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In previous work, we studied the electronic structure of several molybdate and tungstate crystals having the
scheelite structure. The wolframite structure is another common form for molybdate and tungstate materials. In
this paper, we compare two chemically similar materials that naturally form in the scheelite and wolframite
structures—CdMo@and CdWQ, respectively. We compare the electronic structure and approximate optical
properties of these materials within the framework of density-functional theory. One major difference between
the two materials is in their lower conduction bands, which are dominated by the crystal-field{sptitls of
the transition metal. For CdMo{the Mo ions have an approximately tetrahedral coordination causing the
lower conduction band to be twofold degenerate, while for Cdwh@ W ions have an approximately octa-
hedral coordination causing the lower conduction band to be threefold dengenerate.

PACS numbgs): 71.20.Ps, 78.20.Ci, 77.84.Bw, 71.15.Mb

. INTRODUCTION structure calculations for CdwQOand CdMoQ within the
framework of density-functional theory. In addition to deter-
Cadmium tungstate (CdWQ and cadmium molybdate mining the ground-state electronic density and distribution of
(CdMoQy,) are interesting materials from several points of one-electron eigenstates, we have also estimated the optical
view, including their optical, chemical, and structural prop-dielectric functions and reflectivity for these materials. In
erties. Optical properties of CdWGare of interest because Sec. Il, the crystal structure is discussed. The calculational
this material has been used as a scintillator for detecting xethods are presented in Sec. Ill. Density-functional results
rays andy rays in medical applications? It has advantages are presented in Sec. IV and compared with results for re-
over other scintillator materials due to its relatively large!ateéd materials, especially with our recent study of several
x-ray absorption coefficient and scintillation output, althoughtungstate and molybdate scheelite matefldltie calculated

its relatively long response time is disadvantageous for som@Ptical properties are presented in Sec. V and discussed with
applications. reference to recent reflectivity measurements of Nagirnyi and

-11 . .
Chemical interest is due to possible catalytic activity Ofcoworkeré’. A summary and conclusions are presented in

mixed CdMqW,_,0, crystals, which have been recently Sec3yl.
studied by Daturi and coworke?é. These authors found in-
creased catalytic activity for values a&fin the range; <x

<%- A. CdMoO ,—scheelite structure
Structural interest in these materials is due to the fact that

Il. CRYSTAL STRUCTURES

. . . . Cadmium molybdate has the same crystal structure as
CdWQ, crystallizes in wolframite structure while CdMqO CaMoQ,, CawQ,, PbMoQ,, and PbWQ whose electronic

crystallizes in scheelite structure. These two crystal StrUCgr ctures were reported in our previous papkibelongs to

tures have many examples in ternary molybdate, t_ungstat%e scheelite-type structure with a space groupl&f/a
and other ABQ materials. According to a compilation by _ 6 '\hich is No. 88 inThe International Table¥ This
Sleightthe wolframite structure is a generally more closely-gy,cqre has eight symmetry elements and a body-centered
p%ﬁk.ed structure, natural!y forming in materials W'th_sma"orthorhombic primitive cell that includes two formula units
A®" ions while the scheelite structure naturally forms in ma- ¢ CdMoO,. Each Mo site is surrounded by four equivalent

. . i .
terials with larger A* ions. For example, ZnMoPand g gjies at a bond length of 1.75 A in approximately tetrahe-
ZnWO, have the wolframite structure, while CaMe@nd 45 symmetry about that sitd.Each Cd site is surrounded
CaWQ, have the scheelite structure. In contrast, CdWO4«Dy 8 O sites at bond lengths of 2.40 A and 2.44 A in ap-
and CdMoQ have different crystal structures—the wol- yroximately octahedral symmetry. The crystal parameters
framite material (CAW() having a slightly larger unit cell e in the present paper were taken from the recent mea-
volume than that of the scheelite material (CAMpAnter- sy rements of Daturi and co-workérsyhich are listed in the

estingly, under pressure there seems to be a tendency for test column of Table I. For comparison, earlier results are
scheelite form of CdMo@to transform to the wolframite  5i5q Jisted in this table.

form® and for the wolframite form of CdWgto transform to
the scheelite forml.In their mixed crystal work, Daturi and
co-worker$* found that the 50%-50% alloyxE& 3) takes
the scheelite structure, while alloys with smaller Mo concen- Cadmium tungstate has the wolframite-type structure,
trations have the wolframite form. which is in the monoclinic class, with one axis not orthogo-
In order to build a basis for understanding some of these&al to the other twd:* This wolframite structure has a space
unusual properties, we have carried out detailed electronigroup of P2/c=C3, which corresponds to No. 13 in the

B. CdWO ,—wolframite structure
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TABLE I. Compilation of experimental crystal parameters for CdMo®tom positions are specified
using the same conventions as in Ref. 8.

