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The results of investigations of intercalated compoundgl'iSe, and CqTiSe, by x-ray photoelectron
spectroscopy and x-ray emission spectroscopy are presented. The data obtained are compared with theoretical
results of spin-polarized band-structure calculations. A good agreement between theoretical and experimental
data for the electronic structure of the investigated materials has been observed. The interplay betieen the
3d-Ti 3d hybridization (M =Cr, Co and the magnetic moment at thé site is discussed. A 0.9-eV large
splitting of the core Cr P3, level was observed, which reveals a strong exchange magnetic interactidn of 3
2p electrons of Cr. In the case of a strong localization of the €eRectrons(for x<0.25), the broadening of
the CrL spectra into the region of the states above the nominal Fermi level was observed and attributed to
x-ray reemission. The measured kinetic properties are in good accordance with spectral investigations and band
calculation results.
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[. INTRODUCTION talline samples over a range of intercalant concentration were
prepared and used in the study of magnetic susceptibility,
Intercalated compounds built by the insertion of conductivity, x-ray emission, and photoelectron spectros-
transition-metaTM) atoms into layered titanium dichalco- COpy.
genides are interesting as natural nanostructures formed by While for the CqTiSe, system the literature data about
the alternation of magnetic ™ |ayers and nonmagnetic |a_y_the influence of intercalation on Crystal StrUCﬁJmld elec-
ers of the host lattice. The investigations performed fortric and magnetic propertigsvere reported earlier, for the
M,TiS, (M=Mn, Fe, Co, Nj (Refs. 1-3 show that the CrTiSe, system we failed to find any literature data except
effect of intercalation on the chemical bonding is not consisthose of Ref. 6.
tent with the rigid band mod&bften referred to in relation to
these compounds. Instead, the charge carriers localization
due to the formation of covalent bonds with intercalant at-
oms seems to become important. From this point of view, the Polycrystalline CgTiSe, and CrTiSe, samples (6<x
TiSe,-based intercalated materials are obviously even morec0.5) were prepared by an ampoule synthesis method from
interesting, because they demonstrate a higher degree of tvtlee constituent elements. The methods of synthesis and char-
dimensionality in comparison with TjS as follows from acterization are described in detail in Ref. 9. The initial dif-
their largerc/a ratio (1.697 in pure TiSgvs 1.672 in Tig,  fraction data were obtained with a DRON 1UM diffracto-
see, e.g., Ref.)5Tazuke and Takeyarﬁdiscussed magnetic meter (Cu Ke, Nifiltered radiation. The unit-cell
properties ofM,TiSe, (M =V, Cr, Mn, Fe, Co, Ni, Cire-  parameters have then been determined by a least-square re-
ferring to the hybridization between the intercaladtfates finement with 16 reflexes with the accurady,= *+0.001,
and the band states of TiSethe information on the latter Acy,=+0.002 A. The hexagonal unit-cell parameters of in-
being based on the band-structure calculafidecording to  tercalated TiSgare shown in Fig. 1. The crystal structure
Ref. 7, the hybridized states with lighter TM atoms have aand electric and magnetic properties of ,Ti®e, are de-
smaller contribution of Se @ states. scribed in Refs. 8 and 9. The information about the type of
The aim of the present work is to deepen the understandntercalant ordering in CdiSe, is controversiaf, which
ing of the chemical bonding and relatédagnetic and trans- may be traced back to different thermal treatments of the
port) properties of two TiSgbased systems, intercalated samples. In the present work we used the samples quenched
with “light” (Cr) and “heavy” (Co) TM atoms. Monocrys- from 850 °C in ice water. For the samples so prepared, no

II. EXPERIMENTAL
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ay (A) Cx (A) TABLE I..Effective magnetic mpmermeﬁ (in ug) as measured
for different intercalant concentrations.

3.60 | . .

