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The electronic structures of the itinerant ferromagnets_GFe (§=0.05, 0.25, and 0.375have been
studied by photoemission spectroscopy. The valence-band spectra are compared with the density of states given
by band-structure calculations. In spite of the itinerant nature ofdtleéectrons, disagreement between the
photoemission spectra and the band-structure calculations exists in the magnitudeddiahe exchange
splitting and the spectral weight at the Fermi level and 2—4 eV below it: The occdpieaid for 5= 0.05 is
shifted away from the Fermi level; the observed spectral weight at the Fermi level is significantly suppressed
compared with the band-structure calculations §er0.05 and 0.375, where the nomirdielectron numbers
are close to integers 4 and 3, respectively. Configuration-interaction cluster-model calculations have been made
for 6=0.05 and 0.375 to explain the spectral weight distribution in the high-binding-efi2rgy e\) region
in terms of electron-correlation effects. Thied on-site Coulomb energy is estimated to be significant,
U~2 eV, and nearly equal to or smaller than the charge-transfer edergd—3 eV.

[. INTRODUCTION The observed ordered magnetic moments derived from the
saturation magnetizationt3>-2® 1.7-2.5.5, however, are
Chromium tellurides Cy_ sTe with metal-deficient NiAs- much smaller than the effective moments and the ordered
type structures® are ferromagnets with metallic moments calculated using the ionic model. According to
conductivity*® The compounds have been known for their neutron-diffraction studie®, 3 the small saturation magne-
various magnetic structures and thermodynamical propertigiization is partly explained if we take the spin canting into
coupled with ferromagnetism. These properties have beeaccount for6=0.125, 0.167, and 0.28.The magnetic mo-
discussed both from ionic and itinerant models, but theirment induced on the Cr ion fat=0.25 is close to an integral
electronic states have not been clearly understood yet. number of Bohr magnetons, suggesting the existence of
The compounds have ordered vacancies at the chromiumixed valence C# However for 6=0.333, the ordered
sites! 3 Metal-deficient and metal-full layers stack alterna- magnetic moment 2.65-2.4Q, deduced from the neutron
tively along thec axis. The concentration of the metal va- diffraction, is smaller than that calculated using the ionic
cancies ¢) is an important parameter for the crystal struc-model, 3ug, suggesting the itinerant nature of the
tures and the magnetic properties of the compounds. Thelectrons:>=°
Curie temperatures 325—-360 K and the lattice parameter ra- Band-structure calculations have been done on CrTe
tio c/a~1.56 are almost constant fo09<0.25, but they (6=0), CrzTe, (0.25, and CpTez (0.333 by Dijkstra
are significantly lower for 6>0.25 (T¢~167-170 K, et al®’ Their calculations have given ordered magnetic mo-
c/a~1.51 for =0.333)57° The pressure derivative of the ments of 3.5Lg, 3.32g, and 3.0%g for =0, 0.25, and
Curie temperaturd T /dp(<0) remains almost constant for 0.333, respectively. The calculated magnetic moments on Cr
0< 6<0.25 but decreases in absolute value 0r0.25 as- take almost the same values 6f3.3ug for the different
sociated with the changes in tiig and thec/a ratio®°The  &'s. The Te atoms also have a magnetic moment through the
studies of the exchange strictiti® and the strong hybridization with the Cr @ states varying from
magnetostrictiolf have also revealed that the lattice param-—0.3ug (6=0) to +0.3ug (6=0.333)3" Recently, Ishida
eters are strongly affected by the interaction between thand Asan®® made detailed band-structure calculations for
magnetic moments on the Cr atoms, and that between thér,_sTe with §=0, 0.25, and 0.333. Fof=0, Ishida and
magnetic moments and external magnetic field. The paraAsand® have given somewhat smaller ordered magnetic mo-
magnetic susceptibilities of the compounds obey a Curiements of 2.44-3.1@g than that of Dijkstra et al,3’
Weiss lawt*~?7 giving effective magnetic moments of 3.51ug, whereas, for ferromagnetit=0.25 and 0.333, both
around~4ug. They are well explained by the ionic model calculations have given almost equal magnetic moments of
assuming Té  and mixed-valence Cr, as shown in Fig. 1. 3.0-3.3u5. The magnetic moments are found to be very
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; , , gested that the poor agreement &+ 0.333 may result from
..................... . electron-correlation effects because ttheelectrons would
41 ATTen o2 (@ have more localized character #~=0.333 than in6=0.25
= ~ due to the increased vacancy concentratfon.
O B s s In order to obtain more direct information on the elec-
I O cr* (d) tronic states of these compounds, we have performed photo-
emission studies 06=0.05 (Cr gsT€), 0.25(CrsTe,), and
2 X cr* (dd 0.375(CrsTeg). Since this is a metallic system, first we con-
sider the electronic states starting from the itinerant electron
