1986 V. H.
and temperature dependence of Xi, X,, and X; can
provide a good test of any proposed level scheme.

The temperature dependence of the quadrupolar
splittings of the Al* resonance lines indicates a change
with temperature in the oxygen configurations, prob-
ably involving increased distortion of the AlO, tetra-
hedra with increasing temperature. A low-temperature
structure study would show what oxygen position
changes occur. The unshielded efg at the aluminum
sites in several aluminum garnets and at the iron sites
in some iron.garnets are predicted quite accurately by
a point-charge model having charge 3e at each trivalent
cation site and positive charge 1.2¢ at each oxygen site.
It would be of interest to see if similar point-charge
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models for other crystals require positive charges at
oxygen sites.
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Electron Paramagnetic Resonance of V¥+ Ions in Zinc Oxide
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The paramagnetic resonance of trace amounts of V3* in single-crystal hexagonal zinc oxide is reported.
The EPR spectrum is fitted with an axially symmetric spin Hamiltonian with five empirically determined
parameters: D, gu, g1, 4, and B. The spin-Hamiltonian parameters are interpreted in terms of the Racéh
parameter B, the crystal-field parameters Dg, Ds, Dt, and the spin-orbit coupling constant A. The values
of these parameters derived from the EPR data are consistent with a model in which the V** replaces a
Zn?t in a trigonally elongated tetrahedral site. This is in agreement with a recent redetermination of the

crystallographic unit-cell parameters of ZnO0.

I. INTRODUCTION

HE electron-paramagnetic-resonance (EPR) ab-
sorption of V3t in tetrahedral site symmetry has

been reported for vanadium in ZnS and ZnTe crystals':2
having the cubic zinc sulfide structure. The EPR spec-
trum of V3t in an eightfold coordinated cubic site has
been reported for vanadium in single-crystal CaF,?
having the fluorite structure. In both the fourfold and
eightfold cubic coordination, the crystal-field potential
has the opposite sign in relation to the crystal-field
potential for the sixfold octahedral coordination.* The
ground state is therefore orbitally nondegenerate with
a small amount of mixing of excited orbital momentum
states due primarily to the spin-orbit coupling. The
ground-state spin degeneracy is not removed in these

* Present address: Chemistry Department, University of Iowa,
Iowa City, Ia. 52240.

1W. C. Holton, J. Schneider, and T. L. Estle, Phys. Rev. 133,
A1638 (1964).

2 G. W. Ludwig and H. H. Woodbury, Bull. Am. Phys. Soc. 6,
118 (1961); Solid State Phys. 13, 299 (1962).

3 M. M. Zaripov, V. S. Kropotov, L. D. Livanova, and V. G.
Stepanov, Fiz. Tverd. Tela 9, 209 (1967) [English transl. : Soviet
Phys.—Solid State 9, 155 (1967)].

1]. S. Griffith, The Theory of the Transition Metal Ions (Cam-
bridge University Press, Cambridge, England, 1961).

cases, so the EPR spectra are magnetically isotropic for
the cases of tetrahedral symmetry.

The EPR? and optical spectra® of V3 in single-crystal
CdS having the zincite (wurtzite) structure have beenre-
ported. The Cd site in this crystal structure is axially
distorted because the Cd-S distance along the crystalline
¢ axis is shorter than the other three Cd-S separations
in the tetrahedron. These distances were believed, in
1948, to be 2.51 and 2.53 A, respectively.>8 In this
paper, we present the results of a study of the EPR of
V3*+ in a Zn-atom subsitutional site in single-crystal
ZnO. Recently, the atomic distances in ZnO have been
remeasured’ and show a slight axial elongation of the
tetrahedron (Fig. 1). The Zn-O c-axis distance is
1.992 A, while the other three Zn-O bond distances are
each 1.973 A. According to the data published in 1948,°
these same dimensions are 1.796 and 2.040 A, respec-
tively, indicating a large axial compression. This ¢-axis
trigonal distortion partially removes the spin degeneracy
of the 34,, ground state, giving anisotropic EPR spec-

5 R. Pappalardo and R. E. Dietz, Phys. Rev. 123, 1188 (1961).
8 R. W. G. Wyckoff, Crystal Structures (Wiley-Interscience Inc.,
1949), Vol. I, table p. 31.
(1; Sg.)C. Abrahams and J. L. Bernstein, Acta Cryst. 25, 1233
69).
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tra. The magnetic anisotropy is much more pronounced
for ZnO:V3* than for CdS:V?*, which permits a more
detailed analysis of the paramagnetic properties of the
impurity center. An electrostatic model for the magnetic
anisotropy is developed, which depends explicitly on
the axial compression or elongation of the tetrahedron
of oxide ions about the V3* ion.

