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Optical spectra and structural data of mixed crystals Cu,Zn,_,Cr,0,, Ni,Zn;_,Cr,0,, and Cu,_,Ni,
Cr,0, are reported. The optical results are used as a probe characterizing the d-contributions to the
Cu~0 bonds. The cooperative Jahn-Teller forces are analyzed, extending the statistical model by
Wojtowicz 1o the tetrahedral sublattice., Thermodynamical and optical data are used to estimate the
corresponding cooperative strain energies. A microscopic bonding model is proposed which is based
on the bonding properties of the oxygen ligands with respect to Cu®* due to the presence of the
‘““contrapolarizing’ Cr* cations. This concept makes it possible to understand the enhancement of
the local Jahn-Teller distortions with increasing cooperativeness. © 1993 Academic Press, Inc.

1. Iniroduction

The structural phase transitions in spi-
nels MCr,O, (M = Cu?*, Ni’*) and mixed
crystals Cu,_ Ni Cr,0,, with a normal cat-
ion distribution (Cu** and Ni** occupying
exclusively tetrahedral sites), have been
studied both structurally (/-4 and more
recently 5) and by optical spectroscopy (6,
7). It is generally accepted that the ob-
served distortions of the MO, tetrahedra
are due to Jahn-Teller (JT) forces opera-
tive in the unit cell. According to the JT
theorem, the electronic 2Ty(a *7T,) ground
states of Cu** (Ni**) in tetrahedral coordi-
nation are geometrically unstable. Their
coupling to the normal e-mode in T,sym-
metry lifts the degeneracy, inducing nonde-
generate ground states of lower energy

* A part of this work has been presented at the X
International Symposium on the Jahn—Teller Effect,
Kishinev, September, 1989,

§ To whom correspondence should be addressed.

and tetragonally compressed {elongated)
geometries for Cu’t (Ni?*).

The cooperative nature of the crystal dis-
tortions in these compounds can be rational-
ized in terms of elastic interactions between
the locally distorted poiyhedra. Statistical
theories of such distortions in spinels (octa-
hedral sites, 811, tetrahedral sites, 12) and
perovskites (/3, /4) demonstrate that in all
cases, where tetragonal structures result
from paraliel alignments of tetragonally dis-
torted polyhedra in a cubic unit cell (fer-
rodistortive arrangement), a single long
range parameter (o) describes the structural
ordering. Phase transitions are expected to
be of first order (latent heat, volume and
lattice parameter discontinuities, lambda
anomalies of the heat capacity). In cases
of E ground states in cubic crystals with
antiferrodistortive order patterns second-
order cubic-to-tetragonal transitions have
been predicted (11).

In the sofar available theories of the coop-
erative JT effect it is assumed that each

0022-4596/93 $5.00
Copyright @ 1693 by Academic Press, Inc.
All rights of repreduction in any form reserved.



2 ATANASOV ET AL.

polyhedron possesses its own local distor-
tion, ground state splitting, and stabilization
energies, which persist in the low-symmetry
phase. The structural phase transitions ap-
pear as a consequence of coupling of local
electronic states to bulk deformations and
optical phonons of the lattice. The results
from optical spectra of many systems (6,
7, 15, 16) demonstrate, however, that large
shifts of the ligand field transitions to higher
or lower energies are observed with increas-
ing concentration of the JT ion in host struc-
tures with interconnected polyhedra. Coop-
erative alignment of distorted polyhedra
leads to phases of lower symmetry below
the transition temperature () with consid-
erably enhanced or reduced local JT distor-
tions,

In spite of the models available, the physi-
cal origin of the large local and crystal dis-
tortions in MCr,0, (M = Cu?" and Ni**) is
far from being well understood. Especially,
the large structural distortions for CuCr,0,
and the high T;- of =900 K are rather sur-
prising in view of the weak direct interac-
tions of the CuQ, tetrahedra, separated from
each other by (non-JT) Cr*" ions. The pres-
ent work tries to contribute to the under-
standing of this phenomenon by looking at
the local M-O (M = Cu’*, Ni**, Cr**)
bonding changes accompanying the phase
transition, In particular, the influence of the
bonding properties of the interconnecting
oxygen ligands on the extent of the local
distortion and their enhancement by the co-
operative strain is analyzed. Thermody-
namic and optical data are used to calculate
the cooperative strain energies. The cooper-
ative JT forces are characterized, extending
the statistical model by Wojtowicz (9) to
the tetrahedral sublattice. The experimental
basis is the spectroscopic data as well as
phase diagrams for the mixed crystal series
Zn,_ M Cr,0,(M = Cu**, Ni**) and Ni, _,
Cu,Cr,0,4 as a function of T and x, which
we report in the following. The optical spec-
tra are used as a probe characterizing the
M-0 bonds in the surrounding of the next
nearest cations (M{OCr,}, moieties) as well.