CryTiSes Cr,TiSey 189 x=0.10 0.20 0.25 0.33
358 | Cq,TiSe, 2.67 2.38 2.24 1.64
' Cr,TiSe, 3.85 3.03 3.29 2.56

15.95
356 | . )
Co,TiSe; the course of intercalation is typical ftM, TiSe, systems as
o TiS [ 159  has been mentioned in Refs. 8 and 10 and could be seen in

3.54 0zl 19€2 . Fig. 1. This might be understood as a result of covalent

0.0 0.2 04 T 0o 04 T bonds being formed between intercalant atoms and the host
lattice!* While free C8" and CF* ions have the same spin
FIG. 1. The hexagonal unit-cell parametarandc of Co,TiSe,  value of 3/2, in intercalated systems the experimentally ob-
and C(TiSe,, depending orx. tained effective magnetic moment at the Cr atom is roughly
1.5 times larger than that per Co atgsee Table)l This fact
ordering of intercalant atoms was observed in both systemsnay be related to a stronger hybridization af,3,, orbitals
At temperatures above that of liquid nitrogen, both mate<{those participating in the magnetic moment formation in the
rials are paramagnetic, with a temperature dependence 8’ configuration of C&") with the Se 4 orbitals. In con-
their magnetic susceptibility following a Curie-Weiss law. trast, the 8l,,,, orbitals are essentially empty in thed3
The values of effective magnetic moments are close to nomieonfiguration of Ct". The deviation of the effective moment
nal spin moments of & and CF" ions, respectively. from its nominal free-ion value correlates well with the lat-
The single crystals for the x-ray spectra measurementsce distortion(which is the measure of the chemical bonding
were grown by the gas transport reaction method in evacubetween an intercalant and the Hdsat least for concentra-
ated quartz ampoules with ks the gas carriéf. Powdered tions x<0.25 as is shown in Fig. 2. The systems wih
Coy ,5TiSe, and Cp ,sTiSe, material was used as origin ma- =0.33 are actually beyond the percolation limit on the or-
terials. In the case of G@sTiSe, there was a flow of sub- dered lattice of 8 “impurities,” so that their clustering and
stance from the hot (1000 °C) to the cold (600 °C) edge ofdirect exchange interaction apparently results in the drop of
the ampoule. The single crystals had a shape of thin platemagnetic moments and breakdown of the above-mentioned
~2-3 mm large and=0,1 mm thick. The final intercalant correlation.
content(determined from the lattice parameter valuess The lattice deformation and change in the degree of hy-
found to be close to the initial one: ggTiSe,. In the case bridization affects the conductivity of the M,TiSe, sys-
of Cry ,:2TiSe, the substance was transferred from the middletems. While in Cg@TiSe, o is only weakly concentration
part (at 900 °C) where the powder was initially placed to dependent, in GiTiSe, it exhibits an interesting behavior—
both hot (1100 °C) and cold (700 °C) edges of the ampoulebeing on the average highes(x) includes several irregu-
The single crystals grown at the hot edge of the ampoule haldrities. Figure 3 shows the conductivity at room tempera-
a shape of slim needles with the size close tox®3Lx10 ture, but the irregularities persist over a broad temperature
mm, whereas those grown at the cold edge were thin platesinge. Two different types af(T) are shown in the inset of
2—4 mm large and=0.1 mm thick. From the unit-cell pa-

rameters comparison we found that the crystals formed at the o—Hett
cold edge have the compositionGTFiSe,, those at the hot o oy
. £=0.33
edge, CgsTiSe,.
The x-ray photoelectron spectroscof}PS) measure- 05 r Co,TiSey
ments were performed at a Perkin ElImer spectrometer with o #=0.25
an energy resolution of 0.3 eV, x-ray emission spectroscopy 0 =0.20
(XES) measurements—at a soft x-ray radiation spectrometer 03 0 z=0.10 e=033¢
RSM-500 with electron excitation and an energy resolution
of 0.7 eV. The single crystals of Gg;TiSe, and Cp ;TiSe, ¢s=0.20
were cut by a razor blade in the spectrometer chamber di- ®1=0.25 )
rectly before the measurements. 01t CryTiSes
) , -a:=0..10
Ill. CRYSTAL STRUCTURE AND BULK PROPERTIES 50 100 ‘5°J’_2°° 250 300
Co—Cy