II. EXPERIMENTAL PROCEDURES

ZnO crystals grown in the 3M laboratory by the
vapor-phase technique were used for this study. Vana-
dium was detected in crystals as-grown at concentra-
tions less than 1 ppm by weight by emission spectro-
scopic analysis. The direction of the hexagonal crystal’s
¢ axis with respect to the outside faces was determined
by an x-ray diffraction method. The crystals were
mounted on a copper rod centered inside a Dewar which
in turn was centered inside a rectangular 7'Eqoe micro-
wave cavity. The angle of the crystal’s ¢ axis (rotated
in a horizontal plane) with the magnetic field was varied
by rotating the copper rod around the vertical axis. In
this manner, the microwave magnetic field H;, remained
perpendicular and the modulation field parallel to H,.
The crystal was cooled by having only the upper part
of the copper rod submerged in liquid nitrogen. There
was no liquid nitrogen in the part of the Dewar con-
taining the crystal inside the cavity. This prevented
excessive noise due to bubbling. Use of 100-kc/sec field-
modulation frequency provided sufficient signal-to-noise
ratio of 77°K at relatively low concentrations of vana-
dium in the crystals.

Most of the spectra used for evaluation of the angular
dependence of the fine and hyperfine structure, as well
as intensities, were recorded on a Varian V-4502 EPR
spectrometer with 9" magnet equipped with Fieldial
magnetic field regulation and control. Additional reso-
nance measurements for the accurate determination of
the spin-Hamiltonian parameters were made on several
EPR spectrometers at the School of Chemistry, Uni-
versity of Minnesota, using a Varian F-8 NMR Flux-
meter for magnetic field measurements and a Hewlett
Packard model 524D frequency counter with transfer
oscillator for accurate determination of the microwave
frequency.

III. EXPERIMENTAL RESULTS

The magnetic resonances consisted of sets of hyperfine
lines, the centers of which varied isotropically for rota-
tion of Hy in a plane perpendicular to the ¢ axis, but
revealed an extreme anisotropy when H, was rotated in
a plane which included the ¢ axis. We refer to a single
such set of hyperfine lines as a hfs band. One hfs band
was detected for Hyl ¢, but a maximum of three hfs
bands could be detected for Hy 10° away from Hlc.
The angular dependence of the fine structure resonances
in the XZ plane is shown in Fig. 2. The solid lines are
the calculated centers of EPR lines for an S=1 system
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F1c. 1. A vanadium ion substituting for a Zn atom in ZnO. The
bond parallel to the ¢ axis is slightly elongated with respect to the
other three equidistant bond lengths. This creates a trigonal com-
ponent of the crystal field.

with zero-field splitting. We were unable to make EPR
measurements above 10 000 G because of instrumental
field limitations.

Eight hfs lines are observed within the single hfs band
measured with Ho_L ¢ [see Fig. 3(a)], but as the direc-
tion of H changes between Hy_L ¢ and Hy||c the number
of hfs lines varies considerably. At intermediate angles
[Fig. 3(b)], up to 44 hfs lines may be counted. As H,
approaches the ¢ direction, this band becomes very weak
and exhibits 15 hfs lines near the point of vanishingly
small intensity at Hllc [Fig. 3(c)]. Within #16° of
H,|¢, two other bands are observed, but the extremum
point of only one of these was measured. For the spectra
recorded at 9.3 gHz these two bands vanish for |6]
>18° as illustrated in Fig. 4. For Hy||c, the 5000 G
band shows 8 hfs lines, as does the single band meaured
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F1c. 2. Angular dependence of the centers of the
hyperfine structure bands; »=9.3 GHz.
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F1c. 3. EPR absorption derivatives; (a) Hy L ¢ 8 hyperfine lines
are observed; (b) 6=67°, at intermediate angles up to 44 lines
may be counted, many of them due to “forbidden” (Am0) tran-
sitions; (c) #=20°, 15 lines with weak intensity are observed,
seven of which are Am =41 transitions.

for Hol ¢. Experiments to measure relative intensities
of bands versus temperature with the intension of de-
termining the sign of “D” [Eq. (1)] were unsuccessful
because of signal-to-noise problems.

IV. SPIN HAMILTONIAN

An axially symmetric spin Hamiltonian of the follow-
ing form was used to fit the experimental data:

3e=D[S2—3S(S+1) ]+ guBH.S.+ g.B(H .S, +H,S,)
+AS 0 A B(SoLA4S,I,). (1)

Approximate values for g, g1, and D were first deter-
mined by computing the resonance field values, in
gauss, and the relative intensities of the EPR transitions
within as S=1 manifold of spin states using this re-
duced spin Hamiltonian

3=D(S2—%)+guBH, cosb S, g,8Hsind S,.

The z axis is chosen as the crystalline ¢ axis, and the
x axis is any direction perpendicular to the z axis. In
this way we obtained a good fit for the centers of the
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hfs band versus 6 in the XZ plane (Fig. 2). Approxima-
tions to the values of the hyperfine constants were then
obtained by using

A zgnB(AH%n , B=gB(AH).,

where (AH )i and (AH), are the average hfs splittings
for H|lc and H L ¢, respectively.

