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Electronic structure of CrBr 5 studied by x-ray photoelectron spectroscopy
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The electronic structure of high-spin Cegras been investigated by using x-ray photoelectron and electron
energy-loss spectroscopy. Valence-band andoGr@re-level spectra have revealed satellite structures on the
high-binding energy side of the main emission line around 7.7 and 11 eV, respectively. The weak satellite
structure observed in the valence-band spectrum can be explained by a charge transfer mechaniprd, if the
hybridization is sufficiently large. Nevertheless, for the interpretation of thg Ge2ellite structuré=11 eV),
competition between the charge transfer and the exciton models needs to be considered.
[S0163-18299)12247-1

[. INTRODUCTION ability for each final state to be occupied. The physics is
described in terms of a few parameters, namely the on-site
Chromium tribromide (CrBy), a ferromagnetic material d-d Coulomb repulsion energy), the charge transfe(CT)
with an energy gap of about 2.1 eV, is a promising materiaenergyA, the Coulomb attraction ener@y between the core
for optical isolators, magnetic sensors, and rewritable opticahole and 3l electrons, and the ligan@metald hybridization
memories:? In recent years, there has been an increasingnergyT, which show systematic trends with formal valence
demand for materials with high magneto-optical effects, suclstate and atomic number across thd &ansition-metal
as Kerr rotation and magnetic-circular dichroidm.Mag-  series**"*®Within the framework ofluster mode(CM), the
netic studies on the 7.20-eV interbando(4 4s,4p) exciton ~ XPS core satellites can also be used to study the valence
around the Curie temperature has been also made some tirakectronic structures indirectly, as in the case of CuO and Cu
ago®’ A study of the electronic structure in CrBis thus halides'’ One problem associated with the CT interpretation
important not only for a fundamental understanding of theof the satellite structures of trearly TMC's is the ambiguity
material, but also for technological applications. Unfortu-of their origin. In the exciton model of de Boer, Haas, and
nately, the transition-metal compoundsMC), like CrXs Sawatzky*® the polarization of the ligands is responsible for
(X=ClI,Br) or Cr,0;, are more complicated than ordinary screeningthe core hole at the TM site, and satellites arise
semiconductors or insulatofise., alkali halide¥ in that they ~ due to the electron-hole pairs on the ligands. Another possi-
contain both bandlike and localizetstates: Moreover, itis  bility is that the satellites are due to electron energy-loss
well known that thed-electron correlation is an essential (EEL) processes within the crystal bulk. Inelastic loss peaks
concept for the actual band structure of theaerow d-band  in the EEL spectra, located at energies close to those of the
materials and that theid-d or p-d gaps originate from the satellite structures in the PE spectra, might imply that weak
d-electron localization, as explained in the Mott-Hubbardstructures result from the energy-loss processes. However,
(MH) or Zaanen-Sawatzky-AlletiZSA) models®!? X-ray  the situation does not seem quite satisfactory for thgOgr
photoemissioriXPS) is a powerful method to investigate the (Refs. 18 and 19and CiX; insulators;®! where a simple-
electronic structure of TMC'’s and the photoelectron energyligand field (LF) picture has been used to describe the VB-
distribution curves for the valence region are directly relatedXPS data. In CrBy and CrCf compounds, the parameter
to the calculated density of states in the valence band. Alsojalues ofA (5.5-6.5 eV, U (3.0-3.5 eV, andT (~1.5 eV
much of the understanding of the electronic structure of latsseem to indicate the presence of weak-electron correlations
3d TMC'’s comes from the study of the core-levetXPS)  and intermediate hybridization effects and the parameter es-
and valence-leve[VB-XPS) x-ray photoelectron spectros- timates are close to the values reported ip-2PS for
copy satellites. Irt-XPS the Coulomb attraction between the MnCl, (A=4.5eV, U=3.2eV, and T=15eV) and
core hole and the localized valence electrons and the resulMnBr,.?? Since a comprehensive study of CgBias not been
ing screening response have to be taken into account in ordperformed so far, here we report PE spectra of gi&m-
in interpret the photoemissidiPE) spectra adequately. There pounds together with a new VB-XPS of CgCheasured on
are currently two models in the literature to describe satellitdreshly grown samples. Also, in order to understand the na-
structures in PE spectra of TMC'’s: the charge trarft$fér ture of the high-energy structures appearing in the PE spec-
(CT) and the exciton modef$. The CT model is equivalent tra, EEL measurements have been made. The discussion of
to a molecular-orbital picture, where a THl level mixes the valence band andp2XPS photoelectron structures in
with a ligandp level and in the ground state the bonding CrBr; will be made by considering both the configuration
orbital is filled and the anti-bonding is empty. Thereening interaction cluster model and the exciton model approxima-
of the core hole lowers the level energy with respect to the tions in order to get additional knowledge on the intricate
energy of the ligang levels, so that the bonding and anti- electronic properties of Cr halides. Thatellitefeatures ob-
bonding orbitals change, resulting in a nonvanishing probserved in the spectra of the Cd3system could in principle
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affect the classification of &r; materials, according to the
ZSA theory. The examples of @5 and TO5 are interest-
ing in this regard: for example, b5, a traditional MH
insulatof''%? has been recently reclassified by means of a
CM analysis as an intermediate material, owing to its large
hybridization energy>1®

