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Electronic properties of the narrow-band material a-RuCl 3
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X-ray angle-integrated and ultraviolet angle-resolved photoemission spectra of the low-spin com}aound
a-RuCl; show that Ru 4 and Cl 3 states contribute to the valence-band structure of this magnetic material.
The energy distribution curves measured along the azimuthal diredlieds-I" and I'-K-M using Hel
radiation indicate an uppermost nearly dispersionless structure ofdRuridin, and two dispersive features
obtained from CI d-derived bands. The photoemission results, together with the optical and magnetic prop-
erties described by ligand-field theory, support the view of localizé&tates forming a very narrow Ruwl4
band in the vicinity of the Fermi energy. The mail #mission structure has been thus assigneddbd 4
unscreened hole states, where the band gap corresponds to infedsiteansitions, andx-RuCl; can be
classified as a Mott-Hubbard compound in consideration of its electronic and magnetic characteristics. The
inconsistency between the photoemission results and the transport properties, describing this material as a
conventional band-gap semiconductor, is finally discussed.

[. INTRODUCTION sion spectroscopy as well as in optical spectroscopy. The
most striking difference between the two approaches con-
The nature of the electronic structure and the origin of thecerns the magnitude of the conductivity gap. However, as far
insulating gap in transition-metal oxidé¥MO’s) and ha- as TMO'’s are concerned, it seems now more or less accepted
lides (TMH’s) has been a controversial subject for manythat the~4-eV gap of MnO, FeO, CoO, and NiO arises from
years!® One-electron band-structure calculations predictMott-Hubbard localization of electrons in partly filled
small energy gaps for TMO%$® and even metallic behavior bands. Recently, it has been suggested that hybridization of
both for TMO’s and TMH's; like Ni dihalides and Cr the localized 8 levels and O p bands in some TMO'’s
trihalides! As a matter of fact, transition-metal compounds (such as NiO and CuQ and halidep bands in some
(TMC's) reveal two different types of electronic behavior: TMH'’s,**?is of critical importance, and that the insulating
the delocalized regime, as in layer dichalcogenides, and thgap is actually of the charge-transfer ty@uCl,, CuBr,,
localized one, with examples taken frequently from theand NiX,) (X = CI, Br, or I). However, despite the apparent
TMO’s and TMH's. The delocalized regime, which is de- breakdown in band theory that this approach represents, one-
scribed by the independent-electron approximation, adheresdectron models have been successful in correctly determin-
to band-structure calculations very satisfactorily to produceng the lattice spacings, magnetic moments, and energy gaps,
either metallic behavior or semiconductivity. On the otherbesides antiferromagnetid\F) order>®1% Moreover, re-
hand, localized materials show an insulating behaviorcent theoretical work!*2has revived the idea that the prin-
largely independent of band-structure previsiofs.g., cipal origin of the band gap is the inherent AF order: in this
CrCl; and Cr,O5 are excellent insulators with partially filled itinerant 3-electron model of the TMO, the exchange per-
d bands, with the breakdown due to the growth of electron- turbation of the one-electron band structure opedsdagap.
electron correlation to producel electrons essentially An explanation for this failure of band theory was first
trapped around each TM site. In this case the optical anduggested by Mott®**who brought attention to the impor-
magnetic properties are described by ligand-field th&ory.tance of electronic correlation, neglected in a HF approach,
TMH’s are, in general, antiferromagnetic, electrically insu-in the case of narrow bands: Mott pointed out that in the
lating, ionic compounds presenting layered structieeg., limit where the lattice parameter becomes sufficiently large
CdCl,, Cdl,, and Bil;). The halidep bands are fully occu- that overlap between nearest-neighbor electronic wave func-
pied, the metaé states are empty, and the medastates are tions is negligible, any material must be an insulator. In the
partially occupied. It is the apparent incompatibility of their limit of zero-width bands, electrons are localized around
insulating behavior with the partial occupation of #hehell  their ion cores, just as core electrons. The existence of a
that makes these materials especially interestiglthough  correlation gap in a simple model, consisting of a single
attempts at modifying band theory to explain the insulatingband with aé&-function interaction between electrons, was
behavior have been made, it does not appear likely that then verified by Hubbardf
pure Hartree-FockHF) approach will consistently account  Furthermore, TMO’s and TMH'’s are ideal subjects for an
for the electrical behavior of all TMC’s. Two approaches investigation of insulating and metallic states, because of the
(band theory with exchange interaction treated in thewide diversity of electrical properties observed in apparently
density-functional approximation, and the local clustersimilar materials: for example, layered CeChnd cubic
mode) make clear predictions concerning the structuresCr,04 are both Mott insulators, while layered Rudb ap-
which should be observed in direct and inverse photoemisparently a Mott-Hubbard compour{dr a not standard semi-
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conductoy and cubic Ru@ a metal. A major problem for TABLE I. High-low spin change of the crystal-field parameters
these materials is the preparation of good crystals, since moftr some 31 and 4d transition-metal compounds. Thel £lectrons