Refined values of the spin-Hamiltonian parameters
were obtained from accurate resonant field strength
and microwave frequency measurements on two of the
bands at their extremum points. In the case of Hylc,
the lowest-field band (Fig. 2) had to be extrapolated
in order to determine the hyperfine line positions at the
turning point. The data obtained for H||c were treated
by second-order perturbation theory. From these data,
values of gi1, 4, and D.were extracted by finding implicit
solutions to the perturbation theory eigenvalue equa-
tions. By this procedure, it was possible to predict the
variation of the hyperfine splitting AH,, with nuclear
quantum number m with 959, accuracy. The applica-
tion of perturbation theory to the Hy 1 ¢ data failed to
properly account for the variation of AH; with m, and
the value of g, so obtained was recognized as being in-
correct. Values of g, and. B were therefore extracted
from the experimental data by computing numerical
solutions to the 24X 24 secular equation, determining
the field dependence of the hyperfine energy levels, and
varying g, and B until the predicted positions of the
hyperfine lines agreed with the experimental positions
at an accurately known microwave frequency. The
values of g1, D, and 4 were checked in this manner and
found to be in excellent agreement with the perturbation
theory results.

The final values of the spin-Hamiltonian parameters
are given in Table I. These were obtained by comparing
the eigenvalues of the 24X 24 Hamiltonian matrix of
Eq. (1) (determined within an S=1, /=% manifold of
spin states) with accurately determined field and fre-
quency data for each hfs line measured at the turning
points of the spectrum.

V. NATURE OF PARAMAGNETIC CENTER

The spin-Hamiltonian parameters show that the
center has S=1 and I=1%. The additional hfs lines of
Fig. 3 were found to be due to normally forbidden
Am=:£], 42, and &3 nuclear transitions made allowed
at 1nterrned1ate angles by the mixing of spin states due
to the large zero-field splitting. The 15 hfs lines of weak

-08 - - » .
-08f \z— - . TasLE I. Values of the spin-Hamiltonian parameters.
(llll[lllIIT_IllLllilIJALI—JllIllIII[IT
02468100122 4H(§G)8 012 2 4681012 Parameter Value Estimated error
Fi1G. 4. Energy levels versus magnetic field for S=1. The arrows D/he i?gig‘; emt ::Eggg(l) Scm‘l
indicate resonant transitions at 9.3 GHz. All three transitions are & 10328 200005
observed at small angles. As 6 increases the two high-field bands il e 466.110~* -t $0.5% 10~ cm-1
approach one another as the separation of the energy levels be- BJhc 76,3510~ om-1 10.5%10 emt

comes larger, and finally for 6>16° these bands are no longer
observed.
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intensity (AM=2) observed at §=20° are due to
8 Am=0 lines plus 7 Am=1 lines. A similar case of
forbidden nuclear transitions for V¥ (I=%) may be
found in the literature.® The absence of “unexplained”
multiplicity of hyperfine structure shows that the iso-
tope of the element giving rise to the paramagnetism
must have nearly 1009 natural abundance. Heat treat-
ments also indicate thermal stability of the paramag-
netic center over a wide temperature range. Considera-
tions of all of the various possible ions with these char-
acteristics led us to the conclusion that the paramag-
netic center must be a V3t ion. Emission- and mass-
spectrographic analyses confirmed the presence of this
element. _

The EPR parameters for V2* in ZnO have been mea-
sured.? The center is characterized by a *F ground state
which is split by an axial field and spin-orbit coupling
into two Kramers doublets. The spin is S=$£, in contrast
to S=1 for the V3t case, and indicates one additional
allowed transition at a given magnetic field. The aniso-
tropic spectrum observed at 1.3°K and 9.1386 GHz
showed an 8-line hyperfine structure. The spin-Hamil-
tonian parameters are gn=1.977, g~2, D~0.3 cm™!
and a hyperfine splitting of ~50 G. These values are
quite different from those of V3 in Table I.

The EPR data clearly showed that the center treated
here has the same symmetry as a ZnO, tetrahedron in
the ZnO crystal. However, a crystal defect associated
with the V3 ion and situated on the ¢ axis would have
the same symmetry. The spectrum was only found in
crystals which were well compensated with monovalent
impurities, as quantitative spectrographic analyses
showed.

We have considered several models with axial inter-
stitial atoms, axial substitutional atoms and axial va-
cancies, all having the required symmetry. In order to
treat the magnetic properties of these models analyti-
cally, we consider the electrostatic potential of the ions
surrounding the V3* site, the most important part of
which is the axial symmetry component. The total elec-
trostatic potential is then considered as a pertubation
on the quantum states of the two 3d electrons, which
may be described by Hartree-Fock wave functions.
Thus, our model completely neglects covalent interac-
tions with the ZnO crystal.

VI. THEORY

For the 3d2 configuration of V3, the ground state is
a 3F which splits into %4, 3T, and 37 in a tetrahedral
T, crystalline field (Fig. 5). A trigonal Cs, component
of the crystalline field further reduces the symmetry:

349 — 34y, Ty—34143E, 3T —34,+3E.
The other spin-triplet term within the 342 configuration
s B. Bleaney and R. S. Rubins, Proc. Phys. Soc. (London) 77,

103, (1961).
9 T. L. Estle and M. DeWit, Bull. Am. Phys. Soc. 6, 445 (1961).

1989

TETRAHEDRAL + TRIGONAL + AL-S

Fi1c. 5. Energy levels of 3P and 3F terms of 3¢%in a predominantly
tetrahedral crystalline field. Further splitting is caused by a small
trigonal distortion of tetrahedron and by spin-orbit coupling.

is 3P which lies higher in energy than 3F. The energy
separation between these terms is due to the €?/ry, inter-
action between the two 34 electrons, which is diagonal in
the weak-field coupling scheme.* The *F-to-*P separa-
tion is then 15 B, where B is the well-known Racah
parameter. The relative advantages of this scheme for
the analysis of paramagnetism of V3 have been dis-
cussed by Brumage, Quade, and Lin.?