In a second paper the influence of cooper-
ative JT distortions on the bulk magnetic
properties, such as ordering temperatures,
will be discussed on the basis of susceptibil-
ity data.

11, Experimental Section

FPreparation. Mixed crystals Zn,_,

- M.Cr,0, (M = Cu?*, Ni**) and Cu,_,Ni,

Cr,0, were synthesized by the slow evapo-
ration of mixtures of nitrate solutions with
Ni**,Cu?*,Zn’*,and Cr** in the respective
molar ratios, decomposition of the solid ni-
trates, and subsequent heating of the reac-
tive and thoroughly intermixed oxides. The
mixtures were heated for 15-20 hr at
950-1000°C in flowing oxygen, finely mor-
tared, and sintered again under the same
conditions, but in air. The compounds with
Cu?" concentrations x = 0.9 were heated
at 900°C, because they partly decomposed
(formation of Cu'*) otherwise.

Structural characterization. The mixed
crystals were characterized by X-ray dif-
fractometry and Guinier technique (calibra-
tion by Si and BaF,, respectively) and were
single-phase. The Guinier technique was ap-
plied between 1300 and 150 K.

Optical spectroscopy. Powder reflec-
tance spectra were recorded between 4000
and 25,000 cm~"! and at 298 and 5 K by a
Zeiss PMQ II spectrophotometer (with a
low-temperature accessory}). The re-
flectance data are transformed into log kfs-
values according to the theory of Kubelka
and Munk (k and s: absorption and scatter-
ing coefficient, respectively).

IT1. Results

I. Mixed Crystals Zn,_ Cu Cr,0,

Structural data and ligand field spectra
have been reported for this mixed crystal
series already (6, 7). Figure 1 shows the
phase diagram. The cubic to tetragonal
phase transitions are discontinuous above
x = 0.3 and there is always a temperature
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F1G. 1. Phase line of the tetragonal {¢/a < 1) to cubic
transition for mixed crystals Zn; ,Cu,Cr,0,.

region where the two phases coex-
ist—which is probably caused by the finite
heating or cooling rates. The phase change
of CuCr,0, occurs at 965 + 20 K, somewhat
higher than the value reported in the litera-
ture (T, = 920 K (3)). Some selected ligand
field spectra are depicted in Fig. 2. The d—d
transitions due to tetrahedral Cu®* are
nicely resolved below the charge-transfer
region, which extends down to about 11,000
cm™~'—overlapping the octahedral Cr?* ab-
sorption—and which is responsible for the
dark color of the mixed crystals. The two
bands, observed at 4900 and 8600 cm ! for
x = 1.0, shift to lower energies with decreas-
ing Cu’*content as the consequence of a
diminishing influence of cooperative
Jahn-Teller forces (see below). The two
bands have to be assigned to the two sym-
metry-allowed d-d transitions B, — ’E and
A, respectively, in a compressed D, site
(6-7). 2B, and E are the split state of the
tetrahedral 2T, (¢°t,’) ground state, while A,
and B, arise from the excited 2E () state.
The dependence of the band positions on x
(298 K) is depicted in Fig. 3. The first order
nature of the phase transitions becomes ap-
parent also in the abrupt change of the *B,
— 24, band position at the critical concen-
tration of the phase transition (298 K) x =
0.48 (Figs. 1, 2). In this region the transition
becomes asymmetric, indicating a distribu-
tion of Cu?* clusters within the mixed crys-

tal. This is nicely demonstrated by compar-
ing the 298 and 5 K reflectance spectra for
x = 0.43, for example. While the peak at
6400 cm~! is characteristic for a‘‘local’
CuQ, polyhedron that is not embedded in
cooperative Jahn-Teller interactions with
neighboring copper polyhedra, the shoulder
around 7200 cm ™' is due to clusters with a
ferrodistortive order, which are still present
in the cubic phase. The low-temperature
spectrum shows just one band at the posi-
tion of the shoulder-in accordance with the
existence of long-range cooperative order-
ing induced by the cooling below the transi-
tion temperature. At concentrations x > .5
only small higher-energy shifts of the band
positions are observed going from 293 to 35
K. The noticeable width of the 2B, — 24,
band for x = 0.9 at 295 K is presumably
again caused by a cluster distribution.

The ligand field spectra below 11,000
cm™! show no indication that absorptions
other than those of tetrahedral Cu®* are
present. We cannot confirm the finding of
Lenglet et al. (/7) that a small exchange
of Cr** and Cu’* between octahedra and
tetrahedra occurs. The presence of octahe-
dral Cu** would clearly show up in addition
to the tetrahedral bands, as has been dis-
cussed in (%) already and as has been demon-
strated for various Cu®>* doped spinel and
garnet host compounds (/8). It should be
emphasized, however, that a careful prepa-
ration of the mixed crystals is necessary (see
Section II) in order to obtain reproducible
results.

