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Reflectance spectra of ZnCr,Se,4 spinel from 4 to 100 eV measured
with synchrotron radiation: Band structure, covalency,
and final-state interactions
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Reflectance spectra of a ZnCr,Se, single crystal have been measured in the wavelength
region from 3000 to 120 A. Final-state interactions of the M, 3 3p inner-core excited
states of the Cr’* jon have been quantitatively evaluated from the analysis of the multi-
plet structures in the x-ray ultraviolet (xuv) spectrum on a basis of a recently developed
ligand-field theory. The vacuum ultraviolet (vuv) reflectance spectra of the spinel are in-
terpreted for the first time by taking into account the results of band calculations and the

covalency effect.

I. INTRODUCTION

Among various transition-metal chalcogenide
spinels, the chromium spinels MCr,X, (M repre-
sents Zn, Cd, and Hg; X represents S, Se, and Te)
have been most extensively investigated because of
their unusual optical, electrical, and magnetic prop-
erties.? In order to interpret such properties in
terms of microscopic mechanisms based on their
electronic structures, a considerable amount of
work has been performed on band calculations,”
elucidating details of the valence, as well as con-
duction, bands. Meanwhile, an extended measure-
ment of the vuv reflectance spectrum of CdCr,Se,
has been performed up to 12 eV.> Such results of
optical measurements may serve as a check on the
results of band calculations with respect to the top
and bottom of valence and conduction bands as
well as various bands in a wide energy range.
When one measures optical spectra in the xuv re-
gion, one can observe inner-core transitions corre-
sponding to constituent individual atom. By virtue
of the small dispersion and localized character of
the core levels, one can obtain much information
about covalency and final-state interactions as well
as band parameters through the analysis of the
inner-core optical spectra.

As for the 3p core states of the chromium ion in
transition-metal compounds, absorption spectros-
copy has been performed on chromium halides and
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has revealed multiplet structures of the M, ; ab-
sorption spectrum.%’ In order to avoid the prob-
lem of stoichiometry in the case of absorption
measurements for evaporated thin films of chemi-
cally unstable materials, we have carried out reflec-
tance measurements on a single crystal of chromi-
um chalcospinel. Within various chromium chal-
cospinels, we employed ZnCr,Se, for the present
study, which is a normal spinel with nonmagnetic
Zn?* jons. ZnCr,Se, becomes antiferromagnetic
below about 20 K, and susceptibility measurements
at higher temperatures show an asymptotic Curie
temperature to be 115 K.>® The spiral spin
ground state suggests that at least one of the
distant-neighbor interactions is ferromagnetic. In
order to obtain a comprehensive understanding of
the electronic structures of chromium chalco-
spinels, we have measured vuv reflectance spectra
(above 400 A) as well as xuv spectra (below 500 A)
of ZnCr,Se,.

II. EXPERIMENTAL

We measured reflectance spectra of ZnCr,Se,
from natural surfaces of a single crystal grown by
the chemical vapor deposition (CVD) method,
which is similar to the standard method described
elsewhere.’ As the starting material for the crystal
preparation, sintered powder of ZnCr,Se, was
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pressed into a pellet and put in a quartz ampoule
with a transport agent CrCl;. The evacuated and
sealed ampoule was placed in a horizontal furnace
with a temperature gradient. The pellet was placed
at one end of the ampoule where the temperature
was kept at 850°C. Tiny single crystals grew at
the other end of the ampoule kept at 800°C for
about a week. A crystal with a specular surface
thus obtained with dimensions of about 2 X 3 mm?
enabled us to measure good reflectance spectra.
SOR-RING, a 400-MeV electron storage ring of
the Synchrotron Radiation Laboratory, Institute
for Solid State Physics, was used as a light source
for the measurements. Reflectance spectra were
measured in the wavelength region from 120 to
3000 A by use of a sodium salicylate-coated win-
dow or light pipe and a photomultiplier. In partic-
ular, a plane-grating grazing-incidence monochro-
mator was used between 120 and 500 A, and a
Seya-Namioka monochromator was used between
400 and 3000 A. Typical resolution of these
monochromators was set to 1 and 4 A respective-
ly. For the measurements in the former wave-
length region, a grazing-incidence reflectivity was
measured at an incidence angle of a=45° for s-
polarized light, instead of measuring the near-
normal incidence reflectivity for p-polarized light
performed in the latter wavelength region. For the
measurements performed with the Seya-Namioka
monochromator, we employed several filters, such
as LiF or MgF, single crystals and fused quartz, in
order to reduce the effect of second-order light and
to check the content of stray light.