The zero-field energy levels of 34? electrons of V3+ in
ZnO are the eigenvalues of the equation

(3Co+3C'+ 3" )p=E, 2

where 3Cy is the free-ion Hamiltonian excluding spin,
3¢’ is the contribution from the electrostatic crystal
field, and 3C” accounts for spin-orbit coupling and the
electronic spin-spin interactions.

The electrostatic effect on the electronic energy levels
of V3t by four point charges in C;, symmetry, Fig. 1,
is considered first. One electron cubic and axial crystal-
field operators W, and W, are defined such that the
operator for the Cs, charge configuration is given by

sc=z [W.6)+Wa(i)]- 3)

The operator for the tetrahedral-cubic potential! is
well known!?:

W= (A/180) (0 — éovz‘043> , (4)

1o W. H. Brumage, C. R. Quade, and C. C. Lin, Phys. Rev. 131,
949 (1963).

11 Equivalent operators valid within the 3/ term were found
such that for 3C=H +H, H.=A0£L—20V204)/900, and
H o= Ds0,%/15+D10,/60.

12 M. T. Hutchings, Solid State Phys. 16, 227 (1964).
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TasLE I1. Cubic symmetry (7¢) basis functions for 3F and 3P.2

3R
3A 910 (A2, M) = —34/5|0,M ) +3V2 |3, M) — | —3,M,)
3o CT 2, Moy =3V2 (|3,M o)+ | —3,M))
2] (3T211M8) = (li\/Gl —2,M5>+\/% l 1:M8>
Y3 (T2, M) =§7/0(2,M )=/} | —1,M)
3T1:‘/’4(3T1;Ms) I% IO’MS)_*"%\/%(ls,Ms)— | —37M8>)
¥ (T, M) =/§| —2,Ms)— /6| 1,M.,)
'] (sleMa) = \/%I Z:Ms>+%\/6| —11M3>
3P
Xl(sleMs) = II:M-‘i)
x2(T1,Ms)=|0,M)
X3<3T1yM‘) = l - 11M8>

a The first number inside the ket |) refers to the value of My, the last
to M,. Apart from the symbols ¢» and x» (bases for 3F and 3P, respectively)
the remaining notation is standard.

where A=10Dq is given in the electrostatic approxi-

mation by
A= (20/27)Zex(r*)/d>. (5)

The operator for the axial component of the electro-
static potential is found by considering the potential of
a charge ¢ located on the crystalline ¢ axis at a distance
a from the V3* ion. With the origin of coordinates at the
V3t ion, we find

V (%,3,2) = g (2> + y* 4 22— 2az) 2.

We do a Taylor’s-series expansion of this potential ac-

TasiE III. Matrix elements of the crystal-field operators
W, and W, in cubic (7'g) representation.

34,(3F)
(Wollwo) = —12Dg+514D¢

372 (3F)
Wllr)=—2Dq+Ds+3D¢
Welly2)=—2Dg—3Ds—3Dt
Wllya) = Waliw2)

3T, (3F)
(Wellys)=+6Dg+3Ds+313Dt
Wsllys)=+6Dg—7eDs—317Dt
Wellws)= Wsllvs)

371 (3P)
(xzllx2)=15B4114Ds
(xa||x1)=15B—317Ds
(xallxa) = Gallxa)

3T1(3F) coupling to 34, (3F)
Wollya)=2Ds//5—2~/5Dt/3

371 (3F) coupling to T’y *F)
Wellys)= Wallwe)=Ds/2+/5—4+/5Dt/3

3T1(3P) coupling to 34, (*F)
Wollxz)=—4Ds//5+4/5Dt/3

371 (3P) coupling to 3Ty °F)
Wellx)= Wsllxs) =4Ds/\/5+/5Dt

3T'1(3P) coupling to 371 (}F)
(Yallx2)=4Dg+18Ds—38Dt
Wsllx1) = {Ysllxs)=4Dg—34Ds— Dt
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cording to the prescription of Hutchings,”? and compute
the energy W= —|e|V (x,9,5) of an electron in this po-
tential field. The result is

Wo=— Wl/wﬁz)— el 3524'3022”%7“)- (©6)

2a \ a? 8a \ at

This is next put into a convenient operator form by
using the operator equivalents

322—1r2=a(r2)0y°,
3524 — 30222+ 3rt=B{(r"0 0,

where for one d electron a=—2/21, 8=+42/63. For
convenience in calculation, we use the standard Ds, Dt
notation for the coefficients of 30,° and %0.,°, respec-
tively, so that IV, becomes (after allowing for a specific
charge redistribution)

Wq'—: %DSOZO—i%DtOQO- (7)

In introducing these symbols, we have taken care to be
consistent with existing conventions. These symbols
were originally introduced by Ballhausen and Moffitt,!
and a similar electrostatic model for a tetragonally dis-
torted octahedron has been worked out by Piper and
Carlin." Specific expressions for Ds and Dt are given in
Sec. VII. :

The spin-orbit coupling and the electronic spin-spin
interactions are the remaining zero-field perturbations

2
3 =3 {Eli-si}+Wss.
i=1

The spin-orbit operator may be replaced by AL-S within
a term, where \=3¢ for both *P and *F. The spin-spin
magnetic dipolar interaction was only considered within
the *F term. The equivalent operator

W= —p{(L-S)*+3L-S—1L(L+1)S(S+1)}

was used. Pryce' has given for p of V3+ 342 3F, the value
p=0.24=+0.05 cn™. The resulting contribution to D is
less than 0.01 cm™, so W,, was completely neglected
in further calculations.