model, and we compare the valence-band spectrum with the
DOS given by the band-structure calculatiGfhd® With the
0 detailed comparison between observed spectra and the
DOS’s, we found that there exist disagreements. If the
Cr,Teq electron-correlation effect is important, the electrons tend to
CriTo. CriT localize on the atom sites rather to extend all over the crystal,
8 CriTe, CryTe, and the local-moment picture may be effective. In order to
2r T examine electron correlation, we have employed the
configuration-interactiofCl) cluster model, which is a lo-
0.0 0.4 0.0 03 0.4 calized electron model but treats electron correlation effects
correctly. As shown below, the calculation could explain the
overall shape of the observed spectrum ofy&fe and
CrsTeg showing the importance of electron-correlation ef-
moments derived_ from the Curie.-Weiss Ia\m_x and the ordered ;ecigsr'izvgetﬁ : V:I eecstﬁg?éestz\a/t?als eosf ftc;]retg ee Eg?&itﬁ (;zﬂ]l.ar: ecf;abr_
moments determined by saturation magnetizatiof) (are taken tained parameters suggest strqng hybridization, which is
from Refs. 1 and 13-28. The ordered magnetic moments in the . . ' .
metal-full layer (&) and the metal-deficient layer\) determined consistent with the results of the band-structure calculation.
by neutron diffraction are taken from Refs. 29-32 and 36. The
ordered moments for the metal-full laye®@} and the metal- Il. EXPERIMENT
deficient layer ©) given by band-structure calculations are taken . )
from Refs. 37 and 38. The dot-dashed line® —) represents the Polycrystalline ~ Cg_;Te samples with §=0.05
effective moment in the ionic model, and the dashed line-)  (CroosTe€), 0.25(CrsTe,), and 0.375(CrsTeg) have been
represents the ordered moment in the ionic model. The ordereBrepared by the following procedures. To preparg dsfe, a
moments for the high-spini*, d®, and d? configurations in the ~Mixture of appropriate amounts of Cr and Te powders was
ionic model are shown by arrows. sealed in an evacuated silica tube and gradually heated up to
600 °C for one week, kept at 800 °C for one day and at
sensitive to the lattice parameters according to Ishida an@000 °C for one day. The product was crushed and fired
Asano® Only slight changes in the lattice parameters reducegradually up to 1200 °C for 2 h, melted at 1330—1350 °C for
the magnetic moment ob=0 toward the experimental 50 min, cooled down to 800 °C fal h and then quenched.
value; in §=0.333 the magnetic moment of Cr in the metal- Finally, the sample was heated up to 1000 °C, annealed for 5
deficient layers easily changes its direction alongdhaxis  h, and quenched into iced water. In order to avoid oxygen
as the volume of the unit cell changes. These facts partlgontamination from the silica tube, all the samples for
explain the §-dependent magnetic structures and magneti®d=0.05, 0.25, and 0.375 were melted in the silica tubes,
moments of the compounds. whose inner walls were coated with amorphous carbon ther-
Gronvold and Westrum measured the heat capacities afally decomposed from acetone. The silica tube was further
5=0.167 (CrsTeg), 0.25 (CrzTe,), and 0.333(Cr,Te;).*°  enclosed in an outer one. Powder x-ray-diffraction pattern of
By fitting their experimental heat capacitZ) to the formula  6=0.05 showed a NiAs-type structure with lattice param-
C=yT+AT?3 below 18 K, we obtain the electronic specific- eters ofa=4.018+0.002 A andc=6.260+0.002 A. As for
heat coefficients ofy~10, 1, and 4 mJ/atom/K for CrsTe,, Cr, and Te powders sealed in an evacuated silica
6=0.167, 0.25, and 0.333, respectively. Thegevalues tube were slowly heated up to 700 °C, kept at that tempera-
show a minimum at §=0.25. The band-structure ture forthree days, and then cooled to room temperature. The
calculationd”*® have given y~1.0-1.4 mJ/atom/R for  product was crushed, slowly heated up to 1300 °C, and then
5=0.25 andy~0.82—-0.96 mJ/atom/K for §=0.3333"%  melted. Powder x-ray diffraction indicated that the crystal
Thus the experimentay value for 5=0.25 is close to the structure was monoclinic with the lattice parameters
calculated value, while those fé=0.333 and probably that a,=6.87 A (=3a), b,=3.94 A (=a), ¢,=12.30 A
for 6=0.167 are considerably enhanced. (=2c), andB=91.2°. A mixture of Cr and Te powders for
The optical reflectivity spectra a#=0.25 (Cr3Te,) and  CrsTeg was slowly heated up to 850 °C for two weeks and
0.333(Cr,Te;) have been measur®dand compared with kept at that temperature for four weeks. The products were
the joint density of states calculated using the density ofransferred into the evacuated silica tubes, gradually heated
states(DOS) given by Dijkstraet al®” While agreement be- up to 1240 °C fo 6 h and melted. The sample was kept at
tween the theoretical and experimental spectrasfe0.25is  this temperature for 50 min, and slowly cooled down to 800
good, that for§=0.333 is not satisfactory. It has been sug-°C for 3 h. It was homogenized at 800 °C for one week.