In this section we present the discussion of the electronic
characteristics as they might be deduced from the analysis of FiG. 2. Correlation between the reduced magnetic moment of
the mgaspred bulk prppertles. The microscopic .aspectS @he intercalant atonug— e/ o (1o iS the nominal free ion mag-
hybridization will be discussed in Sec. V in relation &b  netic momeniu.y as determined from magnetic susceptibility mea-
initio calculations. A decrease of the lattice parametan surementsand the lattice deformation parametgy/(cy—c,).
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FIG. 3. The conductivity of C@'iSe, and CrTiSe, as a func-

tion of intercalant content ak=300 K. Inset: the temperature de-
pendence of conductivity for CFiSe, with x=0.05 and 0.33.

FIG. 4. X-ray photoelectron spectra of Tip2core levels in
C0y23TiSE,, CrpTiSe, and TiSe.

Fig. 3 for two Cr concentrations. of on-site magnetic interactions on the spectra. Figures 4 and
An overall decrease of as the unit-cell parameterde- 5 depict the D core levels of titanium and of intercalated
creasegsee Fig. 3is apparently due to the drop in the free elements, correspondingly. Tip2spectra are known to ex-
charge carriers concentration as electrons are trapped in CRihit relatively large chemical shifts already at early oxida-
valent bonds—this seems to be the case at least in all CQron Stateisee’ e.g., Ref. _’DSThe actual spectra indicate a
containing systems. Due to a different charge configuratiogyood (oxygen-fre¢ quality of samples. The chemical shift
of Cr** as compared to C6, one electron provided by Cr sl present(455.0 eV for the Ti D, binding energy in
remains free and contributes to the metallic type ofTiSe,; 455.5 eV in CqcTiSe,; 455.8 eV in CjTiSe,) ex-
conductivity—see the calculated density of sta2©S) dis-  hibits the increase of ionicity from the host to Co-based to
tribution at the impurity site, Sec. V. A drop in the conduc- Cr-based systent$.This is consistent with above discussed
tivity near x=0.05 of Cr probably indicates the compensa- (Fig. 1) strongerz contraction of the crystal lattice in more
tion of highly mobile intrinsic(hole-type carriers in TiSg,  covalent CqTiSe,, as compared to CFiSe,.
the concentration of which is 0.05 per formula U]ﬁm—hﬁ is Of interest are the Coremphotoemission Spectra of in-
consistent with a perfectly metallic type of temperature de+ercalant atoms, which may exhibit an exchange splitting due
pendency of conductivity for this concentration, as shown ing an intra-atomic B-3d interaction(similarly to what has
the inset of Fig. 3. Another drop ir(x) atx=0.25 may be peen demonstrated for the Mn-based Heusler allofs As
related to the percolation limit on a lattice of those Ti atomsjs seen in Fig. 5, the Cr, line in Cr, ;TiSe, clearly shows
that have no Cr neighbors. Two Ti atorte both sides of 4 splitting of about 1 eV, differently from the Cqpgy, spec-
the intercalated Cr atonparticipate in the formation of 10- trym of Cq, ,3TiSe, where no such splitting is observed. The
calized bonds, and the percolation limit for two-dimensionalspjitting is qualitatively related to the difference between lo-

hexagonal lattices equa|S d‘.%FOfXZO.33, diffel’ently from cal magnetic moments in these Compoum Tab'e)l
lower Cr concentrations, the activation region is séeset

in Fig. 3 in the o(T), indicating an opening of the band gap
at the Fermi level. It is noteworthy that &t 0.33, exactly