Br3p,; 3p. Ols
n 327"/ 12

Br3d

PHOTOEMISSION INTENSITY (arb. units)

II. EXPERIMENT 3 u
plasmon Cr2p,, 2p
High stoichiometric and rather pure crystals have been h
prepared from the vapor phase with a flow-system method atg | ¢ CrBr,
about 750 °C. The identity of CrBrcrystals was established & ft& I oiaamon XPS
by means of high-energy electron Bragg diffraction patterns )
and chemical analysis, as it was earlier made in ¢f€The L L S =+ - 5 e 2

low-temperature structure of Cr3(T<450K) is the same BINDING ENERGY (eV)

of the layer structure Bil (space group §). Crystalline

samples of CrByand CrC} were used in the experiments in ~ F!G. 1. X-ray photoelectron survey spectrum of a cleaned £rBr
order to minimize possible surface effects. Crystals Wer&rystalllne sample after its cIeavmgsﬂu. In the insert it is |nste§d
cleavedin situ, at pressures of the order of 18mm, Hgin ~ Shown the presence of the s line as observed after the ion
order to get fresh surfaces and to clean them from the pref—ombarclment of freshly grown .CryStals' The. Alal radiation
ence of carbon and oxygen impurities. The impurity conten 1486.6 eV source was used during the experiment.

was checked by XPS measurements: in no samples could one )

find any trace of impurity except for the unavoidable carbontions (probably related to the Cr core-level satellite engrgy
and oxygen signals. Before measurementscteavedCrXs with a dlffe_rent experimental technlqug. The energy \{alues
crystals were subjected to Aion bombardment to clean measured in EE!_S have been found in agreement with the
them up from the presence of both the € (1-280 eV) and values obtained in the reflectance spectra of GfBr

O 1s peaks(~535 e\), which may arise from adsorbed wa-

ter and_ carbon oxides. While the G peak was easily elimi- IIl. RESULTS AND DISCUSSION
nated in the spectra of both samples, a fairly strong<O 1 _
peak persisted in the spectrum of CgBiThis required a Figure 1 shows the survey spectrum ofeaved and

