrons in thé phase have localized character,
orbital falls belowEg . Thus in this MO model th#-I tran-

o L X despite the common belief thatd5electrons form broad
sition involves; the redistribution of the neBf states in the

X , , i , ~ bands. Hence, th#l transition would appear to involve
M phase, into thd-phase dimer site bonding/antibonding qjactron localization due to correlation effects.

(d,/d}) states, and into the fillety, states at the ¥ site.
Referring back to our &-edge results in Fig. 2, in thg
phase we associate the high-lying M@ states and the
nearEr MO =* d states with the K a anda’ features,
respectively. In thé phase, thea feature andr™* states per- This work was supported by the DOE under NSLS Con-
sist relatively unchanged in both the S-K edge results anttact No. DE-AC02-98CH10886, the NSF under Grants No.
MO model. The shift of the’ feature to higher energy in the DMR-0093143 and No. DMR-0103858, and the Korean Sci-

| phase is associated with the splitting of the MO antibond-ence and Engineering Foundation through CSCMR.
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