A formal treatment of the interplay be-
tween the local and cooperative Jahn—Teller
cffects in this mixed crystal series is given
in Section IV.

2. Mixed Crystals Zn, Ni Cr,0,

Structural and ligand field data have been
reported already (5, 7) and are discussed
elsewhere with respect to the local and co-
operative Jahn-Teller effects (7). It has
been shown that the local effect is sup-
pressed by configurational mixing with the
excited T, state and LS coupling, and that
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FiG. 2. Ligand field reflectance spectra of mixed crystals Zn,_,Cu,Cr,0,.

only the influence of cooperative interac-
tions leads to small ground state splittings
and distortions. Figure 4 shows the phase
line for the mixed crystal series. The critical
temperature of NiCr,O, for the tetragonal
to cubic phase transition is 7 = 335 K and
decreases rapidly with decreasing Ni** con-
centration. The transition is discontinuous,
The ligand field transitions do not shift sig-
nificantly with x as expected for the weak
cooperative forces (7).

3. Mixed Crystals Cu,  Ni Cr,Oy

The structural behavior of this series is
very interesting, because Jahn-Teller

forces stabilize tetragonally compressed
and elongated tetrahedra in the cases of
Cu?* and Ni?*, respectively. The interplay
between these two diverging tendencies
leads from a tetragonal structure with c/a <
1 to a tetragonal lattice with ¢/a > 1 via an
orthorhombic region with decreasing Cu®"
concentration (19, 5). The corresponding
phase diagram, redetermined by us, is de-
picted in Fig. 5. Compared to the one in (/2)
the phase line for the tetragonal to cubic
phase is shifted to higher temperatures
(vide supra).

The existence of an orthorhombic phase
is e¢xplained as follows. Figures 6a and 6b
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(dashed lines) depict features of the ground
state potential surface of a polyhedron with
a T ground state, which is vibronically cou-
pled with a vibrational £ mode in T, symme-
try (19). The potential surface can be modi-
fied by strains, as imposed on the system
by a unit cell distortion, for example. The
ferrodistortive order of tetragonally com-
pressed CuO, tetrahedra in CuCr,0, (mini-
mum at [80°—Fig. 6a, full curve} is dis-
turbed by the incorporation of Ni** with
increasing x, which imposes a cooperative
strain with the symmetry of ¢ = 120° (or
240°) at higher Ni** concentrations. This
leads to a shift of the Cu?* minimum at 180°
toward 120°, implying an orthorhombic dis-
tortion component {Figs. 6e, 6g). Starting
from NiCr,0, (x = 1.0, ferrodistortive order
of elongated tetrahedra, minimum at
120°—Fig. 6b, full curve) and looking at
Ni%*, the strain imposed on the NiO, tetra-
hedra at ¢ = 180° (or 60°) by the substituting
Cu?* ions shifts the minimum at 120° toward
180° (Figs. 6f, 6h), again inducing an ortho-
rhombic symmetry. The location of the or-
thorhombic phase region at rather high x-
values reflects the much stronger
Jahn-Teller effect of Cu’* compared to
Ni**. A more detailed analysis of the poten-

tial surfaces of CuQ, and NiO, polyhedra in
the presence of cooperative strains and their
significance for the phase diagram (Fig. 5)
is given in Section IV .4,

We can translate the given complex de-
scription into a very simple picture. If Ni**
ions are substituted into CuCr,0,, they will
tend to distort their sites, which are tetrago-
nally compressed by the Cu’* influence, to-
ward an elongation. The easiest way to ac-
complish this is to choose one of the two C,
axes perpendicular to the §, axis of com-
pression, because these are directions of
elongation already. This will necessarily
lead to a D, symmetry.

The phase transitions are discontinuous
up to intermediate and at very high x-values.
They are of second order in the concentra-
tion range of the orthorhombic structure
{0.70 < x << 0.90), and changes of the unit
cell parameters occur over a wide tempera-
ture range (Fig. 7).

It is immediately apparent from the com-
parison of the phase diagrams in Figs. 1 and
5 that the substitution of Zn’* by Ni?* con-
siderably enhances the critical temperatures
for the transition to the cubic spinel struc-
ture. In contrast to Zn?*, Ni** does not de-
stroy the cooperative forces and supports a
considerable local Jahn~Teller distortion of

T K]
300+
L cubic .
200 4-
Jf
1001 N
i
’
,  tetragonal
;
0 + + X
0 as 10

FIG. 4. Phase line of the tetragonal (¢/a > 1) to cubic
transition for mixed crystals Zn,  Ni.Cr0O,.
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the CuQ, tetrahedra. This is also nicely re-
flected by the ligand field spectra, where the
d—d bands of Cu** and Ni** are observed
side by side (Fig. 8). In particular the transi-
tions *B,— A, () and *,A,— B, (II) of Cu**
and Ni** (D, , assignment: compression and
elongation), respectively, are well resolved.
Transition II for Ni*" always appears be-
tween 8200 and 9000 ¢cm ™! (dependent on x
and T} because of a vanishing local and only
a small cooperative Jahn-Teller contri-
bution.