Ref. 4 Ref. 11
a(A) 5.156 5.17
c(A) 11.196 11.19
V(A3 148.82 149.55

X y z X y z

Cd 0.0 0.25 0.625 0.0 0.25 0.625
Mo 0.0 0.25 0.125 0.0 0.25 0.125
o) 0.24 0.091 0.0421 0.25 0.11 0.03

International Tables? In this structure, each W is sur- taken within the local-density approximation using the form
rounded by 6 near O sites in approximately octahedral coordeveloped by Perdew and WattyBrillouin-zone integra-
dination. There are two distinct oxygen atoms present. Typ#&ons within the self-consistency cycles were performed us-
one (Q) forms a bond to one tungsten atom with a verying a tetrahedron methdtusing 12 and 16 inequivalefht
short bond lengtt{1.78 A) and to two cadmium atoms with points corresponding to 64 and 48points throughout the
longer bond length$2.41 and 2.27 A Type two (Q) con-  Brillouin zone for the scheelite and wolframite structures,
nects to two different W atoms with longer bond lengthsrespectively. For calculating the density-of-states and the
(1.91 and 2.15 Aand to Cd with a bond length of 2.20 A. imaginary part of the dielectric tensor, a denser sampling of
The unit cell contains two formula units of CdWOTable Il the Brillouin zone was needed. For these, we used 35 and 63
lists the measured lattice constaat®d, andc, as well as the inequivalentk points corresponding to 216 and 2k2oints
nonorthogonal anglg. In this paper, we used the parametersthroughout the Brillouin zone for the scheelite and wol-
of Daturi and coworkerd Table Il also lists other crystallog- framite structures, respectively. The larger number of in-
raphy data for comparison. The crystal volume of CAW®©  equivalentk points for the wolframite structure are necessary
apparently less than 1% larger than that of CdMo@nd  because of its lower symmetry. We checked the convergence
there is considerable variation in the experimental results. of the k-point sampling and found nearly identical results
with variations in the number d points of about 15%.
Ill. CALCULATIONAL METHODS In_Sec. IV A, results for the total and partial on_e-electron
density-of-states are presented. In order to avoid the sharp
The computations were performed using the linearizedspikes of the tetrahedron methtithese are calculated using

augmented plane wave method using Wieng7 codel* us-  a Gaussian smearing functidrof the form:
ing the same calculational parameténsuffin-tin radii, re-

ciprocal space truncations, and convergence toleraasas e (E-Eno?o?
our previous calculations on the Ca and Pb molybdates and NXE)=>, W —————. (2)
tungstates in the scheelite structfi®@pecifically, the muffin- nk Vo

tin radius was chosen to be 1.65 bohr for O, Mo, and W, and

1.90 bohr for Cd. Thékkmax parameter was taken to be 10 In this equation,w, denotes the Brillouin-zone sampling
and theGmax parameter was taken to be 14 bohrAll weight factor whilef’, denotes the partial density-of-states
relativistic effects including the spin-orbit interaction were weight factor. For the total density-of-statss, the f|, fac-
taken into account. The exchange-correlation functional wasor is equal to the degeneracy of the state, while for atomic

TABLE Il. Compilation of experimental crystal parameters for CdW@d sites are located at the
fractional positionst (1/2yc4,3/4), W sites are located at the fractional positian€,y\,1/4), and the @
and Q sites are located at the fractional positiah$x; ,y;,z) and = (x;,—V;,z+1/2), wherei=1 or 2.

Ref. 3 Ref. 4 Ref. 7 Ref. 13
a(A) 5.0289 5.026 5.028 5.02
b(A) 5.8596 5.867 5.862 5.85
c(A) 5.0715 5.078 5.067 5.07
B(deg) 91.519 91.47 91.50 91.5
V(A3 149.39 149.69 149.3 148.84

X y z X y z X y z X Y z

Cd 0.5 03027 0.75 05 03020 075 05 0.3023 0.75 0.5 0.308 0.75
W 0.0 0.17847 025 00 0.1784 0.25 0.0 0.1785 025 0.0 0.180 0.25
o)) 0.242 0.372 0.384 0.250 0.360 0.393 0.242 0.372 0.383 0.240 0.380 0.380