of them contain important concentrations of random impuri-Present an increase in the crystal-field splitting paramétgrand
ties and lattice defects so that the results of electrical mea&smaller values of the Racah parametex(s. and I.s. means high-
surements often have little to do with the intrinsic propertiesSPin and low-spin compounds, respectivelyalues for CrC} and

of the material. Most pure, stoichiometric crystalline materi-RUCls aré taken from Refs. 19 and 18, respectively; those for
als are classified as either metals (86 prr<102Q cm)  MoCls and FeC} are from Ref. 20.

with a linear increase of the resistivigy with the tempera-

ture T or insulators and semiconductors 8% gt Ace (em™?) B (cm™) Acrm
<100 cm) and an exponential decrease with increasingd? crcl, h.s. 13.700 540 25.4
temperature. Some typical insulators include NiO, JiO 4d3 MoCl, I.s. 19.300 410 47
Co0O, Cr03, and CrC}, and metals include TiO, CrQ 3d5 FeCl; h.s. 14.000 750 185
ReO;, and RuG,. Charge-transfer semiconductors are CuO.4q5 Rucl, I.s. 11.840 370 32

CuCl,, NiCl,, and NiBr,: holes are light(transport in the
anion valence bandnd electrons are heavransport in the
d bangd.** due to electrons which move with a bandlike mechanism
In a recent papeff the core and valence-band photoemis-within the 4d narrow CF bands with a very low mobility
sion (PE) spectra of layered CrGland a-RuCl; were mea- (0.1<u<1 cm?V s~ %) and a high effective mass. The in-
sured and discussed. The only difference was a larger widtbonsistency between the photoemission results and transport
(~5 eV) of the valence band as compared to the core levelsproperties raises the question whetheRuCl; is a band or
which reflects the dispersion of the bands. These materialg Mott compoundsemiconductdr This problem is not new,
were classified as Mott-Hubbaft¥H) insulators on the ba- as some examples reported in the literature point out: see, for
sis of experimental results obtained by angle-integrated phdnstance, the case of TMOC00?? and TiTe,.®
toemission (AIP), photoconductivity, and optical spectra.  In seeking a means of clarifying this point, it seems natu-
The interpretation of PE spectra becomes more complicateghl to turn to photoemission techniques, since they have
in compounds that contain open shell ions like transitionplayed a major role in testing the electronic structure of a
metals, and the principal conclusions were that thleaBd  wide variety of materials, including oxides. In principle,
4d states of Cr and Ru atoms ang 3tates of Cl contribute ARP should be able to distinguish between localized and
to the formation of the valence band, and that the maintinerant(bandlike d states by the observatigar no of the
d-band emission is due to crystal-field multiplets of theenergy peak dispersion with the electron wave vector.
d""* final states®’ Hence the results of an ARP study are presented and dis-
For MH compounds, the energy g&gg, is proportional to  cussed in relation to the known electronic and transport prop-
U, the d-d Coulomb interaction which includes exchange erties. Further, some considerations concerning the metallic
and correlation, and both holes and electrons are heavy sinead insulating behavior of RuQ(Refs. 24—28 and RuCl
they move in band¢éHubbard bandsformed primarily from  materials, where the electrical transport may or not occur in
d orbitals of the transition-metal ions, and these are narrovpartially filled d bands, are made by discussing their x-ray
because the ions are relatively far apart. The electrostatighotoemission specti@PS).
repulsion between the electrons leads to localization of the
d electrons and a nonconducting state: two typical examples
are CrCk (Ref. 16 and Cr,03.'" In a 4d TM compound
(RuCl3), the situation is rather different from al3rM com-
pound (CrCl3), since RuC} is in the low-spin state. The Crystals ofa-RuCl; were grown from the vapor phase by
4d electrons, being less tightly bound energetically and spachemical transport in an open tube reactor. The metal pow-
tially than the 3 electrons, are more directly exposed to theder reacts at approximately 750 °C with a stream ofdals,
ligands, have a greater state mixing with an increase in thand crystals are deposited at lower temperature in the growth
crystal-field (CF) splitting parameteAcg, and at the same zone. The purity of the elemeni®ku metal powder and
time they show a smaller value of the Racah paramBter Cl, gas is greater than 99.9%, and RuCtrystals may
which gives a measure of the electron-electron repulsiopresent a stoichiometry deviation around 1%, as measured
within the d shell®1®-2°|n Table | some examples illustrate for the pure compounds. This slight deviation of stoichiom-
the high-low change of these parameters. etry is too small to be discernable in the photoemission spec-
In Ref. 16 it was anticipated that the relative dispersion oftra, but can affect the electrical measurements, owing to their
Ru 4d states in the valence band would be less than 0.2 e\§ensitivity to lattice defects and impurities. The crystals
on the ground of preliminary angle-resolved photoemissior(~25 mn¥) are black, lustrous, and very stable with thick-
(ARP) measurements, and that the photoconductivity excitediess between 10 and ¢om.
across thal-d energy gajE¢ could be due to a hopping type a-RuCl; has the high-temperature crystal structure of
of conduction where the electrons diffuse from one cationCrCl; (C3, monoclinic, four formula units per unit cell
site to the next. above 240 K It belongs to a group of layered transition
However, this picture does not seem consistent with remetal halides where one hexagonal sheet of at@R is
ported conductivit}??* and Hall mobility data® which de- sandwiched between two hexagonal sheets of chlorine. How-
scribe this material as a ftraditional semiconductorever, for RuCj} two-thirds of the Ru atoms are missing in the
(p r7~10°Q cm), where the intrinsic electrical transport is metallic sheet, and the structure of the surface of RU€l