The effect of the crystal field on the orbital energy
levels was evaluated using the operators of Eqs. (3)-(7)
operating on the symmetrized combinations of basis
functions!® listed in Table II. The resulting matrix ele-
ments are given in Table III. These matrix elements
were found to be identical to those of Brumage et al.1°
who, however, used a nonstandard notation in their
calculations. The matrix elements of the spin-orbit
coupling, were then determined using the 30 basis kets
of the sets {¢,.® [1,M,)} and {X,® |1,M,)}. This gave
a final 30X30 dimension Hamiltonian matrix which de-

3 C. J. Ballhausen and W. Moffitt, J. Inorg. Nucl. Chem. 3,
178 (1956).

“T. S. Piper and R. L. Carlin, J. Chem. Phys. 33, 1208 (1960).

15 M. H. L. Pryce, Phys. Rev. 80, 1107 (1950).

18S. A. Al'tshuler and B. M. Kozyrev, Electron Paramagnetic
Resonance (Academic Press Inc., New York, 1964).
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termines the zero-field energy levels in the electrostatic
approximation.

The perturbation formulas of Abragam and Pryce!”
were used as a first approximation for the spin-Hamil-
tonian parameters as functions of Dgq, Ds, Dt, and X\. The
results are

gu=ge—8\/Au, (8a)
gi=g—8\/A, (8b)
D=4\(1/A,—1/Ay), (8c)
A=—Pk+8\/An), (8d)
B=—P(k+8\/A)). (8e)

In these equations, A;; and A; follow as the differ-
ences 341—34, and *E—24, of the diagonal matrix ele-
ments in Table III,

An=A'+2(EDs+110D0)
A,=A'— (ADs+310D1) (9)
A'=A—135Dt=1(Ay+24,).

The gyromagnetic ratio of the free electron is g.
=2.002322. A value for P for V**+ can be found by ref-
erence to McGravey’s paper on the isotropic hyperfine
interaction’®: P=150X10"* cm™. The quantity «P
should be a property of the V3 ion, if covalent effects
do not greatly affect the S-electron spin density at the
nucleus. We deduced a value for «P from the g value
and hyperfine constant 4 of the isotropic EPR spec-
trum of V3t in ZnS.! The value kP= —54.15X107* cm™
was found, on the assumption that 4 for ZnS:V3+ is
negative.

The three equations, (8a), (8b), and (8c), were used
to determine the three unknowns, \, Ay, A; and the re-
sults are shown in Table IV. According to these equa-
tions, the values of \, Ay;, and A, are independent of A.
This is unreasonable from a physical point of view. In
addition, A\>\¢ which is unusual, and warrented further
investigation.

More accurate equations for the spin-Hamiltonian
parameters were therefore derived in an attempt to re-
solve the peculiarities found in the first-order equations.
The spin-Hamiltonian parameters were found from
these operator relations which were derived for an elec-
tronic spin S=1 system.

gu=(e| L:+g.S:|e) (10a)
g1=(a| Ls+g.Sale), (10b)
D=E(e)—E(a), (10¢)
A=P{e| LA+ (4/35—«)S.
—(1/70)(L-S)L,— (1/70)L.(L-S)|e), (10d)
B=2"12P{a| L+ (4/35—«)Sz
—(1/70)(L-S)L,— (1/70)L,(L-S)e). (10e)

17 A. Abragam and M. H. L. Pryce, Proc. Roy. Soc. (London)
A205, 135 (1951).
18 B, R. McGarvey, J. Phys. Chem. 71, 51 (1967).

1991
TasLE 1V. Solutions to Egs. (8a)-(8c) and (9)
for several values of A.
Acm™! Dscm™ Diecm™! Acm™! Apcm™! Apcm™!
11 000 4269 —1019 121 16 965 13 963
12 500 3414 —634 121 16 965 13 963
13 000 3124 —505 121 16 965 13 963
14 000 2554 —248 121 16 965 13963
15 000 1984 9 121 16 965 13 963
15 600 1634 164 121 16 965 13 963

The kets [a) and the doubly degenerate set [e,1) and
[e_1) were then found in the second-order perturbation
approximation as

2\ 2\ K
161>=Ne[l¢0,1>— A—f‘//hl)‘f’ A—W/%O)— A_I‘h,l)],

2\
[d>=Na[l%,0>+ A—|¢2, -1

2\ K
- _[‘1/3;1>_ —l¢4y0>:| ’
A_[_ A2

2\
f6—1>=Ne[l¢o, — 1+ — P 1)
N K
- ’—,\//3,0>— _,1)&47 "—1>:|
Ay Ao

The new parameters which we have introduced here are
Ay=19A+1Ds—3Dt,
K=%/(5)Ds—3/(5)Dt,