0O, 0.202 0.096 0.951 0.189 0.099 0.954 0.203 0.098 0.949 0.210 0.10 0.960
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partial density-of-states th&, factor is the degeneracy of 50 st . CdMoO
the state times the charge within the muffin-tin sphere for a0 o |E K .
atoma, averaged over all spheres of that type. The Gaussian ol 233 ME & 3 i
smearing parameter was chosen toobe0.05 eV. In all of = o= = ® s 3
the density-of-states plots and also in presentation of the g 201 o 2
band dispersion§Sec. 1V B), the zero of energy is taken at E 10~ M .
the top of the valence band. S ob— 1 gl 1 W
In Sec. V, results for components of the dielectric tensor > g §' cdwo,
and for the reflectivity are presented. In fact, calculation of ﬁ 4o0r g E ¥ oz 3
the optical properties of materials is beyond the scope of < 30f ﬁ g © § ole o 8 1
density-functional theory, which is rigorously a ground-state o 20k SR & 8
formalism. However, there has recently been considerable = s ° =
progress toward developing methods for calculating optical 101 ﬂ MW

properties from first principles, using density-functional re-
sults as the starting poifi'® As a first step toward investi-
gating the optical properties of CdMgGand CdWQ, we
have calculated the imaginary part of the dielectric tensor FIG. 1. Total density-of-states of CdMg@nd CdWQ includ-

from the LAPW one-electron eigenvalu&s,, and corre- ing upper core, valence, conduction-band states. The zero of energy
sponding wave function¥” . (r) using the approach of Sole is placed at the top of the valence band. Labels represent dominant
and Girland&® and the code developed by Ambrosch-Draxl atomic character of spectral peaks.

and Abt?° In this approximation, the imaginary part of the

dielectric tensor is given by a sum of all transitions betweertive value, while the neglected integration in the high-
occupied “initial” bandsn;k and unoccupied “final” bands frequency range will contribute a slowly varying positive

0 Al
80 -70 -60 -50 -40 -30 -20 -10 O 10
E(eV)

n:k, integrated over the Brillouin zone: value. These corrections affect the calculation of the reflec-
tivity and will be discussed further in Sec. V. When the
p 2mhe \2 2d3k p electric-field directionae coincides with an optic axis of the
gy (hv)=| ———— f—Mﬁ.n (k) crystal, the corresponding normal incidence reflectivity can
m(hv—A)/ an, (2m)3 M | .
: then be estimated from the complex components of the di-
X 8(Ep—EnitA—hv). (2)  electric tensor:
This expression depends upon momentum matrix elements in L | (eeti-1 2
the @ and B directions between occupied and unoccupied N~ —(s““)1’2+1 ®)

states according to

aB This can be conveniently evaluated using the following
Mninf(k)ERd:<q,nik|pa|q,nfk><anfk|p,8|anik>]- 3 form:

The so called “self-energy” parametér is a type of “scis- U2t 1— Ve
sors operatof:'®2which approximates the leading correc- RO=—————, (6)
tion to the infamous band-gap underestimation problem of Us+1+ve

density-functional theor§? In the present paper, the value of
A is estimated from experiment. The Brillouin-zone integra-
tion in Eq.(2) is approximated using a modified tetrahedron o =

method*®?° The real part of the dielectric tensor is deter- U= v(e1")"+(e2%)" and
mined by numerically evaluating the Kramers-Kronig rela-

tions V= \/2( /(Sga)Z_l_(sga)Z_'_sfa). (7)

where,

2 (vma’eP((V) In Sec. V we will also discuss the calculation of the reflec-
etP(hv)~ 8,5+ —P — [ (4)  tivity for other geometries in order to compare with experi-
T Jvmin vIE—w mental data.

where 6, indicates the Kronecked function in the direc-
tional indicesa and 8. IV. ELECTRONIC STRUCTURE RESULTS
Strictly speaking, the equality of E¢4) holds only when
the integration includes the entire frequency rafigelow-
ever, the integration must exclude part of the low-frequency Figure 1 compares the total density-of-states for CaMoO
range because we have only included electrdniw vibora- and CdWQ ranging between-80 eV below the top of the
tional) contributions tos,, and it must exclude part of the valence band tot+ 12 eV above the conduction band. The
high-frequency range because we have only calculated eledistribution of the Mo and W core states for these materials
tronic transitions over a 30-eV range. From the form of theis very similar to their distribution in the scheelite molyb-
Kramers-Kronig transforni4), for hvy,<hv<hv,,,, one dates and tungstates studied in our earlier fofke Cd 4
can reasonably argue that the neglected integration in theore states are located close to the Mosfates in CaMo@
low-frequency range will contribute a slowly varying nega- and 10 eV above the Wsbstates in CaW@ For both ma-

A. Density-of-states
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FIG. 2. Partial density-of-states for valence and conduction
bands of CdMo@ and CdWQ, indicating Cd, Mo or W, and O
contributions with dashed, solid, and dotted lines, respectively.