II. SAMPLE PREPARATION AND EXPERIMENTAL
PROCEDURE
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identical to that of Bi}. Within a sandwich the bonding is distribution curves were measured along different azimuthal
mainly of ionic charactefthe coordination around the metal directionsI'M, I'M’, andI'K in the BZ.
atom is octahedral whereas the van der Waals bonding is The polar angle dependence of the spectra forlti'
responsible for the stacking between the sandwichesind I'K directions has been measured with a normalized
a-RuClj is antiferromagnetic below 13 K The rhombohe-  photoemission intensity, and we have calculatedkheal-
dral unit cell consists of two metal and six halogen atomsues associated with the peak positions on the photoemission
The three-dimensional Brillouin zon@Z), and its related spectra using the equation
surface BZ is identical to that of Cd&type compounds.
The M and M’ surface symmetry points correspond to in-
equivalent directions when the underlying structure is taken
into account. The surface Brillouin zone arises from the
halogen atoms, which are 0.36 nm distant from each other: ivith E,=Aw—W—E;, whereE, is the kinetic energy of the
follows that'K=12.8 nm * andTM=11.1 nm .. photoelectronsy the work functionf w the photon energy,
Owing to the surface sensitivity of ultraviolet- and E; the energy of the initial state of the transition. The
photoelectron spectroscopy(UPS photoemission, the position of the Fermi level Er) was determined from the
samples were peeled in the TBPa range, and the quality of photoelectron spectrum of gold evaporated on the sample, as
the basal plane was controlled by low-energy electron difa reference metal. The work function was obtained by sub-
fraction (LEED). Since the LEED diagrams do not discrimi- strating the width of the photoelectron energy distribution
nate betweeM andM’, a careful examination was made of (from zero kinetic energy t&;) from the radiation energy:
the absolute PE intensity vs the polar angle in order tdhe vacuum level was so found at 6.1 eV above the Fermi
specify the different crystallographic orientations. TSI level.
andI’M’ directions were identified as follows: going from a

2m Ek) 1/2

kH: 72 sing, (h)

r_netal atom along _thEM directio_n the first-n_eighbor_ligand IIl. RESULTS AND DISCUSSION
lies under thd"M line, whereas in th& M’ direction it lies
above the'M’ line. Figure 1 presents the UPS and XPS valence-band spectra