Magnetic Moment (ug)

o

FIG. 1. Magnetic moments of Gr sTe. The effective magnetic
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Then it was quenched into iced water. Powder x-ray diffrac-

tion showed that the crystal structure was of the Cgbe, C ' -I-I I
with hexagonal lattice parametess=3.924+0.008 A and Fo.g51€ .
c=6.008+0.010 A. The Cr vacancies are randomly arranged Ferromagnetic :
in the second basal planes of Cr atoms. The Curie tempera- .
tures of these compounds wefe =345, 325, and 220 K, .| fv=80ev
respectively. 2

Photoemission experiments were carried out using a spec- % .
trometer equipped with a Mg x-ray sourogg Ka: 2 Te5s Crad e
hy=1253.6 eV for x-ray photoemission spectroscopy <
(XP9S) and a helium discharge lanfplel: hv=21.2 eV} for %‘ oy
ultraviolet photoemission spectroscogyPS. The total- S EaeY
energy resolution was-1 eV for XPS and~0.2 eV for £ | h=12536eV &%
UPS. The energy calibration has been done using the Cu | . Ry e
2p and Au 4f core-level photoemission spectra of Cu and '~'-'.;).'.~;-.l;.‘.:- - .,-_s" T
Au metal, respectively, for XPS and using the Fermi edge of - i :
Au for UPS. UPS and XPS measurements ofTey were Te5s Tedp 1%
made both at room temperature and liquid-nitrogen tempera- | | . :
ture (~80 K) in order to study the spectral change above and 15 10 5 0=E.
below the Curie temperature. XPS measurements of Binding Energy (eV)

CrgosTe and CgTe, were performed at room temperature,
where they were in ferromagnetic states. The base pressure -;5 5 photoemission spectra of GeTe taken ahy=80 and
of the spectrometer was 2x 10~ Torr. 1253.6 eV. '

Photoemission measurements were also made at beamline

BL-2 of Synchrotron Radiation Laboratory, Institute for 1o leading peak &g~ 1 eV is strongly enhanced around
Solid State Physics, University of Tokyo. The total resolutiony, ,_ 47 ay/ By subtrBacting théw=41 eV (off-resonance
was 0.3-0.5-eV full width at half maximufFWHM), de- — gpoctym from théw=47 eV (on-resonandespectrum, we

pending on the incident photon energies=41-80 eV used have obtained a resonantly enhanced @rc®mponent as

in thi; work. The energy calibration was made using theshown in Fig. 4. Figure 5 shows the Cd-8lerived spectra of
Fermi edge of evaporated Au. The vacuum of the analyz

. eérl,ﬁTe thus obtained for varioud's, and the correspond-
chamber during the measurements was better th

3% 10-2° Torr. M A ; d at ¢ afﬁg hv=280-eV spectra. The overall features of the difference
orr. Vieasurements were periormed at room em’spectra agree well with those of the=80-eV spectra. Due

perature, where CosTe and CgTe, were in the ferromag- to the non-negligible contributions from the Tep %ands

netic states qnd Geg was in the paramagnetic state. In near the Fermi level dtv=280 eV, and to the difference in
order to obtain clean surfaces, the samples were scriaped

situ with a diamond file. No oxygen sl.core-level peak or
carbon Xk core-level peaks were detected by XPS, nor oxy-

T T
en emission in the valence band by UPS. o M=1253.6 eV
gen 2 y Crisle - m-12%6

Ferromagnetic

8=0.05
(—8=0.375)

Ill. RESULTS

Figure 2 shows photoemission spectra of, gffe taken
with photon energies dfiv=80 and 1253.6 eV. Ahv=380
eV, the atomic photoionization cross section of Gt
~50 time$! as large as that of Tegb At hv=1253.6 eV, on
the other hand, the cross section of Tei§ about two times
as large as that of Crd8*! Therefore, by comparing the two
spectra, we can assign the peak at binding enBggy 1 eV
in the hy=80-eV spectrum to the Crd3band, and the peak
at Eg~2.5 eV in the XPS spectrum to the Tep Shand.
Valence-band spectra taken lar=80 and 1253.6 eV for
variousd’s are shown in Fig. 3. A$ increases, the width of
the Te P band decreases, which may reflect the narrowing
of the band due to the increased vacancies. Compared with
6=0.05, the Te § peaks of6=0.25 and 0.375 are slightly
shifted toward the Fermi level, implying that the Fermi level ! . !

Intensity (arb.units)

is lowered with 5. The difference betweed=0.25 and 15 10 5 0=E.
0.375 is not clear in the valence-band spectra. Binding Energy (eV)
Figure 4 shows photoemission spectra of; g taken
near the Cr §— Cr 3d photoabsorption threshold ¢~ 42 FIG. 3. Valence-band photoemission spectra of Gie taken

eV). Arrows in the figure show the Q¥1, V'V Auger peaks. athv=1253.6 and 80 eV.
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Lo FIG. 5. Cr A-derived spectra obtained by resonant photoemis-
Binding Energy (eV) sion compared with the spectra takerhat=80 eV.