one extra electron is provided by Cr per titanium atom. One Cr,,TiSe, f Co,,,TiSe,
can speculate that the gap formation is the consequence of ' ﬂ
spin splitting of the Cr-Ti hybridized band, since this band o

rep

could exactly accommodate one electron per Ti atom. No
such gap is seemingly formed in {JQaSe,, presumably be- 1&
cause more efficient deformation of the host lattice results in I.
more octahedral coordination of Ti atoms by chalcogen, pre-

venting the splitting betweed,> andd &

d,2_y2 orbitals of
Ti.1

{
Co2p
Xy 1 Ik
5‘70 750
Binding energy (eV)

IV. X-RAY PHOTOELECTRON AND X-RAY
EMISSION SPECTRA

580

780

We refer to the XPS spectra with three main purposes: to

control the quality of monocrystalline samples, to get infor-  FIG. 5. X-ray photoelectron spectra of intercalapt&re levels
mation about the electronic structure, and to trace the effecta Cr,,TiSe, and Cq 3TiSe;.
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N text for details.
....I....I..T“."‘I“Tﬁr.I....I....
25 20 15 10 5 0 -5 pounds are quite different from those of pure metallic Cr,

whereas the corresponding differences for the Co-based sys-
tems are less pronounced.

FIG. 6. X-ray photoelectron spectrum of the valence bari) A striking difference in the XES of Co- and Cr-
andL, x-ray emission, brought into the same scale of binding en-intercalated systems is a much broader emission band in the
ergies for Cgq,TiSe, (top panel and Cg,4TiSe, (bottom panel latter, in spite of the fact that the widths of the occupied
Note the contribution to the Qr, spectrum from the states above valence bands in both systems are presumably not too much
the Fermi energy. different. The shift of the x-ray emission spectra by thp,2

core-level binding energy onto the common energy scale

The valence-bandVB) photoelectron spectréFig. 6)  with the XPS(Fig. 6) makes obvious that the states above
have a relatively simple structure, where the Secdntribu-  the nominal Fermi level effectively participate in the emis-
tion (in the region of binding energies 12—16 ei¢ clearly  sion process in GrTiSe, but not in Co-intercalated sys-
separated from the Sep4Ti 3d—M 3d hybridized band tems. The increase of the,s/L, relative intensity in more
spanning the binding energies 0—6 eV. In the latter band, thdiluted (especially in Cr-basedsystems is discussed below.
contribution from the Se @ states is the most pronounced, The broadening of , spectra of 8 components has been
since the photoionization cross section of selenium is muchletected and discussed before—ith 8xides[of Mn (Refs.
larger than for all other constituentSHowever, the contri- 21 and 22 and Cu(Ref. 23] where charge-transfer excita-
bution of Cr 3 and, in particular, Co @ states is noticeable tions were argued to be an important mechanism responsible
just below the Fermi energy, similarly to the behavior de-for a rich satellite structure, as well as in pure @ietals[Cu
tected for the Fe @ states in FgliTe,.!! An analysis of the (Ref. 24] where an initial-state @ vacancy satellite was
calculated DOSsee Sec. Y shows that a narrow peak at shown to contribute on the high-energy side of thgline
~1.5 eV below the Fermi level, well separated from the bulkfor excitation energies beyond theg threshold. For our sys-
of Se 4 states, indeed dominates the local DOS at the Caems in question, none of these mechanisms seem to work:
site and must be visible in the valence-band XPS. charger-transfer excitations cannot play an important role be-