XPS experiments were performed with a Vacuum Gen-0f @-RuClL, and the XPS spectrum of the metallic compound
erators ESCALAB MKII system, equipped with a mono- RUO, (4d*). The PE spectra of RugGlare formed by three
chromatized AIK « x-ray source fw=1486.6 eV: the an-  resolved bands originating from the Rd 4nd Cl| 3 states:
gular acceptance of photoelectrons is so large that in the findhe metal 41 band and Cl  bands are still separated, al-
state the wave vectdr of the photoelectrons is smeared out though some metal-chlorine hybridization is present. The
over a large part of the whole BZ. There is a second effectsymmetry attributions follow from the strong increase of the
for electromagnetic radiation of 1.5 keV, the photon wavephotoemission intensity from the Rul4electrons relative to
vector is relatively largex=0.7 A=, and therefore one no the signal strength from the Clp3electrons in going from
longer has a vertical transition. This adds to averaging ovetPS to XPS data. This effect is due to the strong dependence
the BZ. In experiments using a polycrystalline sample, theof the valence-band photoionization cross sections with the
XPS spectrum, therefore, reproduces the density of statdgcrease of the photon energyThe comparison with the
(DOS) of the material, in which contributions from electrons RuO, PE spectrum shows that in this compound tta¢ 4
with different angular momenta are weighted differently be-final-state structure is displaced from a Fermi energy of
cause of their different photoelectric cross sections. In exabout 0.6 eV. The experimental density of states is in good
periments with single crystals, this XPS density of states iigreement with the theoretical density-of-states cuf{/és.
further modulated with an angular projection factor. How-The calculated DOS curvésshow that the metal-oxygen
ever, although experience has shown that, in general, singl€ovalency-overlap interactions determine the width of the
crystal experiments on pure materials do not give much morgalence and conduction bands. In particular, most of ttie 4
detailed information than experiments with polycrystalline bandwidth arises from the overlap interactions of theand
samples, in the case of RUCKPS spectra measured on ey orbitals with the oxygen &2p states; the Fermi level
single crystals have exhibited a structure unnoticed in previfalls at the lower part of the @ band, in thet,, manifold.
ous works'® The total instrumental resolution was about 1 Thus the Ru 4 states broaden into a dispersive, partly filled
ev. band, where metallic conduction is possible. The electron

In the UPS (ultraviolet photoelectron spectroscopse-  transport properties are then explainable in terms of normal
gime, the spectra are dominated by dirégertica) transi-  behavior, as described by the Boltzmann equatidn. me-
tions in the reduced zone scheme. In an experiment with &llic RuO, the screening in the final state is more effective
single-crystal sample, one investigates direct transitions witlthan in nonmetallic RuGl, therefore it is not surprising that
well-definedk vectors. This then provides a method to mapthe peak in the ¢* structure in RuGlis found around 1 eV
the band structuré&(k). The spectra were obtained in an (XPS) as compared to 0.6 eV in RyO The entire Cl
ultrahigh vacuum system (16%mbar ranggwith an hemi-  band exhibits a full width at half maximurtFWHM) of
spherical energy analyzer by using a He discharge lampbout 5 eV, while the Rud peak has a broadening of 1.5 eV
(Hel, Aw=21.2 e\}. The photon beam had an incidencein XPS and 1.0 eV in UPS spectra. The dominant source of
angle a;=45° with respect to the normal at the sample sur-the linewidth ind levels is most probably hybridization
face. The energy resolution was about 150 meV, and théroadening; that is, the effect of hybridizing thel 4ole
acceptance angle was1°. The polar angle® of emission  orbitals with anion P orbitals, whose energies are spread
was incremented by 5° steps from 0° to 80°. The energyver a considerable bandwidtabout 5 eV according to Fig.
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2 FIG. 2. Mott-Hubbard energy-level diagram for an unfilldd
l§ band in a solid as a function of the inverse lattice parameter. The
; separation at &=0 is U, the Coulomb repulsion between two
2 electrons of opposite spins simultaneously located in Wannier states
‘é’ centered on the same ion core. The two energy levels broaden with
§ inc_reasing 1, and their s_eparation is the energy gfago _the acti-
o |b vation energy for conduction. In the zero bandwidth limit, the Bloch
o energiesT, are separated by.
RUOZ
hw=1486.6 eV

observes a greater broadenimgdth 1-1.5 eV of the partial
bandwidth due td,, andey orbitals, arising from the effec-
tive d-d hopping integralé:**

The energy gap, ascribed tld transitions, is

Eg=U—3(B1+By), @

where U is the (atomig Coulomb correlation energy, and
B, and B, are the widths of the two bands. In Fig. 2 a
Mott-Hubbard energy-level diagram for an unfillddand in
BINDING ENERGY (eV) a solid is illustrated. We see that the separation atD is

U=I1-EA ©)
FIG. 1. Valence-band structure of paramagneti®RuCls: (a)

Angle-resolved photoemission spectrum measured at normal emighat is, for many electron atoms is defined as the energy
sion with a He radiation.(b) Angle-integrated photoemission spec- required to transfer an electron from one atom to another, so
tra measured with AKa radiation.(c) XPS spectrum of metallic thatU is given by the ionization energyt minus the elec-
RuO, (Ref. 2. The Fermi level is to be identified with zero bind- tron affinity (EA). With increasing 1d the two energy levels
ing energy. are broadened by ion-ion interaction in the solid, and their