subsequent cleaning by a sputtering-annealing cycle untitleaned CrBy crystals after some Arion bombardment at
very few or no traces of impurities were detected by XPSroom temperature. The location and identities of the ob-
spectroscopy. However, it was noted that the satellite energgerved spectral features are reported versus the binding en-
distanceEg from the main peaks was not significantly af- ergy up to 700 eV: chromiuniCr3py,;, Cr3pz;,, Cr2py,,
fected by the presence of some residual impurities in th@nd Cr,) and bromine (Br8, Br3p;,, Br3ps;,) peaks
VB-XPS and Cr »-XPS measurements. are indicated in the figure. In the insert, one can note the
The experiments were performed with a XPS spectrompresence of a residual, fairly strong oxygen @1line ob-
eter ESCALAB MKII manufactured by the Vacuum Genera- served at about 537 eV, after cleaving the sample in ultra-
tors, equipped with a monochromatized AlK (1486.6 ey ~ vacuum, but before the cyclic sputtering-annealing process
radiation. Photoelectrons were analyzed along the normal gequired for a careful cleaning.
the sample with an energy resolution of about 1.0 eV. Charg- Figures 2a) and 2b) report VB spectra of CrGland
ing of the samples during the photoemission experiment wa€rBrz, shown together with the spectrum of,Og (Ref. 16
monitored by heating some of the samples to 100—120 °C. Aor comparisoriFig. 2(c)]. The spectra are rather similar and
small amount of steady-state charging was present duringan be divided into the main bariti-10 eVj and the satellite
measurements: the charging effect however did not distomegion(10—-15 eV. In CrX3, the main Cr8l structure, partly
spectra, as was verified by repeating measurements, althougtixed with the nearby CIB and Br4p bands, is located
it did prevent a precise determination of the Fermi levelaround 3 eV and was earlier assigned to @r3poorly
(Eg). However, this will not affect our discussion becausescreeneyl final state$! The final-state peak position for a
we will only focus on the relative positions of photoemissionBIS experiment has been also indicated in Fig&) and
peaks. The electron energy-lo§SEL) spectrum of CrBy  2(b), its position being extrapolated from the ultraviolet re-
crystals was obtained by means of an electronic spectronflectance and EEL spectra of CgGind CrBg. The PES and
eter, where the monoenergetic electron bé&MkeV) was  BIS peaks in Cr halides give an indication of the 6%3and
transmitted through the specimen and scattered by an angr3d* energy-level positions, whose separation yields the
of 1 mrad. The energy analysis was performed by a cylindriCoulomb energyU to zero order in CrBy and CrC} (U
cal electrostatic sector with an angle of deflectionn62./2. =3.6 and 4.6 eY. Energy corrections due {o-d hybridiza-
The spectral resolution, defined as the half width of the elastion will then reduce the solid-state valukand the “bare”
tic peak, is better of 0.5 eV. The apparatus geometry ensureslue ofU (of atomic origin can be estimated anew, if one is
that the momentum transfer and the electric vector lie in theble to take into account the hybridization shifis in Cr
basal plane of CrBrcrystals €L c).?* The EEL spectra al- halides. In CjO,, the satellite featuréS) has an energy sepa-
low to get an estimate of the energy of the charge transferation (Es) from the main line given bfs=11.5eV, while
transitions(related to theA parameterand interband transi- in CrCl; and CrBg the weak satellite structures have a dis-
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FIG. 4. X-ray photoelectron spectra of Cggand CgOj in the
Cr 2p region.

ellite to an interband transition within the scheme of the
exciton model seems reasonable.
Figure 4 shows the satellite feature observed in the

FIG. 2. X-ray photoelectron spectra in the valence-band regior2p_xps of CrBg: the 2p3, (581 eV) and Dy, (592 eV)

of CrBr;, CrCl, and CpO; (Uozomiet al, Ref. 16.

tanceEg=7.9 and 7.7 eV, respectively.
Figure 3 reports the characteristic electron energy-losg,5in 20, peak is observed, while the one associated with

structuresA, B, C, and P measured in CrBrat room tem-

main lines originate from the spin-orbit split core state and
the satelliteSis observed aEs=603 eV(in the inser}. Both
in Cr,0; and CrBg only the satellite associated with the

the 2p,, peak is overlapped with thep?,, main peak and

perature. Structure& andB observed around 4 and 6 eV are ot seen: in GO, Ec=11.5eV and in CrBj, Es=11eV.

assigned to charge-transfer transitions from theBtd the
Cr3d orbitals’?! The inelastic peak observed a&10.5 eV
in both EEL and reflectance spectra is instead assigned

We remark that the satellite energy distance in GrBr
lower than the value 0Eg=13.2 eV reported in Okusawa’s

ES‘aperz.5 A possible explanation for the satellite origin in the

Br4p— Cr4s interband transitions: one can note that its €X-2p-XPS is that of acharge transferfrom the ligandp (i.e.

citation energy is rather close to the enekp=11 eV of the
satellite in the Crp-XPS, so that the attribution of this sat-
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Br4p) to the metal 8 electrons (Cr8) in presence of a
large p-d hybridization, as it is generally proposed for many
first-row TMC's. However, in Crp-XPS the satellite dis-
tanceEg seems somewhat larger than expected from optical
gaps and molecular calculations. According to some
authors?®?’ the observed satellite can also reflect a transfer
from the outer ligang to metal 4,4p orbitals: an argument
for this is that in optical spectra, peaks at about the same
energy appear, which are assigned to the same kind of tran-
sitions. If one compares the satellite structure in Gr&id
CrBr; with the data from the vacuum-ultraviolet spectra one
finds a region up to 6—7 eV, which is ascribed to CT transi-
tions from Cl3 and Br4p orbitals to Cr3l orbitals. The
reflectance peaks around 8.6 eV in GG@nd 7.2 eV in
CrBr; are assigned to excitonic transitions from the arpon

to TM conduction-band orbitals. For the Cr halides, unfortu-
nately, the reported data are not conclusive since forpCr3
the energy distances are found over 20 eV above the main