FIG. 4. Resonant photoemission spectra of @g. The differ-  The splitting reflects the magnetic moment of the @r\&-
ence spectrum on the bottom has been obtained to deduce the {@&nce electrons. If thd electrons are itinerant, the exchange
3d-derived photoemission spectrum. Arrows show theMGaVV  interaction between the core hole and the spin-polarized Cr
Auger peaks. 3d band electrons will give rise to two peaks with equal

intensities’? On the other hand, if thd electrons are local-
the energy resolution, the intensities of the=80-eV spec- ized, the two peaks have an intensity ratiolfS/(S+1),
tra nearEr are a little higher than those of the difference Where S denotes the total spin of the localized Cd 3
spectra. The spectra show finite intensitie€at consistent electrons’® We have fitted the Cr S spectra assuming both
with the metallic behavior of the compounds. The leading
peak atEg~1.2—-1.5 eV is accompanied by a broad shoulder

T T T T
extending fromEg~2 eV toEg~6 eV. The width of the Cr CI’ Te Cr2p + Te 3d
3d band in Ci_ sTe are found to be-4 eV. 1-6 P

Overlapping Cr » and Te 3l core-level spectra are hv=1253.6 eV

shown in Fig. 6. Since the binding energies of the @rahd

Te 3d core levels are very close to each other, it is difficult to

decompose the spectra into the two components. Due to the

large photoionization cross section of the Td 8rbitals

compared with the Cr 2 orbitals[Te 3d/Cr 2p=2.6 (Ref.

41)], the Te 3 component is dominant in these spectra. Fig-

ure 6 shows that the binding energies of the peaks move

slightly toward lower binding energies with, consistent

with the shifts of the Te §level (Fig. 3), and hence with the : s

lowering of the Fermi level withs. 3 .
Figure 7 shows the Crs3core-level spectra of GeTe, 80375 f /

CryTe,, and CrTeg. The Cr 3 spectra are superimposed 3

on the tail of a plasmon satellite accompanying the @r 3 \

peak located at aroundz~59 eV. The Cr 3 spectrum of 590 5;35 5;30 5;5 5;0

CrsTeg was measured both at room temperature and at o

liquid-nitrogen temperature, i.e., above and below the Curie Binding Energy (eV)

temperature Tc= 220 K). All 3 s spectra show two peaks or

an unusually broad peak which is consistent with two unre- FIG. 6. Cr 2o and Te 3l core-level photoemission spectra of

solved peaks, showing the existence of exchange splittingcr,_sTe (§=0.05, 0.25, and 0.375

Intensity (arb.units)

.
.
.

.
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CrislTe o Crysle
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hv=1253.6 eV +pas<:’" a (hv=47¢eV)-(hv=41eV
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8005 A <
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Difference Blndlng Energy (eV)

(Ferromagnetic-Paramagnetic)
1 ! ] L L 1 FIG. 8. Cr 3J-derived photoemission spectra near the Fermi
9 85 80 75 70 65 level obtained by resonant photoemission. The data have been
Binding Energy (eV) smoothed.

FIG. 7. Cr 3 core-level photoemission spectra of CgTe ~ Within the ey, band while thet,q; band remains almost
(6=0.05, 0.25, and 0.375The difference spectrum between the filled. Theey; band in Cg gsTe is nearly half-filled, and the
ferromagnetic(doty and paramagnetiésolid curve state is also  System may be close to a Mott insulator. Therefore electron
shown for§=0.375. correlation would be strong in GgsTe. The ey, band is

nearly empty in Ce¢Teg, and the Fermi level lies in the
the above two models, and obtained equally good resultgggion where the bottom of they; band and the top of
because in the fitting procedure there was a large ambiguitlsq; band overlap. Again the system is close to a Mott insu-
in the background due to the overlapping plasmon tail. Wdator, and electron correlation is strong. On the other hand,
need more detailed investigation to determine whether théhe number of electrons in thegy; band in CgTe, strongly
exchange splitting is due to itinerant or localized @réflec- deviates from an integer filling compared with {GgTe and
trons. The Cr 3 spectra of CeTeg show only a small CrgTeg, which would make the system a more ordinary
change above and below the Curie temperature, as shown thband metal. Indeed, the intensity at the Fermi level is the
Fig. 7, indicating that the magnitude of the local Gt Biag-  highest for CgTe,, as shown in Fig. 8.
netic moment remains essentially the same between the two The above result corresponds well to the heat-capacity
phases. Little change was also observed for the valence-bamdeasurement®, where the electronic specific-heat coeffi-
spectra of CgTeg above and below the Curie temperature,cient y is enhanced fors5=0.167 (CrsTeg) and 6=0.333
which is consistent with the Crs3spectra. (Cr,Tes), but not for §5=0.25 (Cr3Te,): The specific-heat

IV. ANALYSIS AND DISCUSSION
A. Electronic structure near the Fermi level T *

In order to clarify the changes of the spectra wéthFig.
8 shows smoothed Crd3derived spectra near the Fermi