separation is the gap energy given by E2). It is seen that
1). In the case of the d structure observed in UPS/XPS for a vanishingly small bandwidth, the baddsplits into two
spectra, one observes a considerable broaddang.5 eV, subbandgupper and lower Hubbard bandseparated by an
for the bandwidth of the,, orbitals(Frenkel excitongof the  energy gafEg of the order ofU. Hubbard® in an approxi-
4d* ligand-field state®T,, while typical widths of ligand- mate solution found that ordinary band theory predicted cor-
field transitions in the optical spectrum are of the order ofrect electrical behavior in the range where the ratio of the
0.1-0.2 eV. Since we are considering the sah®tates, itis bandwidthsB to U was large,but that near the opposite limit,
not at once evident why the hopping of 4lectrons between whenB<U, the material was indeed a Mott insulator: in the
neighboring cations should produce widths much larger thailubbard approximation the Mott transition comes at
the exciton widthg0.1-0.2 eV. The reason is that an exci- B/U~1.16(the dashed line in Fig.)2A typical example is
ton transfer consists of the excited electron hopping simultaNiO, which for a long time was considered a prototype of a
neously with the hole from which it was excited. The effec- Mott insulator. Since for Ni* the atomic limit isU=18 eV
tive exciton transfer integrals are of the order af/2 (in (Ref. 29 andW=1-3 eV’ even with a considerable reduc-
the AF phase, but also aboV¥g where short-range order still tion of U by solid-state screening the insulating nature of
occurg rather thant, a typical d-hopping integral. For in- NiO is understandable in this simple picture.
stance, in NiO or CoO the effectived3transfer integral is of A central element in Hubbard’s treatment of correlation
the order of 102 eV, which corresponds to an intrinsic effects and in any discussion of conduction mechanisms in
bandwidth of the order of 1IG eV, far smaller than the narrow-band materials is thed-state bandwidth. For
observed exciton width&about 0.1 eV. In the case of the «a-RuCl;, one finds from PES spectra that the bandwidth is
4d structure observed in UPS/XPS, there is no such extraf the order of 1-1.5 eV in line with the reported widths of
particle-hole factor 2U to reduce the hopping contribution TMO’s (Ref. 17 and TMH's¥® In particular, from UPS
to the widths of the final d state in RuC}: one therefore spectra one can make an estimation of the Ru
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a-RuCl; measured at 300 K.
a;=45° is the photon incidence
angle, andé is the polar angle.
The azimuthal angle corresponds
to theI'M'T" direction of the sur-
face Brillouin zone. The experi-
mental band structurg vs K| in
the repeated zone scheme for the
4 [I'-M'-I' symmetry direction is
shown. In the insets the experi-
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CdCl, structure are also shown.
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4d-bandwidthB of 0.7-0.8-eV FWHM for the®T; final  nonmetallic behavior is thus expected, without considering a
state. In XPS spectr& may be estimated at around 1.3—1.4 conventional band gap, angtRuCl; can be described as a
eV after correction for instrumental resolution. The photo-Mott compound®

conductivity edge, which gives the experimental value of the Let us now present an angle-resolved photoemission in-
photoconductivity gap of the materiédn energy separation vestigation of the valence bands of RyQFrigures 3 and 4
between thel* andd® configurationgin a direct way, can be present angle-resolved spectra for b1’ and 'K direc-
estimated around 0.7-0.8 €gee Fig. 8 of Ref. 16 From  tions with energy relative t&g, the Fermi level, and nor-
Eq. (2) one thus obtains a value &f of 1.4-1.6 eV, which malized photoemission intensity. The peak positions have
may be slightly reduced, if one makes a proper correction fothen been plotted with the initial energy origin takenEat
hybridization, to 1.2U<1.4 eV, but it still greater than the for the ’'M’ andI'K directions as a function of the wave
observed d-band-width. Moreover, if one compares the ob-vector kj by means of(1). The experimental plot&(k))
tained value ofU, let us sayU~1.2 eV, or a still lower along the'M’ andI'K orientations are also shown in Figs.
value, likeU~0.8—1 eV(the value of the photoconductivity 3 and 4, respectively. One can see that the experimental band
edge, with the dispersional part of theddband(in Figs. 3  structure extends across the first BZ, entering the second BZ
and 4, one finds that) is greater than five times the band- along the['K andI’'M’ symmetry lines.

width of 0.2 eV (see Refs. 4 and)6In the MH model a Three prominent features have been identified and labeled

@

EF=0
l O 0 O o0 0 0 © 0 g 000CO
- A

>>>>

2 7 FIG. 4. Polar spectra of
a-RuCl; at T~300 K with

- «;=45°. The azimuthal angle
was now chosen to correspond
to the ’'KM direction of the
surface Brillouin zone. The ex-
00 0 perimental band structu vs

K| in the repeated zone scheme
for the I'-K-M symmetry di-
rection is shown.