FIG. 3. Characteristic electron energy-loss spectrum of £rBr line,?® but for Cr2p different values are reported: i.e., 10.3

crystals measured at room temperature.

eV in CrChk and 11 eV in CrBs.28 It seems as though, de-
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TABLE I. Solid state parametelgV) of early transition metal compounds estimated from valence-band
and 20-XPS core-level spectra, UV reflectance and EEL data.

Compound d" A U T Tesr E, Q Reference
Ti,O4 d! 6.0 4.5 3.0 6.9 12 5.3 15;16
Cr,04 d? 5.2 5.2 35 7.6 11.5 6.5 15;16
CrCl d® 6.5 3.53.3 1.7 3.6 7.9 4.7

CrBr, d® 5.5 3.0;3.1 1.7 3.6 7.7 4.3

MnF, d® 9.0 3.2 1.5 4.25 6.4 4.5 22
MnCl, d® 4.5 3.2 15 5.4 45 22
MnBr, d® 3.2 3.2 1.4 5.2 45 22

pending on the ligands or cations, there may be differentespectively, have been reported earffem Table I, theo-
mechanisms that give rise to satellite structures. In this conretical and experimental CM parameters for GrBnd CrC}
text it is likely that the exciton satellite mechanism might beand some early TM oxides have been reported. We can see
active in early TMC's specially when is large andQ is  that Ti,O; seems to be a MH insulator, while £0x; is prob-
small and there are many emptyd ®rbitals. Thus the satel- ably an intermediate compound and the X4n(X= Cl, Br)
lite structures observed at binding energies of 7.7-7.9 eV inlihalides are “marginal” CT compounds. K§ materials
the VB-XPS of Cr halides could actually assigned to inter-seem similar to BHiO; and Mnk compounds and are consid-
bandexcitonsconnected to ligan@ to metal 4,4p interband  ered MH insulators. We note also that the valuesT afb-
transitions as in optical spectra. tained in the “ionic” CrBr; and CrC} compounds in the
Alternatively, one can discuss the VB-XPS data in GrBr present work are in fine agreement with the valueTof
(and CrC}) and the origin of the satellites at 7.7—7.9 eV in ~1.5eV previously estimatet.
the framework of the CT modéf, by considering that a suf- Photoconductivity spectra of CrBrecrystals have been
ficiently large p-d hybridization may shift the 6—7 eV reported®® These data give an indication of its conductivity
charge-transfertransitions to higher energy, as observed inenergy gapEg,=2.1eV. If the forbidden gap is ofi-d
the photoemission spectra of many early TM&dn this  characteP'%2%it involves holes and electrons in thels
case, the effective hybridization enery; between the 8  and 3"*! Hubbard bands, somewhat broadened and shifted
and L' photoemission final states can be estimatedn energy by the effective hybridization in the solids. Below
within the model limits by 2.5 eV weak photocurrent features are observed with an in-
) 212 tensity lower by a~10? factor than the photoconductivity
Teir=[(6—N)(Tizg)"+4(Teg)] (n<3), (1) edge extending to about 3 eV, where starts the onset of the
where Ty, and T, are the one-electron mixing matrix ele- charge transfer excitons observe.d in reflectance qqd EEL
ments  Teg=(gg|H|Leg)=T and Ttyy=(t,y|H|Lt,,)  SPectra. We can now get an estimate of the hybridization
=0.5T, and the full Hamiltonian is described in referencesshift parametei and try to get a better determination of the
15 and 16. When the Hamiltonian is restricteddd and ~ Correlation energyJ in CrX; materials. According to the
d"*1L* configurations, the main peak-satellite splittiigin ~ ZSA theory, the energy gap, in a MH insulator @>U) is
the valence-band spectra is given by

Es=[(A—U)*+(4T0)?]"2 ) Eq=U+5-w, )