III. RESULTS

Figure 1 shows the xuv reflectance spectrum of
ZnCr,Se, for s-polarized light measured at @ =45°
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FIG. 1. xuv reflectance spectrum of ZnCr,Se, at
room temperature measured for s-polarized },ight at an

incidence angle a of 45°. The resolution (1 A) is indicat-

ed in the figure.

at room temperature. One finds clear multiplet
structures ranging from 230 to 290 A Judging
from their energy positions, we assign the struc-
tures to be resulting from the 3p core levels of the
Cr ion, and hereafter call them as M, 3 transitions.
We are able to discern at least four peaks of these
transitions in ZnCr,Se;. With respect to the M, ;
transitions from Zn ions, we have not observed any
obvious structure in the experimental spectrum.
The background reflectivity, except for the M 3
structures, gradually increases to a longer wave-
length region and continues to the reflectance re-
sulting from the valence bands as shown below.
Figure 2 shows the near-normal incidence vuv
reflectance spectrum of ZnCr,Se, for p polarization
at ¢=22.5° measured at liquid-nitrogen tempera-
ture. The sample was attached to a cold finger of
a cryostat. A spectrum measured at a=12° is
essentially the same as that observed at a=22.5",
The reflectivity drastically decreases below 700 A
which has necessitated a grazing-incidence mea-
surement below 500 A as shown before. The spec-
trum at liquid-nitrogen temperature shows struc-
tures at 4.52 eV (2743 A), 4. 70 eV (2638 A), 5. 10
eV (2432 A), 6. 36 eV (1950 A), 8. 15 eV (1521 A),
9.12 eV (1359 A), 10.38 eV (1195 A), 10.80 ev
(1148 A), 11. 28 eV (1099 A), 1275 eV 972 A),
13.25 eV (936 A), and 15.76 eV (786.5 A). With
respect to the gross features of the reflectance
spectrum, one should remember that the present
result is partly similar to those for CdCr,Se;,,
CdIn,S,,!° and CrBrs.!! The spectrum of ZnCr,Se,
at room temperature shows structures similar to
the results at liquid-nitrogen temperature. The in-
tensity of the peak at 6.36 eV, however, decreases
considerably at room temperature. In addition, the
reflectance peaks at 8.15 and 9.12 eV shift to 7.96
and 8.96 eV, respectively, at room temperature.
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FIG. 2. vuv reflectance spectrum of ZnCr,Se, at
liquid-nitrogen temperature for p-polarized light at
@=22.5°. The resolution (4 A) is indicated in the figure.
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IV. DISCUSSION

As is well known ZnCr,Se, has a normal spinel
structure with Cr ions occupying octahedral sites,
each of which is surrounded by six Se ions. On
the other hand, the Zn ions are in tetrahedral
anionic interstices. As for the valence of the con-
stituent ions, we consider definite valences as
Zn**, Cr**, and Se?~ with Zn?* and Cr** having
3p°®3d'° and 3p®3d> configurations, respectively, ir-
respective of a discussion of the valence of Cu in
CuCr2X4.1’l2

First, we consider that the observed M, ; multi-
plet structures are due to the transitions from the
3p®3d> ground states to the 3p3d* final states of
the Cr’* ion in analogy with the results for the
transition-metal perovskites.!> These transitions
are represented as d 7 >pd % in the complementary
state representation. Since the 3d electron states
of Cr** in ZnCr,Se; are split into 1y and e, con-
ventional molecular orbitals by the cubic crystal
field (10Dg), the ground states of the Cr** are des-
cribed by I; ggE ;(4/1 2))- By use of the coefficients
of fractional parentage (CFP) and transformation
matrices, the ground states are decomposed into