PHOTOEMISSION INTENSITY —
BINDING ENERGY (eV)
~ w

|
(o]
(e}
(o]
(o]
(o]
(o]
(o]
(o]
I3)
(o]
(o]
o (@]
0o (0]
o O
Q 9
]

-
=
Z

10 5 O:EF 0 10 20
BINDING ENERGY (eV) WAVE VECTOR (nm-')



12774 I. POLLINI 53

asA, B, andC. The intensity of peald is weaker than that that photoemission satellites, which are due to multielectron
of peaksB and C, in contrast to what is observed in XPS effects involving the transition metal and ligandp states,

and, for this reason, peakis attributed to thel states of Ru  have been observed in Ni oxides and haliéiésnd also in
atoms. The second and third peaBsgndC) arise from the CoO (Ref. 22 and MnO®! In all cases resonant photoemis-
3p states of chlorine. The firgt band B) shows a clear sion has suggested that the satellite bands observed in the
dispersion which is not attenuated at high angles. Alongralence-band photoemission spectra of these compounds are
I'M’ (Fig. 3), the B band is symmetrical with respect to the due to 3"~ final states, and that the main emission features
M’ point, and reaches tHe point of the second BZ at high aré due to ligand-to® charge-transfer final states. It was
angles. The secong band (C), which also has dispersion, also p0|_nted oﬁ_’tl_ that the satellite peaks are generally ob-
does not follow the symmetry of the BZ. The extrapolation atS€"ved in transition-metal compounds which cannot be de-
constant binding energy of the band alongl'K reaches scribed by ligand-field theory. As recalled, in the valence-

pointM at an energy near 6 eV, corresponding to the bindin band photoemission af-RuCl; no satellite peak occurs, and

energy at theVl’ point (Fig. 4) %nly t_he 4 main structure is obsc_arved. While the absence of
e . satellites seems to support the idea that the PES spectra of

FeatureA,_ abou_t 0.75 eV below the Fermi level, 5“9""5 A this compounds can be interpreted within a ligand-field pic-

very weak dlspers_|on, less than _0'2 e\_/ across the entire BI"lt'ure, it further indicates that exchange and correlation effects

louin zone. We think that this dispersionless band 8ar  (which are observed in final excited states created by the

observed by a surface-sensitive technique, is a true feature Bﬁotoexcitation of the one-electron wave functions of the

bulk RuCl;. It is possible that the observed localization only jnjtia| states, as given by the value df, should not be very
occurs for Ru 4l electrons at the surface; however, for astrong in «-RuCl,: in fact we have obtained 12U<1.4

surface state we expect appreciable changes with photon egv, to be compared with 6 e¥U<9 eV in NiO*%?
ergy or a contaminated surface, which we did not observe. The final part of Sec. Ill concerns the discussion of the
One can learn many interesting things from the results preelectrical and optical properties of this material, which is
sented in Figs. 3 and 4. First of all, they show that the funcharacterized by a narrow band in the vicinity of the Fermi
damental difference between Rual 4nd Cl 3 lies in their  energy. For such materials.g., CrCk,” Ni halides*%°or
energy bandwidths. The bandwidth for the chlorine bands iNiO (Refs. 4 and 5, both electronic correlation and the
about 2 eV, while that of the Rudtband is about 0.2 eV. electron-phonon couplingsmall polaronsshould be consid-
For the 4 band we obtain a ratidJ/Wy=7: this ratio, ered explicitly**33-36
greater than unity, seems to indicate that the one-electron The electrical conductivity measured in the paramagnetic
picture should not give a proper description of thestates phase ofa-RuCl;, shown in Fig. 2 of Ref. 18, shows a
(see, for example, the band calculation fat Bands in Cr  temperature dependence typical of a semiconductor
and Ni halides made in Ref),7and that a more localized (pgrr~2x10°Q cm) with an activation energy around 0.1
model would be a more appropriate appro&ch. eV below 300 K, and about 0.5 eV above 400 K, for the

We interpret these results by assuming that the broad Girystallographic directions parallel and perpendicular to the
3p bands provide enough of a degree of freedom for relaxe axis. The fact that deviations from linearity occur above
ation so that the PES experiment measures approximately t#0 K indicates that the lower activation energy may not be
one-electron band structure. On the other hand, the localizedue to an intrinsic process. It is also worthwhile noting that
4d band which has stronger correlations, cannot relax duringhe thermal activation energy for conduction above 400 K
the measurement, and therefore the final states are excitedrresponds to an energy gap of about 1 eV very close to the
states, which can be assigned t*4inscreened holes. The value obtained in photoconductivity.Hall-effect measure-
narrowing of the dispersional part of the Rd #and is thus ments performed in the layers perpendicular todhaxis in
believed to be due td-level correlation effects. If this de- the 180—320-K range have been also repoftethe sign of
scription of the electronic properties afRuCly is valid, it~ Hall coefficient indicates electron conduction in the tempera-
also appears that the material investigated here does ntire region studied: the temperature dependence of the Hall
seem to be a conventional band-gap semiconductor. mobility x varies asT 23 and its value is 0& u<1