terials the Cd 4 states are concentrated near the bottom of
the valence band which, as we will see below, has largely O
2p character. z
Figure 2 shows the partial density-of-states for CdMoO
and CdWQ in a 20-eV energy range starting at 8 eV below
the top of the valence bands, comparing the spectral contri-
butions from the Cd, W, Mo, and O muffin-tin spheres. FiG. 3. Diagram of the Brillouin zones for CdMqOand
Comparing the partial density-of-states plots of these twacdwo,.
materials, we see that the main features are similar. One finds
the density-of-states features for CdWare generally notas they are split by the approximately octahedral crystal field
highly peaked as for CdMof) due to the lower local sym- into two main groups of states.
metry and wider distribution of ligand bond lengths in the  For the lower portion of the conduction band, contribu-
wolframite CdWQ compared with that of the scheelite tions associated with the WdSstates span more than 7 eV in
CdMoO0,. CdwWQ,, while those associated with the Mal 4tates span
The contributions of the Cddistates are concentrated in less than 6 eV in CdMog® For both of these materials the
double peaks(due to spin-orbit splitting of approximate crystal-field splitting of thed states by the approximate oc-
width 1 eV at the bottom of the valence bands of both matahedral or tetrahedral ligand geometries can be described by
terials and hybridize to a small extent throughout the valencéwofold degenerate and threefold degenerate states. For
bands. CdWOQ,, the lower peak in the conduction-band partial
The O 2o states dominate the upper part of the valencelensity-of-states is associated with thestates, while the
bands and have significant contributions throughout the mainpper peaks are associated witlstates, which are actually
portion of the valence bands. From analysis of the electronsplit into two peaks due to deviations from octahedral sym-
density contours, the O contributions to the lower and metry at the W site. For CdMof the lower peak in the
upper valence-band states are primariyand 7 states, re- conduction-band partial density-of-states is associated with
spectively, relative to their nearest neighbor Mo or W bondsthe e states while the upper peak is associated withtthe
For CdWQ, the separation of the and = contributions of  states. Figure 2 shows a very small contribution to the partial
the O 2o states is less well-defined because of the differentiensity-of-states in the upper conduction-band energy range
W-O bond lengths in this structure. near 12 eV, although the total density-of-states at these en-
The Mo 4d states contribute to a small extent near theergies is significant. This implies that the states in this energy
bottom of the main valence band in CdMg@nd dominate range are spatially diffuse so that they have very small con-
the lower conduction bands. As in other scheelite materialgyibutions inside the muffin-tin spheres used for the partial
the Mo 4d states are split by the tetrahedral crystal field intodensity-of-states analysis.
two groups of states, which will be discussed further below.
For CdWQ, the W 5 states contribute to a small extent to
the valence bands, with a larger contribution near the bottom
of the bands. The dominant contributions of the W Sates The Brillouin zones for the scheelite and wolframite
occur in the lower portion of the conduction bands wherestructures are shown in Fig. 3. The energy dispersion curves

B. Energy-band dispersions
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FIG. 4. Energy-band dispersions for CdMpénd CdWQ plot-

ting along Brillouin-zone directions indicated in Fig. 3.
FIG. 5. A perspective drawing of the crystal structure of

o CdWGQ,. The spheres represent O, W, and Cd positions using large,
calculated for CdMo@ and CdWQ are shown in Fig.4. In medium, small sizes, respectively. The bonds represent the near-
both cases the dispersion curves are plotted along three difeighbor W-O interactions. The shaded plane is drawn to pass
ferent symmetry directions. Both materials show a group othrough a W atom and its nearest-neighbor O atoms. This is the
narrow bands between 6.5 and—5.5 eV corresponding to plane that is used to construct the two-dimensional electron contour
the Cd 4-like states, although other features of the bandblots described below. The contours superimposed on this diagram
dispersions are quite different from each other. correspond the upper-conduction-band states presented in(Big. 6

For CdMoQ, the minimum band gap of 2.4 eV is located
at the I' point at the center of the Brillouin zone. The perfect octahedral symmetry, the W site would be sur-
valence-band dispersion is similar to that of the scheelitgounded by six equidistant O atoms, with four in a plane and
materials CaMo® and CaWQ studied previously. The  two along an axis perpendicular to that plane. In Cdy@e
conduction bands of CdMafare much more dispersive than see that only two O atoms are in the plane, while another two
the corresponding conduction bands of both CalMi@@d are close to that plane at a larger bond distance. Bonds from
CaWaQ,. In particular, the Ca materials are characterized by ahe W to the remaining two O atoms have an intermediate
small band gap between the lower and upper conductiofength and make an angle with the plane that is only approxi-
bands that correspond to the crystal-field split states of Manately 90°.