The trends in the “local” electronic structure of inter- cause of a much higher covalency than in oxides; as for
calant atoms, depending on concentration, are much bettghake-up/shake-off processes—it is difficult to argue why
visible from x-ray emission spectra which are element-their intensity would be enhanced at low (hut not Co
selective and hence not masked by the contributions frongoncentrations. Moreover, the increase of the high-energy
selenium states. The Cr and Cb,; spectra (43d  satellite in CulL, z in Ref. 24 is accompanied by the de-
— 2P3p 12 transitiong have been measured for several con-crease of thé g/L, intensity ratio(due to the Coster-Kronig
centrations and are shown in Fig. 7. Based on the argumenggocess—the trend opposite to that observed in the present
of Ref. 20, the concentration-related differences in the specaase.
tra can be traced to the percolation threshold on a two- What makes the difference between a low-concentration
dimensional hexagonal lattice xt=0.25. Above this thresh- Cr-intercalated system and other systems studied is the rela-
old, the intercalant atoméunder an uniform distribution tively high localization of the Cr 8 state and the high mag-
may have a neighbor of the same type at the distance afetic moment associated with it. It is noteworthy that in re-
hexagonal lattice constant. It is noteworthy how the widthcently studied Heusler alloys NiMnSb and SnSb, where
and the relative intensity df,, andL ; bands vary with the the high magnetic moment at the Mn site is similarly local-
concentration. The CL, ; spectra of intercalated com- ized, theL, emission from the states nominally above the

Binding Energy (eV)
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TABLE Il. Lg/L, XES intensity ratios and energy positions of V. ELECTRONIC STRUCTURE CALCULATIONS

Cr and CoL , lines in pure metals and intercalated TjSe . L
In Ref. 29 we reported the results of a first-principles

L, energy position optimization of lattice parameters in pure Tj3as well as in
Lg/L, (eV) TiTe,) and the electronic structure ofd3intercalated sys-

: tems, with the use d¥1(TiSe,) 5 supercells in the latter case.
Cop,TiSe, 0.23 776.33 The calculation has been done with the full-potential linear-
Cop33TiSe, 0.21 776.60 ized augmented-plane-wave codeNoz,%° using the gener-
Co _ 0.13 776.33 alized gradient approximatiofGGA) in the formulation by
Cro1TiSe, 0.74 573.56 Perdew, Burke, and Ernzerhdf.The hexagonal lattice pa-
CrosTiSe, 0.51 573.44 rameters as found in the course of total-energy minimization
Cr 0.13 572.70

were a=3.519 A ¢=6.280 A, whereas the experimental
measurements give the valuas-3.535 A, c=6.004 A (as
cited in Ref. 32. The internal coordinate (the relative dis-
Fermi level was observed.Similarly to how it was argued tance between Ti and Se laypis 0.247 in the calculation,

in Ref. 25 for Heusler alloys, we tend to qualitatively at- compared to the measured value of 0.25. At first sight, the
tribute the anomalous x-ray emission in the dilutedT@®@e,  GGA overestimates the/a ratio by as much as 5%. How-
system to a relaxation of the intermediate state with elecever, considering the reduced value min the calculation,
tronic configuration p°3d"**, which involves the contribu- one can notice that in reality just the van der Waals gap
tion from the states ofl symmetry nominally vacant in the petween adjacent chalcogen planes is overestimated, whereas
ground-state configurationpf3d". Below, we shall refer to  the lenghts of Ti-Ti and Ti-Se bonds remain well within 1%
this effect for brevity as reemission. Strictly speaking, theof the experimental estimate. The Perdew-Burke-Ernzerhof
excitation and subsequent emission in a resonant processrmula for gradient approximation was optimally tuned for
must be treated as a single event; an extensive literature ex- certain degree of localization of the exchange-correlation
ists on this subjedtsee, e.g., Refs. 26-28The effect is the  hole, typical for bulk solids but not for the “empty” van der
more pronounced the stronger the localization of involvedwaals gap. Some discussion on this subject can be found,
states is. The peculiarity of our present spectra is that such.g., in Ref. 33. In the present study, we consider systems
typically resonancelike phenomenon as reemission is obwith relatively high concentratiori1/3 per TiSe unit) of
served in spite of high-enerdy.e., nonresonangelectronic  intercalant atoms in the van der Waals gap; therefore, the
excitation, with the excitation energy of nearly 4 KeV, ap- above-mentioned shortcoming of the GGA treatment must be
parently due to a sufficiently long lifetime of an electron |ess serious than for pure dichalcogenides.