1~ = ~
‘/i | t2g7t%g(3T1g)eg(1A lg)BTlg’4A2g)
V5 o~ "
+ | B0t 3g (425085 2By ) Ey, *Ag )
V3~ ~
+ | Ggo 36 (*2g )00 CE By, 5.) . (1)

Here we neglected the spin-orbit interaction of the
d electron and assumed that all the sublevels of the
| tgge? g(“A %)) are equally populated.'* As for the
excited states pd ', a detailed description is given
elsewhere.!* An exact calculation of the term ener-
gies is performed for such fiut E'gé'gN”" system.
Since we are concerned with the absorption spec-
trum, we consider a distribution of the transition
intensities from the initial state (1) to the following
final states:

| £1u00 25 CT 1)@ g ("1’ T, * Ty, Ty ) 2)

1?1“’;38(4‘428)633(2Eg VEg,*ToTy) (3)
and

| au’;%g(4Alg)e~;(2Eg VPEg,*ToTy) . 4)

These states correspond to the first, second, and
last terms of Eq. (1) as a result of dipole-allowed
transitions. The final states other than *T,, are di-
pole forbidden as one can recognize from a direct

product of 4,, and T,, which equals T,,, where
T, represents the dipole moment. I'; thus ob-
tained are represented by E,, + E,, + 2G,.

For the calculation of term energies, we have
considered the spin-orbit splitting of the 3p hole
(£3p) and Coulomb and exchange interactions be-
tween p and d electrons (Slater-Condon parameters
F, and G, ;) and between d electrons (Racah
parameters B and C) in addition to 10Dg. Consid-
ering that e, orbitals have more covalency than 7y,
orbitals with the surrounding anions in a cubic
crystal field, we have employed a fitting parameter
€ for the ratio of the dipole matrix element:

(trallplleg ) /Strallpllizg) -

The solid vertical lines in Fig. 3 demonstrate the
distribution of eigenenergies and oscillator
strengths of the multiplets calculated for the
parameters given in Table I and for €=0.8. The
parameters B and C are taken from the values in
the initial 3p®3d> system'> and &3p is assumed

to be the same as that of a free ion.'® The Slater-
Condon parameters and 10Dg are evaluated so as
to provide a best-fit result for the experimental
spectrum. For purposes of comparison, we have
further calculated the spectrum by assuming a
Gaussian line shape with a full width at half max-
imum (FWHM) of 1.0 eV for each component of
the multiplets as shown by the dashed curve in
Fig. 3. The solid curve in Fig. 3 shows the disper-
sion of the dielectric constant €, evaluated from
the grazing-incidence reflectance spectrum by as-
suming the refractive index n as 1.0. The proximi-
ty of n to 1.0 is generally known in the core excita-
tion region of solids. The experimental spectrum
is thus well reproduced with respect to the peak
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FIG. 3. ¢, (dielectric constant) spectra of ZnCr,Sey4 in
the M, ; inner-core transition region. The solid curve
shows the experimental spectrum which is compared
with the calculated spectrum (dashed curve) obtained for
the parameters given in Table I and €=0.8. The solid
vertical lines show the distribution of the bare multiplets
calculated on the basis of a ligand-field theory. The or-
dinate applies only to the experimental spectrum.
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TABLE 1. Final-state interactions for the M, ;
inner-core excitation of Cr** in ZnCr,Se,;. The spin-
orbit splitting of the 3p hole (£3,), cubic crystal field
(10Dg), Racah parameters (B and C), and Slater-Condon
parameters (F,, Gy, and G;) are given in eV. The
reduction factors of F, and G, ; from those of the free
ion are evaluated as kr=0.6 and kg =0.5, respectively.