4d and W I character, while for CdMo@the crystal-field Figures a)—6(f) show contour plots of the electron den-
split 4d Mo states are not separated by a well-defined bandity for various energy ranges of states of Cdyi@ the
gap. plane defined in Fig. 5. The contours in Figagcorrespond

By contrast, the minimum band gap of 2.9 eV for CdWO to the energy range dominated by the Gl states and thus
does not occur at thE point, but at Y, which is located at show a very small contribution to the electron density in the
the center of the Brillouin-zone boundary plane perpendicuiw-O plane shown. Plots(B) and &c) show O 2o orbitals
lar to theb crystal axis. The valence-band width of 5.3 eV is hybridizing with the W %l orbitals, representing the middle
slightly larger (by 0.3 eV} than the valence band width of portion of the valence band. Plo{d shows the O P
CdMoGQ,. The conduction band of CdWQds generally less  states that comprise the upper portion of the valence band,
dispersive than that of CdMqQ with very little contribution from the W states.

Plots Ge) and Gf) show the electron-density contours for
the lower and upper conduction band states, respectively.
These plots clearly show the crystal-field spld States of

In order to further understand the electronic states inWV. If one compares the shapes of these contours with those
greater detail, we have constructed contour plots of the ele®f the conduction bands of the scheelite materials plotted in
tron density associated with selected states. The results fersimilar way? one finds that they look very similar. In both
CdMoQ, in the scheelite structure were very similar to thosestructures, the bottom conduction-band state hasdVérbit-
of CaMoQ, presented in our earlier papend therefore are als that have peak densities in the nonbonding directions and
not presented here. that hybridize with ther states of the nearest-neighbor O

For the electron density of CdWQwe chose to construct atoms. The upper conduction-band state has d\bbbitals
contour plots in a plane that passes through a W site and ithat have peak densities along the bond directions, making
nearest-neighbor O sites. Figure 5 shows the drawing of thantibonding hybrid states with the states of the nearest-
atoms contained in a unit cell of CdwW@nd of the plane neighbor O atoms. There is one important difference be-
used for plotting the contours. From this figure, we can sed¢ween the wolframite and scheelite conduction bands, how-
the approximate octahedral symmetry about the W site. Foever. In the wolframite structure, the local symmetry about

C. Electron-density maps
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V. OPTICAL PROPERTIES

As described in Sec. lll, in order to calculate the imagi-
nary part of the dielectric tensor from the density-functional
results, it is necessary to estimate a self-energy corredtion
A rough estimate oA is the difference between the experi-
mental band gap and the value determined from our results
calculated within the local-density approximatidghDA ).
Unfortunately, the experimental valueskf,, have not been
precisely measured. Table IlI lists the LDA valuesEf,,
compared with several literature results. For CdMpiDwe
take the reference band gap to be 3.8 eV, the average of the
two experimental values, the self-energy correction can be
taken to beA = 1.4 eV. Measurements of the absorption edge
in CAWO, lead to estimates dEg,,~3.8 to 4.09 V24?52
Yochum and William$ have measured the two-photon ab-
sorption spectrum of CdW{using a 200 fs pulse of 420-nm
light and white-light continuum of similar duration. The
spectrum covers final-state energies from 4.5 to 5.5 eV. The
absorption rises from a finite value at 4.5 eV to a plateau at
approximately 4.7 eV. Taking the published linear absorp-
tion edge in bulk crystals as a definite lower limit for the
band gap and the two-photon absorption plateau at 4.7 eV as
a definite upper bound, and finally influenced by measured
reflectivity spectrd;'® we estimate an interband edge of 4.4
+0.3 eV for CdWQ. The value of the self-energy correc-
tion,A=1.4 eV, used in the present paper corresponds to the
choice ofEy,,=4.3 eV.

gap
Since CdMoQ has orthorhombic symmetry, it has two

FIG. 6. Contours of electronic charge density for various stateglistinct optic axes. The corresponding dielectric tensor com-
of CdWQ, plotted in the plane shown in Fig. 5 with contour levels ponents are**=¢YY, corresponding to the electric field ori-

uniformly spaced at intervals of 0&A3, starting at 0.5/A3. The
one-electron energy ranges for these plots-are2 eV to—5.6 eV
for (a), and—5.6 eV to—4.0 eV for(b),
(c), —1.8 eV to 0 eV for(d), 2.5 eV to 5.1 eV for(e), and 5.1 eV

to 11.9 eV for(f). For plots(e) and (f), the electron density was
calculated supposing full occupancy of these unoccupied bands.