; - ) . . Cr3d-
level for variouséd’s. The intensities are normalized to the rod-eet

peak height. In going froms=0.05 to §=0.25, the main E {5:0 —_

peak is slightly shifted toward the Fermi level, while in go- F 18=033 —>

ing from 6=0.25 to 6=0.375, it is shifted back toward Cr3d-tagy _

higher binding energy. Consequently, the intensity at the (Cr3d1) N (Cr3d)
Fermi level is the highest af=0.25. If we assume the Te § Te 5p1

valence to be 2, the nominal d-electron numbers in
CrggsTe, Cr3Te,, and CiTeg are~4, 3.333, and 2.8 per Cr
atom, respectively. Since the Cr ions are octahedrally sur-
rounded by Te ions, the Cr d3 orbitals are split into
threefold-degeneraté,, levels and twofold-degenerate, Binding Energy

levels. If we assume high-spin configurations for the Cr ions,

thet,g; band is filled by three electrons, and additional elec-  FIG. 9. Schematic view of the electronic structure of, GjTe.
trons enter thee;; band as shown in Fig. 9. A8 increases (Cr 3d1,]) denotes the Cr & component hybridized with the Te
from 6=0.05 to5=0.25, the Fermi level moves downwards 5p band.
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, retical Cr 3 partial DOS's of CrTe, C4Te,, and
Cr Te Cr,Te;.3"%8The ferromagnetic theoretical DOS is in reason-
0.95 able agreement with the features in the experimental spectra,

Ferromagnetic suggesting the itinerancy of tlieelectrons and the relevance
(rv=47 eV)-(mv=41 eV) of the band-structure calculations. As for {e, and
Cr,Te;, Ishida and Asand made calculations for the ferri-
magnetic state, where the metal-full and metal-deficient lay-
ers are antiferromagnetically coupled. As shown in Figs. 11

Experiment |
a=4.018+0.002A .
0=6.260£0.002A o’

r‘é’ ,,,,,, et \‘__ and 12, the peak position in the ferrimagnetic calculation is
3 Dijkstra et al. . shifted towards the Fermi level compared with the ferromag-
g a=3.997A . netic calculation. As for the peak positions, the ferromag-
- ﬁﬁ-i%?ém netic DOS is closer to the experimental spectra.
.%‘ ATTTIE e Here, in order to take into account the finite instrumental
S \" resolution and the lifetime broadening, the theoretical DOS
k= Ish| 8 and Atano - has been broadened with Gaussians of 0.4- and 0.5-eV
2<3.975A FWHM for §=0.05, 0.375, and=0.25, respectively, and a
Meqic=3-10ug L Lorentzian whose FWHM (B) increases linearly with bind-

total energy o
minimum — e

culations are available for GTeg, the ferromagnetic and

Ol ing energyEg as A"=0.2Ez. Since no band-structure cal-
- paramagnetic DOS’s of Glleg have been approximately

*"Ishida and Asano

2=3.900R synthesized out of the DOS’s of ¢€fe; and CrTe as follows.
Mea=2. 44115 The Cr ™ and Te partial DOS’s of ferromagnetic

? | i 1 | Lo 5 8 .
6 5 4 3 2 1 0=E. Cr,Te; were multiplied by3 and 3, respectively, and the

Fermi level was shifted so as to contain the appropriate num-

ber of electrons for GfTeg. As for the paramagnetic DOS

) L for CrsTeg, we have applied a similar procedure using the
FIG. 10. Cr 3l-derived photoemission spectrum of ds€Te ¢ 34 and Te % partial DOS's of the paramagnetic CrTe.

(dots compared with the Cr @ partial DOS of CrTe given by the If we compare the DOS's given by the band-structure cal-

band-structure Calcmat'qr(SOHd curves (Refs. 37 and 38 Mexp .culations and the photoemission spectra in more detail, some
and Mcz; are the experimental and calculated ordered magneliGiscrepancies can be identified. First, while the experimental
moments, respectivelya and ¢ with the theoretical DOS indicate P ’ ’ P

the lattice parameters used in the band-structure calculatiRefs. C_r 3d-tyq; peak positions in GyTe, and Cr5TeS_agr?e well d
37 and 38. In the calculation of Ishida and Asano, the lattice- with those of the theoretical ones, as shown in Figs. 11 an