In the limit of |A—U|<2T., the value ofEg can be ap-

proximated by T¢4. In many early TMC's, the parameters wherew is the dispersional @ bandwidth. We take as value
A andU have comparable values and the electronic structuref bandwidthw that measured from the UPS and BIS spec-
is mainly determined by the effective hybridisatidng. tra, that is w=1.0eV1®3! With the values of Ugyig
Analogous to the discussion op2XPS in early TMC’s, the =3.6eV, Eg=2.1 andw=1 eV, one gets a lower limit for
main 3d features and thé& structure are separated s  5§=0.5eV from Eq.(3). From the zero-order value df
because of th@-d hybridization with a separation given by =3.6eV in Fig. 2, one can estimate the correlation energy
Eq. (2), where the valence-band paramdiky, is substituted U, (= Uguiq— ) =3.1eV for CrBg, listed in Table | to-

to Uy, (indicated also withQ), valid for core-level gether with that of CrGlobtained in the same mann&The
spectroscopy>*®??In CrBr; one gets:||A—Ugy4=2.5€V, U value is reduced in Gf;, since the states near the energy
since A=55eV and Uy=3.0eV, while Es~2T.; gap are in part affected by the hybridization enefaggte in
=7.7 eV, and from Eq(2) one obtains the parameters valuesFig. 2 that the Cr @ levels are partly mixed with the under-
reported in Table I. In the C8 XPS spectra of Figs.(8)  lying valence ligandp state$. Also, it is worth noting that
and 2b), the main emission Cr@ structure corresponds to the present estimate of tiiatomig U paramete(3.1 e\) is
mixed3d? (mainly) and 33L? final state configurations and in agreement with the valueU3.0eV) obtained in the
the satelliteS to 3d®L (mainly) and 32 (3d*L?) configu-  spectroscopic approach and, besides, that this valu iof
rations, because of the effective hybridization. - XPS of  CrBry is closer to that determined for CeQIU =3.3eV), as
CrBr; crystals, a value oEg=11eV has been here found, it should be, since théJ parameter represents an atomic
while values ofEg=10.3 and 11.0 eV for CrGland CrBE, property. Thus, the analysis of the valence band XPS results
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while Cr,Og is considered close to the borderline, since the
A, U andT values are of comparable values. Also Gréxnd
CrBry compounds might fall into thentermediateregion of

the A-U plot, but the “ionic” Cr trihalides are stilinsidethe

MH region because of the large value of the charge transfer
energyA and, besides, they are located in the plot close to
Mott-Hubbard insulators, such as TiO ang@j.*>' More-
over, the A-U diagram seems to indicate that only a few
compounds are left in the lower right region of the plot, after
that some recent works in the literature have shifted many
traditional MH insulators into the intermediate region.

IV. CONCLUSION

In summary, the presence of satellites in the valence band
and 2p core-level photoemission in CrChnd CrBg sug-

FIG. 5. A-U diagram across the transition-metal series from Tigests to reconsider the simple LF interpretation earlier pro-

to Cu (Ref. 14. The region above tha=U line is the charge

transfer regime, while that below is the Mott-Hubbard regime.

Compounds falling close thA=U line are intermediate between
the two regimeddark circle$. The chromium trihalides are indi-
cated by dark squares.

seems to indicate that the CM is able to describe the satellittMC’s,

posed for these compounds. The presence of a sufficiently
large p-d hybridization in the final states seems to reduce
somewhat the ionic character of Cr trihalides, with a conse-
quent electron redistribution, which can in part affect its
electronic structure and band-gap character. The main peak
configuration could have been written d3L!, as in late

but the gap character changes from a

properties in Cr halides, as in the case of many early TMC's(d>L*-d*)-type (CT regime to the @*-d*)-type (MH re-
and that, in addition, quite reasonable parameters are olgime) because of the relatively strong ionicitharge A) of
tained, in line with the typical parameters reported for earlythe compounds. This in line with the change of the gap char-
TM compounds. The present results seem to indicate that th&cter in some early TMC’¢e.g., TiO and TiO;) and would

covalency between the metdistates and the ligangl states

then correspond to the inversion of the"8! and 3" *

makes the distinction between CT an MH compounds lesstates in thel-1)-UPS scheme of levels shown in Ref. 10.

clear for some early TMC’s, which may fall in the interme-
diate region of theA-U diagram(see Fig. 3. For example,
Fe,Og is predicted to be a CT insulatéas NiO and CuQ

Thus, since it igmainly the splitting of the 8 bands, which
makes CXj insulating and determines their electrical nature,
Cr trihalides are rightly described as typiddbtt insulators
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