Thus, coming back to Fig. 1, where the comparison of theen? V s . The decrease of the electron mobility indicates,
XPS valence-band spectrum @fRuCl; with that of metal- according to Ref. 21, that the electrofi®les move in the
lic RuO, is shown, one can say that, although the XPS speceonduction (valencg band, derived from the df crystal-
trum of RuCl; is very similar, the Fermi level is not inside field split levels with bandwidths about 0.1-0.2 eV, and
the t,; manifold and the compound is not a metal; in addi-separately by an energy géj~0.3 eV. As a matter of fact,
tion, the covalency-overlap interactions do not seem strongrystal-field excitations between single-iod*spectral lev-
enough for the formation of itinerartbandlike 4d states. els appear as a discrete structure in the absorption spéétrum
This also seems to be confirmed by the results of ARP spe@bserved below the outset of the strong-8d absorption
tra, which show almost dispersionless Rd Bands along edge of the electrical dipole-allowed charge-transfer transi-
important symmetry lines. These data suggest that the 4tions observed around 4 eléee Fig. 9 of Ref. 16
states remain quite localized, and that electronic conduction The absorption coefficient is of the order of“:a
in the 4d narrow band is not possible because of the presem ! over 1 eV, where a photoconductivity tail is observed,
ence of the correlation gap, which prevents the material fronwhile two small peaks at 0.3 and 0.5 eV are measured with
becoming metallic. absorption coefficients of the order of216m~*. The ab-

A last comment abut the absence of photoemission satesorption observed in the range 0.1-3 eV has been assigned to
lites in the PES data also seems important. It is well knowrligand-field transitions in terms of the Tanabe-Sugano dia-
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gram for thed® configuratiorf with a value of the crystal- jority carriers are electrorfs. This picture, which does not
field splitting parameteA oc=1.4—1.5 eV for the low-spin seem unreasonable, seems to indicate a smaller screening of
configuration (see Table )l While the low-energy weak the intra-atomic Coulomb repulsion, and that the low-spin
peaks at 0.28 and 0.53 eV have been assigned to spigompound is approaching the delocalization bound&fyin
forbidden transitions T,—°%A; and °T;—*A,), the first this sense consideration of the electronic absorption in the
strong absorption peak at the 1.18- and 2.08-eV bands hawnergy region over 3 eV, reported in the reflectance spectrum
been attributed to spin-allowed transition¥T§—2A,,%T,  of Fig. 11 of Ref. 16, seems interesting. The “extra” absorp-
and °T,—2T,,%A;). tion, observed in reflectance, between the first 1-eV spin-

Table | reports the high-low spin change of the crystal-allowedd-d transition(which in this material may approach
field parameter for some typicald3and 4d transition-metal delocalization through a covalency relaxation mechapism
compounds®2° An increase results in the ratidge/B  and the first parity-allowed charge-transferd transition
when one considers a low-spin compound in which onearound 4 eV, consists of broad bands of slightly higher ex-
moves to the right on a Tanabe-Sugano diagtdm.such tinction coefficients than the accompanying ligand-field type,
conditions, for four-, five-, six-, and seven-electron systemsverlapping to produce long, relatively unstructured absorp-
and octahedral coordinationgd4and 5 electrons no longer tion and a photoconductivity tail. The photocurrent, due to
follow the Hund spin alignment with promotion & states, the excitation of electron-hole pairs in the MH bands,
and favor double occupation of thg, states. The absence of steadily increases up to 2.5-3 eV and is observed in the
ey electrons in RuQj gives a value ofAcr below that of ~ region where the extra absorption occurs. On decreasing cor-
FeCl;, though theA /B ratio still remains larger in the relation one must progressively move towards a one-electron
4d compound® band description, passing through a region where the two

However, crystal-field excitations between localizeddescriptionsligand field vs one-electron band pictumust
states involve no transport of charge and should not contribbe merged. This extra absorption may thus be considered as
ute to electrical conductivity. As previously recalled, elec-an indication for delocalizedi-d ligand-field transitions
trons are essentially localized in the narr‘%/band(a band- rather than intersite hopping transitions, which seem to occur
width of about 0.2—0.3 eVand cannot move, even if the most likely in strongly hybridized, low-spin compounds.
band is not full, for the energy cost of transferring d 4  Thus, although this magnetic material can be described by
electron to an adjacent site. The transport properties of theeans of a localized model of the grounds of its spectro-
materiat®?! thus seem in contrast with the recent classifica-SCOpic, electronic, and magnetic features, the room-
tion of RuCk as a MH insulator, based on PES results: thatemperature transport properties, if they are not of extrinsic
is, is a-RuCk a band or Mott semiconductor? origin (tentatively ruled out by Refs. 18 and 2lseem to