parameter ratia/a is fixed at~1.557. 12, that in C'5_95Te is shifteq toward higher bind_ing energy
compared with the theoretical one, as shown in Fig. 10. It
results imply that correlation effects become significant aghould be noted that the exchange energy in the band-
the band filling becomes close to an integer. structure calculation cannot be undgrestlmated, since the ca_LI-
culated ordered magnetic moment is larger than the experi-
mental one. As shown in Fig. 10, as the calculated magnetic
moment and the exchange splitting of the Gt Band are
We now compare the photoemission spectra with the DO$educed, the Cr &-t,4, peak is shifted toward the Fermi
given by the band-structure calculations. Dijksttal3’ per-  level. That is, the calculated DOS of the Cd ®and corre-
formed band-structure calculations fé=0 (CrTe), 0.25 sponding to the magnetic moment of 2u4d, which is clos-
(CriTey), and 0.333 (Cr,Tes) using the augmented- est to the experimental value 2§, is quite different from
spherical-wave ASW) method, whereas Ishida and Asdho the photoemission spectrum. On the other hand, the DOS
used the linear muffin-tin orbitdLMTO) method. Both cal- given by Dijkstraet al. is the closest to the photoemission
culations took scalar relativistic effects into account. Thesespectrum in spite of the large discrepancy in the ordered
two methods are quite similar, and are not expected to givenagnetic moment. According to Ishida and Asdhthe peak
large differences. Ishida and Asaffohowever, optimized position of the Cr 8-t,4; band in the calculated band struc-
the radii of atomic spheres for Cr, Te, and vacancies, so as twre of CrTe is not significantly dependent on the choice of
give a total-energy minimum and to reproduce experimentaihe exchange-correlation potential. Therefore it is difficult to
lattice parameters. Spins are supposed to be collinear in bo#hift the Cr 3i-t,4; band in CrTe toward higher binding
calculations. According to band-structure calculations, the Cenergy as long as one assumes a collinear spin structure. As
3d partial DOS below the Fermi level consists of thg; described in Sec. |, the small observed saturation magnetiza-
band located aEg~1 eV, and the broad structure at aroundtion for §=0.125 (Cr;Teg), 0.167 (CrsTeg), and 0.25
Eg~3 eV which originates from Cr @ character hybridized (Cr;Te,) is explained within the ionic model if the spin
into the broad Te p band lying atEg=2.5-7.5 eV, as canting is taken into account, as suggested by neutron-
shown schematically in Fig. 9. Near the Fermi level there aradiffraction studies®31323€As for CrTe, although the mag-
also some contributions from the bottom of the Gt-&;; netic structure has not been unambiguously determined so
band, and from the Cr&t,y, band foré=0. far, antiferromagnetic reflections coexist with the ferromag-
In Figs. 10—12, the experimental Cd&lerived spectra of netic ones in the neutron diffractidf;® suggesting a spin
CrgosTe, Cr;Te,, and CiTeg are compared with the theo- canting. If the reduced saturation magnetization of CrTe is

Binding Energy (eV)

B. Comparison with band-structure calculations
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FIG. 11. Cr 3d-derived photoemission spectrum of {Te,
(dots compared with the Cr @ partial DOS given by the band- FIG. 12. Cr 3-derived photoemission spectrum of Jeg
structure calculationgsolid curves (Refs. 37 and 38 Mcqcis the  (dots compared with the Cr @ partial DOS given by the band-
calculated ordered magnetic moméRefs. 37 and 38 structure calculationésolid curve$ (Refs. 37 and 38

due to a spin-canting effect, band-structure calculations with
canted spin structure would clarify the origin of the discrep-spectrum, and the ferromagnetic DOS explains the photo-
ancies between the photoemission spectra and the ban@mission spectrum better. This may indicate the existence of
structure calculations. short-range ferromagnetic order above the Curie

Another discrepancy between the photoemission spectr@mperaturéf‘ The calculated exchange splitting of the Cr
and the band-structure calculations is that the photoemissiodd band,~2.8 eV? is two orders of magnitude larger than
intensity at the Fermi level is smaller than the theoreticathe Curie temperature-0.03 e\?? so that the nonmagnetic
DOS, particularly fors=0.05 and 0.375. As fof=0.25, the  state given by the band-structure calculations without spin
photoemission intensity at the Fermi level is highest amongpolarization would not be realized at room temperature. The
these compounds, and agrees well with the calculated DOSituation is the same as in K&ef. 45 and Ni (Ref. 46
This suggests that band theory is most appropriate fometals, whose spin-integrated photoemission spectra show
6=0.25, and that the low photoemission intensities at thdittle change between room temperature and above the Curie
Fermi level in6=0.05 and 0.375 compared to the calculatedtemperature, and are well described by the ferromagnetic
DOS are due to effects of electron correlation. DOS rather than the nonmagnetic one even abiqve

The intensity aEg=2—4 eV is stronger than the theoreti-  Coulomb interaction between the Cd &lectrons can be
cal DOS, particularly ford=0.05. The intensity of this por- €examined by comparison between the KpVV Auger-
tion of the photoemission spectra is not so much dependemectron spectra and the self-convolution of the Cr
on 8. In the Cr 3 partial theoretical DOS, this part origi- 3d-derived spectr8’~*° If there were no Coulomb interac-
nates from hybridization between the Cd 3and Te %  tion between the Cr@electrons, thév, V'V Auger-electron
bands. The discrepancy may indicate that hybridization bespectra would be reproduced by the self-convolution of the
tween the Cr 8 and Te 5 bands as observed by photoemis- Cr 3d-derived spectr&®*°As shown in Fig. 13, the experi-
sion is stronger than that predicted by the band-structure camental Auger spectra of GgsTe and CgTeg are deformed
culations. Another possibility for the discrepancy is electron-and shifted toward lower kinetic energies compared to the
correlation effects, since the features in the higher-bindingself-convolutions, indicating the importance of the Coulomb
energy region of the photoemission spectra reflect highl)'mteraction§0 The intra-atomicd-d Coulomb energy ()
excited states where electron-correlation effects are imporoughly estimated from the shift is 2 eV. It is not obvious,
tant. however, whether the values of the Coulomb interaction thus