trapped in a highly localized vacant Cid3state. For the As in Ref. 29, we simulated intercalated systems using the
Co-intercalated systems, the effect is practically not observehombohedraM (TiSe;)5 supercell, shown in Fig. @n the
able. Assuming phenomenologically the participation of thenexagonal setting Similar supercells were used earlier in
lowest vacant Cr 8 states in the x-ray emission, we leave nonmagnetic calculations by Suzui al>***With only one

the (otherwise single-particlequantitative treatment of the type of supercell being consideredah initio calculations, it
spectrum until Sec. V where the microscopic informationmade little sense to address the systematical trends in the
about the electronic structure becomes available. lattice parameters under doping. Instead, we concentrated in

Another important observation concerning the x-ray emis-our analysis on the properties of two intercalated systems as
sion spectra is a substantial increésspecially at low inter-  impurity systems. The calculations have been performed
calant concentrationsof the L z/L, intensity ratio as com- therefore in a fixed ¢,a) frame, with a local atomic relax-
pared to that in the pure metal—see Table Il. In our opinionation around thél atoms taken into account. This allows us
this indicates a localization of thed3electron density and to make a clearer comparison of Cr- and Co-intercalated sys-
hence a magnetic momert, andL ; bands originate from tems. From the following it becomes obvious that the notice-
the dipole transitions 2;/,— 3ds, 3,and 2p,,—3dg,, COr-  ably perturbed region around an intercalant atom is indeed
respondingly. The change in theg/L, relative intensity much smaller than the region defined by the translation vec-
may be influenced by the selection rule on the total momentors in the supercell of our choice.
projection, Am;=0 (see Ref. 18 for details which in the In the hexagonal setting, the supercell with the lattice con-
present case favors a substantial decrease of the statistieahntsa’ =a\/3, ¢’ =3c (Fig. 8) hosts thred (TiSe,) 3 units
weight of the J3,— 3ds), 32 transition, since the exchange with the following atomic positions in one of thenM at
interaction energy 'ofG electrons(2—2:5 e\)'} by more than_ (0,0,0: Ti at (0,0%) and at+(0,0%+A,): six Se at=+(1
an order of magnitude exceeds their spin-orbit interaction 1 5 ) ) 5
energy. —A— A5, 57 A5, 1A E(5+A5,5- A0, +AY);

As already mentioned above, the changes in the observet (5 +A,,A,+ A3, 5 +A,). The optimized values of inter-
Ls/L, weights distribution for systems with lower Cr con- nal coordinates\; to A,, obtained from the condition that
tent is opposite to what one could expect from the Costerthe forces on all atoms disappear, are listed in Table IIl. The
Kronig transitions, which redistribute intensities fronp;2  local structural distortion, as compared to the equilibrium
to the 2p3» channel. This indicates a relative unrelevance ofstructure of TiSg, is quite small. The negative value Af,
the Coster-Kronig effect for the systems in question. corresponds to the displacement of the chalcogen planes to-
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FIG. 9. The contour plot of the charge-density distrubution over
the supercell. The points labeled are in the supercell hexagonal

FIG. 8. TheM(TiSe,); supercellin the hexagonal settingised settisng.@’:Sc, a’=\/§a—3$ee text The contours go up to 0.5
in the ab initio electronic structure calculation$/(= Cr, Co). e/A® with the step 0.0%/A°.