—4.0eVto—2.0¢eV for

ented along one of tha axes ande?% corresponding to the
electric field oriented along theaxis. The calculated values
of 5 ande5” and ofe* ande}* are shown in Figs. 7 and 8,
respectlvely Thes, results |nd|cate that the dominant tran-
sitions occur within approximately 8 eV above the band gap
with two main peaks due to transitions between the O va-
lence band and the crystal-field split Mod 4conduction

the W site is approximately octahedral and the lower band i®ands. A small peak near 10 eV is due to transitions from the
threefold degenerate withh symmetry while the upper band Cd 4d states. The average of the calculated values,of

hase symmetry. As shown in Fig. 2, the twofold degenerateclose the experimental measurements in the transparent
e states are split by approximately 2 eV by deviations fromregion?® although the calculated birefringence is consider-
octahedral symmetry. In the scheelite structure, the locadbly larger than experiment. As discussed in Sec. Ill there
symmetry about the Mo site is approximately tetrahedral an@reé some systematic errors due to truncation error in the

the lower band is twofold degenerate haviagsymmetry,
while the upper band is threefold degenerate hatjngym-

metry.

Kramer’s-Kronig integral(4) used to calculate{®. Since

5% is not zero atvy,ay, We expect our calculategh®(v) to

be underestimated. The fact thaf* is larger than experi-
ment in the visible range suggests that either the neglected

TABLE lll. Estimates of energy-band gaps.

Material Egap (€V) Reference

CdMoG, 2.43 LDA (present paper
3.96 Excitation energy Ref. 23
3.72 Absorption edge Ref. 24

CdWQ, 2.94 LDA (present papéer

45+0.2 Two-photon absorption Ref. 25

3.8 Absorption edge Refs. 26 and 27
4.09 Absorption edge Ref. 24
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12 T T T 0.5 T T T T T
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FIG. 7. Calculated values af* (solid line) ande3* (dotted ling FIG. 9. Calculated values of normal incidengg (solid line)
for CdMoOQ,. andRy, (dotted ling for CdMoG;.

. . I XX - , . mutually orthogonal, the axis makes an angle of 91.519
vibrational contributions o#5"in the Kramer's-Kronig inte- respect to the axis in thea-c plane. The principal axis
gra] are appreciable, )gr that our calculations generally Overéystem of the dielectric tensor has been determined experi-
estimate the value afy". _ _ mentally in the transparency region. This axis system in-
Using the calculated values of the dielectric tensor come,des the crystallographizaxis and two perpendicular axes
ponents shown for CaMoQin Figs. 7 and 8 and EdS),  j, thea-c plane. One of those axes is oriented at an angle of

results for the normal-incidence reflectivity are shown in Fig.q3 ge (Ref. 29 or 16° (Ref. 30 relative to the crystallo-

9. The pa!culated reflectivity spectrum shows two Maingaphicc axis ath =633 nm, and does not rotate appreciably
peaks, similar to the spectral form ef. Unfortunately, we \yithin the transparency region. However, throughout the
do not know of any reflectivity data available for compari- 3q_qy/ range addressed in the present paper, the principal

son. _ axes of the dielectric tensor could vary considerably. To fa-
Although the crystallographib andc axes of CdWQare  gjjitate comparisons between theory and experiment refer-

enced approximately to the crystallographic axes, we have

14 T adopted a fixed orthogonal coordinate system withythgis
along the crystallographib axis and thez axis along the

12 - crystallographic axis. Thex axis then lies in thea—c plane
CdMoO, and makes an angle of 1.519° with the crystallographic

axis. The dielectric tensor expressed in this coordinate sys-
tem thus has four nontrivial components™, e¥Y,e%* and
£**=¢%*. The remaining elements are zero. These are shown
in Figs. 10 and 11 for the imaginary and real parts, respec-
tively. The 5% spectra for CAWQ are similar to those of
CdMoQ,, although the upper-energy peak is smaller and
broader than the lower-energy peak. The off-diagonal com-
ponente3” is much smaller than the diagonal components.
The real parts of the dielectric tensor presented in Fig. 11 are
compared with experimental poiAts’in the transparent re-
gion. As for CdMoQ, we find that the average calculated
real part of the dielectric tensor is close to the experimental
average in the transparent range, although the dispersion and
birefringence differ. In addition, one of the principal axes of
0 5 10 15 20 25 30 the dielectric tensor calculated in our results makes a much
hv (V) smallgr angle with_ the axis than 13.5° or 16° measu_red by
¢ experiment®® This suggests that our calculated diagonal
FIG. 8. Calculated values ef* (solid ling) ande?? (dotted ling ~ Components oé;“ are comparable or larger than experiment
for CdMoO,. Experimental values from Ref. 28 are plotted with While the calculated off-diagonaf}” is smaller than experi-
filled and open triangles correspondingetff ande??, respectively. ment in the visible spectral region. These discrepancies are