& 0.78 eV
10Dg 2.13

B 0.114

c 0.512
F, (3p,3d) 0.201
G, (3p,3d) 0.487
G; (3p,3d) 0.055

energies and relative intensities by the parameters
shown in Table I, where 10Dg=2.1 eV is found to
be equal to the corresponding value in the initial
3p%3d? state. Meanwhile, the reduction factors kp
and k¢ of the Slater-Condon parameters F, and
G,,; from those of the free ion are evaluated as 0.6
and 0.5, respectively. The parameter € is taken as
0.8 in order to explain the relative intensity of the
lowest energy peak. The reduction of the Slater-
Condon parameters in compounds is due to the co-
valency effect between the transition-metal 3d orbi-
tals (Cr) and anion p orbitals (Sedp). A difference
of the reduction factors for eg and t,, orbitals is,
however, neglected for simplicity. Remembering
that the evaluated kr and kg in ZnCr,Se, are less
than the corresponding values 0.7 and 0.6 of the
KMF; (M represents Mn or Co) perovskites,'> we
interpret that ZnCr,Se, is more covalent than
perovskites. This result is reasonable when we
consider that ZnCr,Se, is a semiconductor, whereas
KMF; are insulators with large band-gap energies
of more than 10 eV.

We next move to a discussion of the vuv spectra.
Figure 4(a) shows the dielectric constant €, and op-
tical constants n and k at liquid-nitrogen tempera-
ture. Since the 3d levels of Zn?* and the 4s level
of Se*~ are expected more than 10 eV below the
bottom of the conduction band according to opti-
cal and x-ray photoelectron spectroscopy (XPS)
studies of related compounds such as ZnSe,!”-!8
transitions from these states to conduction bands
are the candidates for the reflectance structures at
12.75, 13.25, and 15.76 eV. In pyrites such as
FeS,, CoS,, and NiS,,'” we have observed a com-
mon feature at around 17 eV which has a similar
line shape as the 15.76-eV structure in ZnCr,Se,.
Considering the difference between S 3s and Seds

orbitals, we assign the 15.76-eV structure to the
dipole-allowed transition from the Se4s shallow
core level. Since the Se*~ 4p orbitals are hybri-
dized with the 3d (e, ) orbitals of the Cr*+ due to
the covalency as discussed before and also ascer-
tained by band calculations,* the dipole-allowed
transition from this Se4s level is expected to the
Sedp — Cr3d (e,) antibonding states, through the
intra-atomic channel providing a finite transition
intensity. Besides, judging from the fact that

Zn 3d levels are placed a few eV above the Seds
level in compounds,'” %20 we assign the small
structures at 12.75 ad 13.25 eV to transitions from
the Zn 3d levels to the conduction bands having a
Zn 4p component, or to charge-transfer transitions
to the Se4p —Cr 3d (¢, ) antibonding orbitals. The
weak intensities of the observed structures are not
inconsistent with both of the two possibilities,
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FIG. 4. (a) Dielectric constant (e,) and optical con-
stants (n,k) of ZnCr,Se, at liquid-nitrogen temperature
compared with (b) the density of states of CdCr,Se,
(Ref. 4). The vertical lines in (a) show the energy posi-
tions of the reflectance structures for comparison.
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where the intensity of the former transitions will
be limited by the small density of states of the con-
duction band, irrespective of the intra-atomic na-
ture of the transitions. Further study will be re-
quired for a definite assignment of the final states.
These doublet structures (12.75 and 13.25 eV) are
more clearly resolved by calculating the second en-
ergy derivative of the reflectance spectrum. The
energy separation of the doublet of about 0.5 eV is
considered as due to the splitting of the initial

Zn 3d states induced by the spin-orbit interaction
as well as the T, crystal field.?"!®