: . atom is larger, in spite of a slightly higher contraction of the

VK‘?“O'S the Ti Izyers b)r/]|0.420/8 g;;hepsramheteroo;;;sze d Co 3d states. At the same time, the occupation of the @i 3

this corresponds roug y.m: . rather than 0. Jound shell is lower in the vicinity of Co next to a Cr atom. The

for pure T.'SQ' A qualitative dlffererjce between (4TISe, local DOS distribution on the atoms in questi@fig. 11)

and CQBT'.SGZ is that the nearest Ti .atoms approach the C elps to understand the origins and energetics of this differ-

atom (A, slightly negativé but are shifted away from the Cr ent charge distribution.

Etorg: This Ic? con5|ste_|nt v;/:_thhthelevulj_enge of Ifar%er gos'-r' The center of gravity of the Crd8Bstates lies closer to that
onding and, contrarily, higher localization of the @rs ¢ 1j3q | spite of large exchange splitting at the Cr site, a

states as addressed below.

e o noticeable contribution from both atoms is present near the
The spatial distribution of the charge density in a plane

i th Ilis sh N Fig. 9. Th iical si Fermi level. Specifically, mostly thed3. orbitals at both Cr

cut across the Supercell 1S Shown In Fig. 9. The Vertical Slz@ g T sjtes are responsible for this direct hybridization and
of the plot covers 18.84 A. Qne can see that in the apsgnce e enhancement of the Ti DABf the atoms neighboring to
anrl\l/l atlom thg cha(;g(t)aﬁtj%s? b_etweer; the Se Iayerilsag]dde r in the[001] direction near the Fermi energy. This factor
rather low, about 0. - An intercalant atom embedded ;g ¢ important in the Co-intercalated system because the Co
in this region mediates the chemical bonding between chal?}

cogen atoms. An effectively largésee belowCo atom pro- d states are lower in energy and do not mix so efficiently
vides a slightly higher charge density along the Nsdine. , —
Moreover, gt]heydist\(;]ubution o% the cha)r/ge de%sity alpoer] Spatial charge densiy (e/A°)
(i.e., towards the nearest Ti atojris somehow different in 159 »
Cr- and Co-intercalated crystalsig. 10. On the Co site, the i\ Co Ti
occupation of 8 states is substantially higher as compared 101 P J
to Cr, with the effect that the effective size of an intercalant P

TABLE IlI. Internal coordinates in relaxed,;TiSe, super- S0 AG )
cells. L Jk\

Cr . o M
M A X10° A,x10° Asx10° A X10° 0 1 2 3 4
Distance along [001] (R)

Cr 0.26 1.89 0.47 —-1.13
Co —0.02 1.53 0.50 —1.40 FIG. 10. The cut of the charge-density distrubution along the

[001] from the M position inM (TiSe,)3 (M=Cr, Co.
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components of self-consistently calculated relativistic core
levels, we obtained 0.85 eV at the Cr site and 0.59 eV at the
Co site. The former is in good agreement with the experi-
mental estimate, and the latter is probably already too small
to be resolved with the experimental resolutisee Fig. 5.

With the information about the local state density distri-
bution at intercalant sites available, it becomes possible to
address the problem of x-ray reemission in thelt3e, sys-
tems with lowx content. An assumption of a strongly local-

I | ized character of Cr @ states is supported by the calcula-
tions of both spatial distributiofFig. 9 and the local DOS
%‘ﬁ% (Fig. 11). Localized states in the vacant regiomhich may
host an absorbed electron in an intermediate state of an x-ray
emission procegsnust be necessarily those in the minority-
spin channel. In order to imitate their possible participation
in the x-ray reemission, we calculated the Cf ; x-ray
emission spectrum, taking into account dipole transition ma-