402 4N K2\l
Ne=(1+—+—+'—> )

Ayt A2 AP

82 K2\-12
Na=(1+ —+ —> .

A2 A

The resulting expressions for the spin-Hamiltonian pa-
rameters were found to be

4\ K?
gllzNe2(ge<1+_'+ )

A AP
&\ 44/(5)K 2N
B ey
A AsAn A2
4\ K2
g1.=17VeNa ge(1+ - + —)
A2 Ag?
8\ 24/(5)KX

+ 2 ). aw

A AsA; AnA,

(11¢)
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TasiE V. Solutions to Eqs. (11) for several values of A.*

A-B cm™t
Acm™ Dscm™ Dt ecm™ A ecm™! X104 Apcm™ Apcm™?
D 10 000 1677 —1486 134 13.2 14 154 16 592
Negative 11000 1820 —1561 145 12.9 15422 17 895
12 000 1980 —1635 155 12.6 16 705 19 185
D 11 000 no solution
Positive 12 500 —890 1339 59 —5.5 9 378 6 250
13 000 —444 1139 69 -3.4 10 824 7527
14 000 45 913 84 —1.2 12 523 9413
15 000 376 756 97 0.2 14 116 11032
15 600 541 678 104 0.7 15011 11 940

s The value of P given in the text was used in the calculation of A-B.

Eliminating the smaller terms in the equations for 4

and B  G)K
A=P(—K+gn—ge+ _____>’ (12a)
354,
22/ (5)K
B=P(—~K+gl~—ge— ~\/—-> (12b)
354,
and 60/ (5)K
A—B=P(g|1—g1+ —_‘_‘—> (12¢)
354,

VII. DISCUSSION

Solutions for Egs. (11a)-(11c) were obtained using
the experimental data of Table I. A reiterative com-
puter program was used which required an input value
of A and found values of Ds, Dt, and N\ which satisfied
all three nonlinear equations. Both signs of D were con-
sidered and the results are listed in Table V. Since we
now have four variables and three equations, we needed
some additional criteria for selecting a solution. These
criteria are: Ds and D¢ should both be of the same sign
and \ should be less than or equal to \o=104 cm™ (free
ion). It was found possible to satisfy these criteria as
Table V shows, for the values of A in the range 14 000-
15 600 cm™. The reasons for applying the criteria will
be discussed later.

A comparison of the results using the first-order equa-
tions, Table IV, and the higher-order equations, Table
V, were made for several values of A. For the first-order
equations, it is important to note that \, A, and A, are
independent of the value of A. This physically unrealis-
tic situation does not occur with the higher-order equa-
tions. Thus, a value of A must be chosen in order to
determine A, Ds, and D¢t. Usually a value of A is ob-
tained from optical measurements. This was not possible
due to the low vanadium concentrations, so approximate
values of A were used.

Another feature of the higher-order equations is that
values of A lower than \,, are possible because \ is a
function of A. This is not the case with the results from
the first-order equations.

The higher-order terms in Egs. (11a) and (11b) are
frequently small in relation to the first-order term
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8\/An. Some of the terms such as 2X2/A,2 and 4)\2/A, 2
are smaller, for some values of A, than the experimental
error in the g factors and could be neglected to a good
approximation. They were retained, however, for the
computer calculations. The magnitude of the terms con-
taining K for some values of A may also be relatively
small. For example, using A=15 600 cm™ the largest
higher-order term in the Eq. (11a) is 44/ (5)K/AA
and it is ~29, of the value of the first-order term 8\/A.
Despite the relatively small value of the higher-order
terms in this example, these terms do introduce the
parameter A and because of the presence of these terms
in the equations, an average decrease of ~169, in ),
Ay, and A, is produced. Using other values of A, the
correction between the first-order and higher-order
equations becomes even greater as noted from Table V,
e.g., at 15000 cm™ an average decrease of ~259
occurs.

One of the criteria for selecting a value of A is that
both Ds and Dt have the same sign. In ZnO the devia-
tion from tetragonal symmetry is principally the result
of the elongation of the Zn-O bond along the Z axis
direction (Fig. 1). The electrostatic effect of this distor-
tion may be treated by the use of Eq. (6). The effective
oxide charge —Z|e| at distance “@” (of a tetrahedron)
is removed and replaced by a charge —Z|e| at distance
“a” along the Z axis. The resulting operator is then put
into the form of Eq. (7). The resulting expressions for
Ds and Dt are

Ds=(1/7)Ze() (1/d—1/a9) (13a)
Di=(1/21)Ze() (1/d—1/a%).  (13b)

For cubic symmetry, a=d and Ds= Di=0, as required.

According to Egs. (13), Ds and Dt always have the
same sign and for a>d (according to the latest crystallo-
graphic data)” Ds and Dt are both positive. Studies of
the optical spectra of an analogous system (3d% in
tetragonally distorted sixfold octahedral symmetry)
which also use the electrostatic model have shown that
the off-diagonal matrix elements of Ds and Dt are very
important. The experimental values of Ds and Dt in a
study of 12 inorganic crystalline compounds of Ni?+
were found to always be of the same sign.” Piper and
Carlin' showed that for Al,O3: V3+ Ds and Dt calculated
by the use of electrostatic approximation including
known trigonal distortion were both positive and their
values agreed well with the experiment. It is for these
reasons that we require that acceptable solutions to Egs.
(11) have Ds and Dt of the same sign. This sets a lower
limit of ~14 000 cm™ for A.