With respect to the reflectance structures in the
lower photon-energy region below 12 eV, we would
like to discuss them in comparison with the results
of band calculations. Since both Zn?* and Cd**
in spinel compounds have 3d'® and 4d'° outermost
filled shells, the band structure of ZnCr,Se, is ex-
pected to be quite similar to that of CdCr,Se,.>*
Although our spectra are measured for the
paramagnetic phase, we refer to the result of a DV
(discrete variational) Xa self-consistent calculation
performed for the ferromagnetic phase of
CdCr,Se,,* since the difference is only due to the
long-range spin ordering. Apart from detailed
structures, the spectrum in Fig. 4(a) is classified
into four groups, namely, structures below 5.5 eV,
between 5.5 and 7.5 eV, between 7.5 and 12 eV,
and above 12 eV. Since the structures of the last
group have been interpreted already, we discuss the
remaining structures hereafter. According to the
DV-Xa calculation, an evaluation of the density of
states for spin-up and spin-down bands of
CdCr,Se, is given in Fig. 4(b).*

We consider that the 3d? electrons of the Cr**
ion occupy the up-spin 5, nonbonding orbitals,
whereas the down-spin #,, orbitals remain empty.
On the other hand, the e, orbitals are hybridized
considerably with the Se2— 4p orbitals due to the
covalency, as mentioned before, composing bond-
ing as well as antibonding orbitals. Denoting these
bands as B (bonding), 4 (antibonding), C (conduc-
tion band), and ¥V (valence band), we expect strong
dipole-allowed transitions above 4 eV as follows:

Bt1—>A1 at4.6eV,

Vi—At at5.9¢€V,

Bi—C\ ortyl at4.5eV, (5)
Bl—>A| at5.8¢V,

Vi—tyl or Ci above 6.0 eV,

besides weak transitions as shown in Fig. 4(b).
Though these results for CdCr,Se, will not be
directly applicable to the case of ZnCr,Se,, we can
reasonably assign the observed structures at 4.52,
4.70, 5.10, and 6.36 €V to the transitions described
in (5) as summarized in Table II. With respect to
the remaining structures between 7.5 and 12 eV,
however, they are not likely to be interpreted by
considering only the electronic levels contained in
Fig. 4(b). Since the band calculation predicts that
the conduction bands are dominated by Cr4p orbi-
tals around 6.5 to 9.5 eV above the top of the
valence band in CdCr,Se,,* the observed structures
at 8.15, 9.12, and 10.38 eV are assigned to the
transitions from the bonding as well as t,, orbitals
to these conduction bands through intra-atomic
channel as Cr3d —Cr4p.

According to this interpretation, the energy
splitting 2.2 eV between the two structures at 10.38
and 8.15 eV can be assigned to the splitting be-
tween the t,,1 and Bt bands. With respect to the
remaining structures at 10.80 and 11.28 eV with
weak intensities, further study will be required for
their assignment.

V. CONCLUSION

We have analyzed reflectance spectra of a single
crystal ZnCr,Se, measured from 3000 to 120 A

TABLE II. Assignment of reflectance structures of
ZnCr,Se,; between 4.5 and 16 eV. See text for the nota-
tion of B, 4, C, and V.

Transition
energies Initial Final
(eV) state state
4.52 } B1 At
4.70 | By Cl or tyl
5.10 } V1 [ At
6.36 Bl Al
Vi tygl or Cl
8.15 tye! Crdpt
9.12 Bl Crépl
10.38 Bt Crdpt
10.80
11.28
12.75 Zn4p or charge
13.25 Zn3d transfer to 4
15.76 Seds A
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and elucidated the electronic structures of a spinel
compound. As for the M, ; 3p core excitation of
the Cr>* ion observed in xuv spectrum, the final-
state interactions have been quantitatively evaluat-
ed on the basis of ligand-field theory, which we
have recently developed in a comprehensive form.
The M 5 3d core excitation of the Zn’>* has been
unambiguously assigned in the vuv spectrum. In
addition, other structures of the vuv reflectance
spectrum are interpreted according to a band cal-
culation by taking the covalency effect on the
Cr** 3d (e,) orbitals into account. Further studies

of temperature change of the vuv spectra as well as

XPS and ultraviolet photoelectron spectroscopy
(UPS) studies of Zn and Cd spinels will provide
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fruitful information about their detailed electronic
structures.
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