8 Y. ABRAHAM, N. A. W. HOLZWARTH, AND R. T. WILLIAMS PRB 62

12 0.5 I [ I I
10 0.4
8 —
0.3
3
gﬂ 6 - ‘ 15 20 25 5
w hv (eV)
‘ 0.2
4
0.1
2 —
0 0.0 | | | | |
0 0 5 10 15 20 25 30
hv (eV) hv (eV)
FIG. 10. Calculated values @ (solid-black ling, £2* (dotted FIG. 12. Values of normal incidence reflectivity for CAWO

R}, (solid-black line, R, (gray ling andRY, (dotted ling, calculated

line), ande3* (gray line for CdWQ,. Inset shows off-diagonal el- i . ) ) o
from Eqg. (5), neglecting off-diagonal dielectric contributions.

emente}?.

mate the normal-incidence reflectivity for the electric field
oriented along th& andz axes. Figure 12 shows the normal-
incidence reflectivity spectra calculated in this way from the

partly due to the truncation error in the Kramer's-Kronig
transform discussed above and in Sec. Ill.
Normal-incidence reflectivity, calculated with the electric : :
field oriented along thg axis can be calculated from E), uncorrected dielectric tensog components. _
while other orientations are more complicated. Since the Nagirmyiand co-workefs"” have measured the reflectiv-
magnitude of the off-diagonal matrix elemesit? is gener- ity spectrum of a single-crystal sample of CdW®@leaved

ally less than 10% of that of the corresponding diagonafn the x-z ( or a-c) plane. The incident photon beam was

components, it is also reasonable to use (Gyto approxi- oriented Withp—po!arization atan angle af= 45? relative to
the normal direction. Assuming that the off-diagonal dielec-

14 | | : : | tric contributions can again be neglected, the corresponding

0.5
12 I I I I I

10 0.4 CAWO, _

0 5 10 15 20 25 30 0.0 L
hv (eV) 0 5 10 15 20 25 30

hv (eV)

FIG. 11. Calculated values ef{” (solid black ling, £5* (dotted
line), and &3}* (grey line for CAWQ,. Experimental values from FIG. 13. Values of reflectivity for the-x (c-a) face of CAWQ
Ref. 29 are plotted with filled triangles and open circles correspondfor p-polarization at incidence anglg=45°; R% (solid black ling
ing to the three eigenvalues of” in the transparent region. Inset and R} (dotted ling, calculated from Eq.(8), neglecting off-
shows off-diagonal element;”. diagonal dielectric contributions.
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calculatedp-polarized reflectivity for an incidence angle &f Despite the fact that CdWOhas the lower-symmetry
and for the electric field in thg — « plane(wherea repre-  wolframite structure, there are more similarities than differ-
sents eitherx or z) can be determined from the complex ences of its electronic structure compared with that of
dielectric tensor components according to the equation:  CdMoQ,. In both materials, the lower-conduction bands are
. ) controlled by the crystal-field-spld bands of the transition
o (&Y= sin? )17~ (Vg )12 COS@‘ metal. In the case of CdMaQthe Mo ions have an approxi-
p (eYY— sir? 9)1/2+(8yy8aa)1/20039‘ ' ®) mately tetrahedral environment that causes the lowest-
conduction band to be composed of doubly degenerdie 4
Results forg=45° are plotted in Fig. 13. The shape of the states. In the case of CdW(the W ions have an approxi-
p-polarized reflectivity spectrum is similar to that at normal mately octahedral environment, which caused the lowest-
incidence, although its magnitude is reduced. Recent prelimiconduction band to be composed of triply degenerate 5
nary reflectivity measurements of Nagirnyi and states. The optical spectra of the two materials are effected
co-worker$'*® demonstrate that the spectra change with crysby these differences. The calculated imaginary components
tal orientation. Their data show a two-peak structure belowof the dielectric tensor for CdMogfshow two peaks of simi-
12 eV, which is qualitatively similar to the results shown in lar strength, while those for CdW,Ghow a larger peak near
Fig. 13, although features in the spectra at higher energthreshold and a smaller peak at higher energy. Detailed com-
differ from our calculations. Detailed comparisons will be parison of the present results with experiment will be pos-
done in the future. sible as soon as single-crystal optical measurements are
completed’