As for the Cr 3l-derived spectrum of paramagnetic determined is that between electrons of puredGrharacter
CrsTeg, Fig. 12 shows that it cannot be explained by theor that between electrons thorbitals hybridized with Tep
DOS of the nonmagnetic state because the calculated DOS aubitals. This should be examined with explicit calculations
the Fermi level is too high compared with the photoemissiorof the Auger spectra using, e.g., the cluster model. The
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FIG. 13. CrM,3VV Auger-electron spectra of ggsTe and Binding Energy (eV)
CrsTeg (dotg compared with the self-convolution of the Cr

3d-derived photoemission specifgolid curves. FIG. 14. Cr 3i-derived photoemission spectra of GETe and

) ) ) CrsTeg (dots compared with spectra calculated using the GrTe
d-band-width W) of CrTe given by the nonmagnetic band- cjuster model corresponding to the formal valence&'Qrd®) and
structure calculation is-4.6 eV?’ which gives the ratio cr3* (d?), respectively(solid curves. Dashed curves are given by
U/W~0.4. Although the Coulomb interaction in €rsTe is  the cluster-model calculations in the mean-field approximation.
not strong compared with those in late transition-metal com-

pounds, itis certainly not negligible. For CryesTe, we have assumed a nomirdl configura-

tion, that is, the[CrTeg]® cluster model was employed.
C. Cluster-model analyses Since the total spin has to be fixed in the calculation, we
In order to clarify electron-correlation effects and to Nave assumed the high-spin stag@=(2). Figure 14 shows

evaluate characteristic parameters which describe the eleH1€ results of the calculation. The overall features of the ex-
tronic states of Cy_ sTe, we have performed configuration- Perimental - spectrum including the high intensity at
interaction(CI) calculations on a Crlgcluster modef*52 ~ Es~2-4 eV have been well reproduced usitg=2.0 eV
Although the system is itinerant, the model, which is basedd A=3.4 eV. Obtained parameters are listed in Table II.
on a localized electron model, would provide us with insight "€ high-binding-energy paEE~22—4 eV is dominated by
into electron-correlation effects, particularly those associategharge-transfer state/L andd®L? in the final state of pho-
with high-energy excited states as observed in the hightoemission, wheré denotes a hole in the ligand Tep%or-
binding-energy region of the photoemission spectra. bital. The valudJ=2.0eV is cpn3|stent Wlt_h the result of the
The model has three adjustable parameters—the charg@uger-electron study and gives the ratiyW~0.5. The
transfer energy\, thed-d Coulomb energyJ, and the trans- Magnetic moment calculated from the cluster model using
fer integralT,, [ = — 3 (pda) ]—which are to be determined the above parameters is4.1ug, which is larger than the
so that the calculated photoemission spectrum gives th&alues given by the band-structure calculations 2.4x8.5
best fit to the measured one. The relationship Refs. 37 and 3Band the observed saturation magnetic mo-

(pdo)/(pdm)~—2.2 (Ref. 53 has been assumed as usual.ment~2.5ug . In the cluster-model calculation, most elec-
As for the Coulomb interaction, only the diagonal term istrons transferred from the ligands to the Cr ion throuh

retained. Kanamori's parametarsu’, andj (Ref. 53 have P hybridization occupy the Cr&ey; level, and increase the
been used instead of Racah paramefers, andC. The Mmagnetic moment from the ionic value ofu .

Racah paramete® andC determined for the Cr iofiTable In the cluster-model calculations, electron correlation
)54 and hencai—u’=2j=5B+2C, were fixed in the cal- Within the [CrTeg] 10~ cluster is taken into account, while in

culations.[Note thatU=u’—2/9j (Ref. 52.] the band-structure calculations electron-electron interaction

TABLE |. Racah parameters used in the present calculations TABLE Il. Parameters obtained from analyses of the photoemis-

taken from Ref. 54in units of e\). sion spectra using the CI cluster model.
B C A (eV) U (eV) T, (eV) Ny
Cr2* (d% 0.100 0.442 CrogsTe 3.4 2.0 1.3 4.4

crét (d3) 0.114 0.512 CrsTeg 2.2 2.0 1.3 3.8
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is treated within the mean-field approximation. In order t03.03ug (6=0.333) but is significantly larger than the value
clarify the relation between the CI cluster-model calculationdetermined from the saturation magnetization2(ug). In

and the band-structure calculations, we have performethe ground state, the weight of thiL state (~50%) is
cluster-model calculations in the mean-field approximationjarger than that of thel® state (~37%) due to the strong
i.e., molecular-orbital calculations without CI. That is, we p-d hybridization. We have also calculated the spectrum in
have calculated the spectra replaclidgoy Uy=0 eV and  the mean-field approximation, as shown in Fig. 14. The fig-
A by Aye=A+(ng-4U=4.2 eV, whereny stands for the ure shows that in the mean-field calculation the spectral den-
net d-electron numberr{y~4.4 for Cry gsTe; see Table )l sity atEg=2-4 eV is again reduced, and the spectrum be-
Ny is larger than the nominal number dfelectrons, 4, dueto comes closer to the DOS given by the band-structure
charge transfer from Tebto Cr 3d through thep-d hybrid-  calculations with full spin polarization. Therefore we con-
ization. As shown in Fig. 14, the spectral intensity atclude that electron correlation is important in giving the large
Eg~2-4 eV is reduced compared with the CI calculation,spectral weight aEg=2-4 eV in the photoemission spectra.
and the calculated spectrum generally resembles the DOS of