FIG. 11.M 3d, Ti 3d (at the Ti atoms closest #d), and Se 4 trix elements and the cutoff energy of 2 eV above the nomi-
DOS as calculated for th&(TiSe,); supercell. Upper rowM nal Fermi level to allow the lowest minority-spin band local-
=Cr; lower row,M = Co. ized at the Cr site to contribute in full. This band

incorporates more than two extra electrons, rather than one
with Ti 3d—in fact, the majority-spin band at the Co site is as would be the case in a simple intermediate-state model.
fully occupied. Apart from this enhancement of the directHowever, there is no simple criterium to select only part of
Cr-Ti bonding, the distribution of electronic densitspatial  these low-lying vacant states for their possible contribution
as well as energy-resolvedithin the TiSe remains largely to the reemission process. The result of a calculation is
unaffected by the presence of intercalant atoms and is mucshown in Fig. 7, top curve. Without the Fermi energy artifi-
closer to that of pure TiSe (See Ref. 36. We notice, how- cially shifted, the higher peak in both, andL ; bands is
ever, a difference of our electronic structure from that calcumissing, so that the calculated spectrum is rather close to that
lated for TiSe in Ref. 32, with the use of the muffin-tin of pure chromium. No such artificial adjustment was neces-
approximation. sary for the C@TiSe, system.

The local DOS at theM site contains spin-splitted and
broadened levels, typical for a magnetic impurity embedded
in the VB (the latter being formed, in this case, by the Ti
3d—Se % hybridization). An anomalously narrow minority- As a result of this combined study incorporating measure-
spin peak appears at the Co site because its energy positionrigents of the crystal structure, kinetic propertiesnductiv-
between the separated subbands due to a bonding and arity), and the analysis of the electronic structure by different
bonding Ti-Se interactiofsee a more detailed discussion in spectroscopic techniqué¢XPS and XE$, interpreted on the
Ref. 36, i.e., the scattering of valence-band electrons at thidasis of electronic structure calculations, we establish the
impurity level is suppressed. A more detailed analysis of théollowing. In spite of nominally identical magnetic moments
crystal-field splitting and spatial distribution of thd 3d  of a free ion for Cr and Co, the saturation magnetization of
orbitals will be given elsewher¥.It should be noted that the intercalated TiSgreveals an almost two times larger effec-
present calculation for the ordered,gFiSe, structure failed tive moment on Cr than that on Co sites. A large exchange
to find an energy gap at the Fermi levi@inplied by the splitting in the Cr 3l shell polarizes the Cr 2 shell and
conductivity type as shown in Fig. 3 for=0.33). The rea- leads to the exchange splitting of CpZore levels large
son may be either an effect of the lattice parameters’ changenough(0.9 eV) to be detected by photoelectron spectros-
important for the Cr-intercalated systems but ignored in thecopy. No such splitting was resolved for Cp 2evels. So
present calculation, or the importance of correlation effectslifferent magnetic behavior can be traced to different
due to high Cr @ localization, which would justify the use strength of chemical bonding in Cr- and Co-intercalated sys-
of a different (orbital-dependentform of the total-energy tems. The bonding is stronger in (JiSe,, as is evidenced
functional. This subject yet needs further clarification. by larger distortion of the host lattice. The Cd 3tates, on

The values of local magnetic momen(attributed to the contrary, remain more localized, which favors a higher
muffin-tin sphere sizes cited abgvare 2.8 for Cr and  magnetic moment. Another indication of higher localization
1.46ug for Co, that agrees well with the experimental valuesof Cr 3d states in C[TiSe, is a strong contribution in the
of Table | forx=0.33. In spite of a slight variation of the x-ray emissiorL, ; spectrum from above the nominal Fermi
magnetic density over the crys{@mall antiparallel polariza- level, observed even at excitation energies much higher than
tion of Ti 3d shells and parallel of the Sep4shellg, the the threshold and tentatively attributed to reemission. We
magnetic moment remains quite localized at the intercalanémphasize that the exchange splitting pf&r e levels and a
atom. For the values of thep2exchange splittingtaken  strong reemission due to high-energy electronic excitations
simply as energy differences between spin-up and spin-doware experimental findings quite rarely observed dhitsed
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