VI. SUMMARY AND CONCLUSIONS

We have carried out detailed electronic structure calcula-
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CdMoQ, is similar to that of other scheelite materials, espe- This paper was supported by NSF Grant Nos. DMR-
cially to that of CaMoQ. Differences are due to the fact that 9403009, DMR-9706575, and DMR-9732023. We would
the CdMoQ crystal is more compact than other scheelitealso like to thank Y. C. Zhang, P. Blaha, and C. Ambrosch-
materials, resulting in larger band widths. In addition, the CdDraxl for help with thewiEN97 code, Z. Burshtein for helpful
ions introduce a narrow band ofi3character at the bottom comments on the refractive index of CdW@nd V. Nagir-

of the valence band. nyi for sharing his preliminary reflectivity data on CdWyO

IM. Ishii and M. Kobayashi, Prog. Cryst. Growth Char&3, 245 14p._ Blaha, K. Schwarz, and J. Luit2997, wiene7, Vienna Uni-

(1991. versity of Technology(Improved and updated Unix version of
23, Chernov, R. Deych, L. Grigorjeva, and D. Millers, Mater. Sci.  the original copyrightedvien code, which was published by P.
Forum239-241 299 (1997). Blaha, K. Schwarz, P. Sorantin, and S. B. Trickey, Comput.
3M. Daturi, M. M. Borel, A. Leclaire, L. Savary, G. Costentin, J. Phys. Commun59, 399 (1990.
C. Lavalley, and B. Raveau, J. Chim. Ph98, 2043(1996. 153, P. Perdew and Y. Wang, Phys. Rev4R 13 244(1992.
4M. Daturi, G. Basca, M. M. Borel, A. Leclaire, and P. Paiggio, J. °P. E. Biachl, O. Jepsen, and O. K. Andersen, Phys. Revi9B
Phys. Chem. BL01, 4358(1997. 16 223(19949.
SA. W. Sleight, Acta Crystallogr., Sect. B: Struct. Crystallogr. ’C. L. Fu and K. M. Ho, Phys. Rev. B8, 5480(1983.
Cryst. ChemB28, 2899(1972. 18R, D. Sole and R. Girlanda, Phys. Rev4B, 11 789(1994).
6S. R. Shieh, L. C. Ming, and A. Jayaraman, J. Phys. Chem. Solid$Mm. Rohlfing and S. G. Louie, Phys. Rev. Lel, 2312(1998.
57, 205(1996. 20C. Ambrosch-Draxl and R. Abt, Synth. Me&5, 1099(1997.
7J. Macavei and H. Schulz, Z. Kristallog207, 193 (1993. 217.H. Levine and D. C. Allan, Phys. Rev. Le@3, 1719(1989.
8y, Zhang, N. A. W. Holzwarth, and R. T. Williams, Phys. Rev. B ??R. W. Godby, M. Schiter, and L. J. Sham, Phys. Rev. ¥,
57, 12 738(1998. 10159(1988.

V. Nagirnyi, E. Feldbach, L. Jiwsson, M. Kirm, A. Kotlov, A.  2H. J. Zhang, P. Boutinaud, A. Garcia, J. P. Charminade, and C.
Luchchik, L. L. Nagornaya, V. D. Ryzhikov, G. Svensson, I. A. Fouassier, Solid State Commusb, 1031(1993.
Tupitsina, and M. Asberg-Dahlborg, fungstate Crystals: Pro- 2*F. A. Kroger, Some Aspects of the Luminescence of Solids
ceedings of the International Workshop on Tungstate Crystals, Elsevier, New York, 1948
Rome, October 12-14, 1998dited by S. Baccaro, B. Borgia, . 2°H. Yochum and R. T. Williams, 199%rivate communication

Dafinei, and E. LongdUniversitadegli StudiLa Sapienzall based on two-photon absorption spectral measurements for
1999, pp. 155-159. CdWO0,.
10y, Nagirnyi, 1999(private communication 26K. Tanaka, T. Miyajima, N. Shirai, Q. Zhuang, and R. Nakata, J.

1IA. V. Chichagov, L. N. Dem'yanets, V. V. llyukhin, and N. V. Appl. Phys.77, 6581(1995.
Belov, Kristallografiyall, 686 (1966 [Sov. Phys. Crystallogr. 2’R. H. Gillette, Rev. Sci. Instrun21, 294 (1950.

11, 588(1966)]. 28G. F. Bakhshieva and A. M. Morozov, Opt. Mekh. Profd, 31
|nternational Tables for Crystallographyvol. A, edited by T. (1977 [Sov. J. Opt. Technok4, 542 (1977)].
Hahn (D. Reidel, Boston, 1987 2%H. Lotem and Z. Burshtein, Opt. Lett2, 561 (1987.

3A. P. Chichagov, V. V. llyukhin, and N. V. Belov, Dokl. Akad. 3°Z. Burshtein, S. Morgan, D. O. Henderson, and E. Silberman, J.
Nauk (SSSR, 166, 87 (1966 [Sov. Phys. Dokl11, 11 (1966)]. Phys. Chem. Solid49, 1295(1988.