the fully polarized state calculated by Dijkstea al®” and

Ishida and Asand® Because of the large bandwiditi com- V. CONCLUSION

pared toU, and the itinerancy of electrons in this system, the o

use of the cluster model may not be fully justified. Indeed, 1he Vvalence-band photoemission spectra ofy dgFe
detailed line shapes of the spectra could not be reproducdd=0-05), CrTe, (6=0.25), and CgTeg (6=0.375) are

by cluster-model calculations. Nevertheless, the success GPmpared ;/v?!gh the DOS given by the band-structure
cluster-model calculations in reproducing the gross spectraﬁéﬂcuI""t'ong ~"and the spectra calculated using the ClI clus-
weight distribution, especially the intensity By~2—4 eV, ter model. While thg overall features of the photogmlssmn
which cannot be explained by the band-structure calculationgPectra agree well with the calculated DOS, some discrepan-
or by the mean-field cluster calculation, demonstrates th&i€S are found: The leading peak due to the Gtg,;; band

usefulness of the cluster-model calculation to study electronin CrogsTe is shifted toward higher binding energies com-
correlation effects. pared with the band-structure calculations. The photoemis-

The above result for GreTe indicates that)<A, and  sion intensity at the Fermi level is lower than the calculated
locates the compound in the Mott-Hubbard-tydeband DOS for §=0.05 and 0.375, whereas the intensity agrees
metal region of the Zeeman-Sawatzky-Allen diagram. well with the calculated DOS fo6=0.25. The latter obser-
SinceU andA are very close to each other, thed hybrid-  vation is consistent with the weakness of the electron-
ization is large in the photoemission final state. Therefore theorrelation effect in Cs§Te, as suggested by the heat-
Te 5p states are also important near the Fermi level. In thesapacity measuremefit. The discrepancy between the
ground state, the weight of th states is~64%, while that  photoemission spectra and the band-structure calculations for
of thed®L state is~33%. The first ionization states is also a the peak position of the CrdBt,4; band in CggsTe could
strong mixture of thed® andd“L states; even in the leading not be eliminated within the collinear spin alignment if the
peak atEg~1 eV, the contribution from the charge-transfer experimental saturation magnetization is reproduced by the
state is large. This is consistent with the strongly hybridizecband-structure calculations. This may imply that GjTe has
d-p bands, and shows the importance of Teldsand atEr as  a noncollinear spin structure. For afls, the photoemission
obtained by band-structure calculatichs® intensity atEg=2-4 eV is higher than that predicted by the

The cluster-model analysis of D5 (Ref. 56 has given  band-structure calculations. The photoemission spectrum of
the parametertl =5.2 eV andA =5.2 eV. It is known that if ~ CrzTeg does not change its shape above and below the Curie
we change the anions from O to T, and A decrease temperature, and the nonmagnetic calculation cannot explain
systematically’°® The decrease itJ in going from Cr,O;  the photoemission spectra above the Curie temperature, sug-
to Cry_sTe is, however, somewhat too large compared togesting the existence of short-range ferromagnetic order
what would be expected from the systematic changes foundbove the Curie temperature.
for insulating compound¥:8 1t is possibly due to the itin- d-d Coulomb energies within the Cr d3 bands of
erancy of thed electrons in Cy_ sTe. CrgosTe and CgTeg are estimated to be~2 eV from the

As for CrsTeg, we have assumed a nomir high-spin  Auger-electron spectra. These values are rather small com-
configuration, and have obtained the best cluster-model fit tpared with the Cr @ one-electron bandwidth of-4.6 eV,
the experimental spectrum usitfy=2.0 eV andA=2.2 eV, but are not negligible. Indeed, the CI cluster-model calcula-
as shown in Fig. 14. The difference betwednand A is  tions could explain the overall photoemission spectra, in-
smaller than that in Gygsle, locating the compound closer cluding structures in the high-binding-energy region
to the boundary between tlieband metal(Mott-Hubbard (Eg~2-4 eV) which cannot be explained by the band-
and p-band metal(charge-transferregions. This is consid- structure calculations. From cluster-model analysks,2.0
ered to be due to the higher valency of the Cr ions ineV and A=3.4 eV have been obtained for &ysTe, and
CrsTeg than those in GggsTe, sinceA is known to decrease U=2.0 eV andA =2.2 eV for CrsTeg. Both compounds are
with increasing valency’ The netd-electron number is cal- therefore in thed-band metal region of the Zaanen-
culated to beny~ 3.8 (Table Il), which is considerably larger Sawatzky-Allen diagram, butd and A are close to each
than 3 due to the strong-d hybridization. The magnetic other, particularly for CtTeg. In spite of the itinerancy of
moment calculated using the cluster model ~s3.4ug, the d electrons in these compounds, the cluster model turns
which is relatively close to the band-structure calculationout to be useful to understand the gross spectral weight dis-
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