A second criterion used is to select a value of A for
which A < N\o. Experimentally, it is generally observed
that X < Ag in solids,” although there appears to be no
fundamental reason why this must be the case.?! Gen-

19 R. A. Rowley and R. S. Drago, Inorg. Chem. 1, 795 (1968).
% M. Gerloch and J. R. Miller, Progr. Inorg. Chem. 10, 1 (1968).
2 G. Weber, Z. Physik 190, 135 (1966).
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erally, X decreases from the free-ion value as the co-
valency increases. Brumage, Quade, and Lin" have
found after a careful study of the paramagnetic sus-
ceptibility of Al,O3: V3 that N(V3+)=954£35 cm~. This
criterion (\<\¢) sets an upper limit of 15 600 cm™ to
the value of A.

Several additional results agree with a value of A in
the 14 000-15 600 cm™ range. The calculated value of
A-B using Eq. (12c¢) is positive for AX<15000 as seen
from Table V assuming both 4 and B are negative.!®
Experimentally 4-B is also positive as seen from Table
I, assuming both 4 and B are negative. The absolute
values of both 4 and B are smaller, however, than the
experimental values using a value of P determined for
ZnS: V3, :

An estimate of the value of A was obtained by con-
sidering the isotropic g values for V3 in the crystals
ZnS, ZnTe, and CdS, mentioned in the Introduction.
These g values are related to A and A by the

approximation g=g.—8\/A.

We can find an average isotropic g value for ZnO:V3+
as (g)=13%(gu+2g.)=1.9369. Now X\ depends on the co-
valency of the crystal; as the covalency increases, then
N generally decreases. If we plot oxygen-metal distance
“d” versus \, and assume a linear dependence where
A\, for ZnO and A>0.75\, for ZnTe, then we can cal-
culate A for ZnS, CdS, ZnTe. When A is plotted versus
d, and extrapolated to d=1.978 A for ZnO, a value of
A>15000 cm™ was obtained. This is consistent with
the range of A values determined here for ZnO: V?3+,
The approximate values of Ds and D¢ for V3* in a
Zn*T site were next estimated. In order to do this, we
need approximate values for the averages (#?) and {r%).
The approximate Hartree-Fock-type radial functions
of Richardson et al.22 were used for this purpose. The
results were (r2)=1.768 a¢, (r*)=6.919a¢", and (r2)/{r*)
=0.255/a¢2. We avoid use of the absolute values of (r*)
by using only the ratio (#?)/({r*) wherever possible. Ds
and Dt for the axially elongated tetrahedron were esti-
mated by using a value.of A=15 600 cm™ and Eq. (5);
this determines Ze*(r*). Then Ds and Dt are found from
Eqgs. (13) and the above values of (#2)/{r*). The results
are Ds=+4291 cm™ Dt=+-45 cm™. After a considera-
tion of the errors involved in neglecting higher-energy
states and in using perturbation theory,? the values of

22 J. W. Richardson, W. C. Nieuwpoort, R. R. Powell, and W. F.
Edgell, J. Chem. Phys. 36, 1057 (1962).

2 The magnitude of the error involved when neglecting the 3P
state and in using the cubic field diagonal energies for As, Ay, Ay
was obtained for the case of A=15 600 cm™!, The matrix equation
(3) was diagonalized using 15B=10000 cm™, A=15600 cm™!
and various values of Ds and D¢. The eigenvalues were then used
to obtain the corrected values for A, Ay, A;. Using these corrected
values in Egs. (11), we found gi; and g;. The new values of Ds and
Dt which satisfied these equations were in the range of 100 cm™!
below the approximate solution of Ds=3541 cm™! and D¢=678
cm™. Since neither 158 nor A could be obtained experimentally,
the improved accuracy of the values of Ds and D¢ obtained using
tﬁis more involved computation was not considered fruitful at
this time.
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TasLE VI. Values of A=10Dq for V3" in octahedral and
tetrahedral coordination and for other ions in ZnO.

A=10Dq
System (cm™1) Comments
CsAICl,: V3t 8 800 Tetrahedral®
Al O5: V3t 17 500 Trigonally distorted octahedral®
19 050 c
6H,0:V3+ 18 600 d
ZnO: Cu* 5690 Trigonally distoretd tetrahedral®

a2 R. M. Gruen and R. Gut, Nature 190, 713 (1961).

b M. H. L. Pryce and W. A. Runciman, Disc. Faraday Soc. 26, 34 (1958).

° See Ref. 10.

dVY. Tanabe and S. Sugano, J. Phys. Soc. Japan 9, 766 (1954).

¢ R. E. Dietz, H. Kamimura, M. D. Sturge, and A. Yariv, Phys. Rev. 132,
1559 (1963).