If we accept a localized description of the valence-bandndicate a more conventional approach based on a band
d electrons, there is litle reason to expect that the@mnodel. One should conclude that the theory of either photo-
3d-electron wave vector be conserved in the photoemissioMission or layered TMH'sor both is poorly understood.
process; hence the Rud4rofile in ARP spectra is expected The implication is that one should be cautious in making
to be unchanged with the electron wave vector, and just varfleep interpretations when the general phenomenology is in
in intensity following the photoemission cross section. ThePart contradictoryi.e., inconsistency between photoemission
experimental bandwidth of featura assigned to Rud  results and transport propertieand incomplete. For a better
states show a very small dispersion@.2 eV), less than the understanding of these materials with opehat 5d shells,
one-electron bands. If the narrowing of the caticth Band further investigations, both theoretical(pand or localized
can be considered a result of ttelevel correlation effect, Model calculationsand experimentallynew transport mea-
then we are left with a MH insulator, and it is not easy toSurements on pure, stoichiometric, carefully checked crys-
explain its semiconductivity in the case of a pure, stoichio-{2IS, and perhaps resonant photoemission with a synchrotron

metric material. source, seem necessary and are called for.
On the other hand, one may consider that the weak dis-
persion of featureA observed in the photoemission spectra IV. CONCLUSIONS

can be due to a small hybridization with ligang ®rbitals,

which can delocalize thedtstates to some extent, thereby A recent study of the electronic properties of the low-spin
making them describable within the band pictudifferent Compoundtg’g a-RuCl; suggested that this material may be
from the result of the ground-state calculatipnEhus the classified as a Mott-Hubbard insulator. This was not an evi-
weak dispersion of the Rud4structure could have this ori- dent result for a 4 compound, since the larger orbitals
gin, no different from the(strongey dispersion effect ob- imply smaller correlatiord and larger bandwidtiB param-
served in the @ band of Nil,.3’ In the latter compound, a eters, weakening the Mott tendency for mang dnd
charge-transfer semiconductor, the observed transport preations. The less corelike nature of thd 4rbitals, mani-
cess is then explained by hole conduction in the ligand Ffested in more hybridization, is evidenced by a larger crystal-
5p band®®” and by polaronic conduction in thed®and!*  field parameterAg=1.5 eV and smaller Racah parameter
Thus, if one insists in explaining the electrical properties of(B=370 cm 1), due to both larger average radii and in-
RuCl; by means of a band picture model, one must claimcreased covalency.

that the partially hybridized d states are not to be too local- Photoelectron spectroscopy has been used in order to de-
ized, and that either carriéelectrons and holeéss moving in  termine the energy separation of the localized Rusfates
these states of large effective mass and with very low Halfrom the Cl 3 bands, and their dispersion curves in the
mobility. The Hall measurement then specifies that the maBrillouin zone. Angle-integrated and -resolved photoemis-
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sion, together with photoconductivity, give an estimation ofresults one can also regard it as an unconventional
the Coulomb correlation enerdy=1.4—1.6 eV. It is found semiconductd? in the Mott sense. The apparent inconsis-
that the Ru 4l states, separated by 2 eV from the top of thetency between photoemission and transport results may be
valence-band B states, do not disperse more tha®.1 eV  understood by considering that photoemission investigates
across the entire Brillouin zone. It is believed that the ob-the multielectron excited-state system under relaxation cor-
served lack of dispersion is evidence of localizedl dlec- rections greater than the relevant bandwidttd (Band,
trons. In line with a Mott-Hubbard model, valid for while transport measurements study the ground-state behav-
U/Wy>1, it is found that the estimated ratio farRuCl; is  ior of the system. In photoelectron spectra of Mott materials
=7 and, therefore, it is believed that a localized picture maythe multiplet structure ofl states is observed, which is char-
be a more appropriate approach for the description of it@cteristic of the final-state electron count, not the initial
electronic, optical, and magnetic properties. state'”*?In conclusion we suggest that fa-RuCk the ap-
However, this description seems contradictory with thepellation “Mott insulator” is more informative in regard to
transport properties describing the material as a convention#éihie transport and magnetic characteristics of this material
band-gap semiconductor. In addition, one-electron band cathan the label of “band-gap semiconductor” attributed to it
culations are not known fax-RuCl, and from a comparison in the literature.
with the XPS spectrum of RuQwhich is bandlike, one can-
not rule outa priori a standard band picture ford4states ACKNOWLEDGMENTS
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