Ds and Dt determined using the higher-order equations
are of the same sign and within an order of magnitude
of the value of Ds and D¢ determined using Eq. (13).
A cubic field splitting for the range of A satisfying
our criteria is larger than one might expect from com-
parisons of the optical spectra of V3* in other crystals
(see Table VI), keeping in mind the empirical rules*
that A(octahedral, sixfold coordinated)=~ —19A (tetra-
hedral) and A(M3*)=3A(M?*+). Thus, from these rules
and Table VI one would anticipate a value for A (V3
tetrahedral) = 8500 cm™. However, this must be cor-
rected for the fact that V3t is now substitutional for a
Zn*t in a divalent lattice, for which some slight com-
pression of the tetrahedron of atoms about the V3* is
to be expected. Now, Drickamer?> has shown that the
crystal-field parameter A=10 Dgq for V** jons in MgO
and Al,O; varies versus pressure as Eq. (5) predicts,
i.e., d(Dq)/dp~d=5. Then, for an order of magnitude
calculation, let the cubic d (ZnO)=1.978 A. A 0.1 A
compression of the tetrahedron (a value which we found
reasonable for the compression caused by an extra posi-
tive charge) gives A (compressed)~11000 cm™, in
closer agreement with the A which satisfies our criteria.

In summary, the higher-order equations have terms
which make the values of N\, A;;, and A, dependent on
the value of A and they make it possible to obtain val-
ues of N <Ay Both situations are physically realistic.
This is not the case with the first-order equations. In
addition, the difference in the magnitude of these pa-
rameters as determined from the first-order and higher-
order equations can be significant.

This analysis was made using an electrostatic model,
which is a reasonable approach in view of the ionic
character of ZnO compared to the other IT-VI com-
pounds. Using the higher-order equations and the im-
posed criteria, a range of A values of 14 000-15 600
cm™ was selected. The values in this range are in agree-
ment with a positive difference between 4 and B, with
an extrapolated A value obtained by considering the
variation of A with covalency in other II-VI compounds,

2 P, George and D. S. McClure, Progr. Inorg. Chem. 1, 381
(1959).

25 S, Minomura and H. G. Drickamer, J. Chem. Phys. 35, 903
(1961).
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and with recent crystallographic data on ZnO. This
range is higher than the 8500-11 000 cm™ range which
was estimated from optical data on V3 in other crystals
using some empirical rules and a contracted tetrahedron.

We attribute the source of this discrepancy, between
expected and deduced values of A, to the neglect of
covalency in the electrostatic model. As long ago shown
by Owen,? covalency appears in the equations for the
magnetic properties of a metal complex as an aniso-
tropic spin-orbit coupling. This effect was later investi-
gated in more detail by Kamimura,” to whose paper
we refer for a description of covalent anisotropic cou-
pling for a spin $> 1 system. The empirical introduction
of this effects into our treatment leads to more un-
knowns than we can evaluate. Likewise, a self-consis-
tent-field calculation based on linear combinations of
atomic orbitals for molecular orbitals would lead to
still more unknown parameters, so for this reason the
covalent model was not pursued.

Some consideration was given to the possibility of a
Li* atom, or a Zn*™ vacancy at the next-nearest ¢-axis
Zn site. The nearest-neighbor effects are expected to be
well described by an electrostatic model because of the
short-range nature of covalent overlap and the large
distance (5.207 A) between Zn*+ sites along the ¢ axis.
For an effective charge of ¢’ at distance d’ along the ¢

axis we find
Ds=¢'|e[(r*)/Te(d')?,

Di=q'|e| {(r*)/21e(d")".

The effective charge ¢'~—|e| for a Lit ion and ¢’
~—2|e| for a Znt* vacancy. The dielectric shielding
constant 1<e<¢ is introduced in order to account for
the reduction of the potential at V3*+ due to the polar-
izability of the oxygen atom lying between the V3* and
the axial charge ¢’. These contributions to Ds and D¢
are found to be much smaller and of opposite sign in
comparison to Ds and D¢ of the naturally elongated
ZnOy, tetrahedron of the ZnO crystal. Therefore, an
associated positive ion such as Lit or Nat could be

26 J. Owen, Proc. Roy. Soc. (London) A227, 183 (1955).
27 H. Kamimura, Phys. Rev. 128, 1077 (1962).
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present at the nearest-neighbor c-axis Zn™™ site, since
this is not inconsistent with our analysis of the EPR
data. The binding energy of a V3+-O-M* pair of metal
ions would help to explain the stability of this center,
which remained stable up to high temperatures under
conditions intended to reduce V3** to V. Charge neu-
trality arguments, however, only require that compen-
sating M+ charges exist somewhere in the crystal, not
necessarily in a next-neighbor site.

VIII. CONCLUSIONS

A vanadium ion in a 3d? configuration has been identi-
fied in single crystals of ZnO by the EPR method. The
spin-Hamiltonian parameters were accurately deter-
mined. These parameters were interpreted using an
electrostatic model and the weak-field coupling scheme.
A model in which V3 is substitutional for a Zn atom
and is surrounded by four oxygen atoms was found to
give good agreement with experimental results. Our
model agrees with the most recently determined atomic
distances in ZnO7 in which one of the oxygen-vanadium
distances is slightly elongated. The analysis of the EPR
data does not preclude that this V3* center may be
thermally stabilized by an associated monovalent
metal ion.
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