The energy of the Cu®™ band 1 varies
widely (295 K) from 6600 cm™! (x = 0.95)
to 8600 cm ! (x = 0). The band energies are
higher than those of mixed crystals
Zn,_,Cu, Cr,0, with the same Cu®" concen-
trations (compare Fig. 3), which implies that
the local distortions of the CuQ, polyhedra
are indeed larger than those in the Zn®*
compounds. As expected, Ni>* “‘supports™
a stronger Jahn-Teller distortion of the
CuQ, tetrahedra by the cooperative forces
imposed on the spinel lattice.

Band II and in particular band I shift to
considerably higher energies with decreas-
ing temperature (Fig. 8). The presumable

reason is the “‘freezing-in"’ of dynamic dis-
tortion components into local orthorhombic
polyhedra deformations at low tempera-
tures, which become cooperative in the re-
gion x = 0.82 + 0.12 at 5 K {extrapolation
from Fig. 5). The band shift to higher ener-
gies is due to the additional cooperative
Jahn-Teller contributions, which are in-
duced by the orthorhombic unit cell distor-
tions and which increase with decreasing
temperature (Fig. 7). Unfortunately the
transition between the split states of the tet-
rahedral 2T, parent ground term lies below
4000 cm ! and is not detectable in the acces-
sible spectral region above x = (.2,

IV. The Origin of the Cooperative
Jahn-Teller Effect in Spinel Mixed
Crystals M, Zn,_ Cr,0, (M = Cu?*, Ni¥)

1. The Statistical Model of Woitowitz for
Tetrahedral Sites

In a normal spinel AB,Q, (A2* (B**) ions
occupying T, (D,,) sites) the A2* lattice can
be subdivided into two interpenetrating non-
equivalent face-centered cubic lattices 1 and
2. A cation of any one of these sublattices
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is tetrahedrally surrounded by four cations
from the other one. In the presence of a
static distortion of each tetrahedron in the
cubic lattice, with a statistical distribution
of the §, axes along the unit cell directions,
two interaction potentials between neigh-
boring JT centers V,, and V|, can be defined,
refering to mutually parallel and perpendic-
ular orientations of the §, axes, respec-
tively. Since the JT ions are interconnected
by O-B-0 bridges, there will be distinct
elastic and electronic contributions to Vy,
and V|, from the non-JT ions, modifying the
Cu-0 bonds and influencing the effective
coupling between neighboring JT centers in
dependence on the Cu’* (Ni**) concen-
tration.

The configurational energy (T = O K) is
given by

H=pV, +4qVy (N

where p and g are the total number of near-
est neighbor contacts contributing to V,, and
Vi, respectively. For a distribution of §,
axes given by the occupation variables N =
Ny, Ny (v = x, y, 2) the probability of an
5% orientation of a site of sublattice 2 is
N3/(N/2). The number of pairs with the S,
axes parallel to x is then ZNINI/(N/2) (Z:
coordination number of each site with re-
spect to the others (Z = 4)). It follows that

p = (8/N) X, (N N3), (2)

q=8/IN) >, (Ny Ny + NV N3).

v

The determination of the equilibrium values
of N is considerably simplified by the fact
that all configurations can be expressed in
terms of a single long-range parameter (for
N¥=NYwithi=1,2):

o=(N:t - NDIN/Z), i=1,2. 3
Since 2N? = N/2 one obtains
Nf=N!=N(1 - a)6
Ni= M1 + 206, )
The substitution into Eqs. (2) and (1) yields

p=@NU +20%), g=@ENI1—-0o?)

(3)
H= %)N(V“ + 2V|2) + (%)Uz(vn - V]z).

(6)
Introducing thermal populations of excited
state configurations and applying a theory

described elsewhere (/9) results in the ex-
pression for the free energy

Ho) - FO) _
W“‘ (1 —0')1[1(1 - 0')

2
+ @)+ 20)In(l + 20) —;—J (7)
with the free energy of the cubic phase
F(0)= —kTIn3 + QN (V,, + 2V (8)

and the reduced temperature

o T KT
RO A T
It can be seen by comparison with earlier
results (JT ions in octahedral sites (9)) that
Flo) and J are smaller by a factor of 2. The
equilibrium values of ¢ at any temperature
are obtained by minimizing F(o) with re-
spect to ¢ at constant J,

1+2“=exp(9), 0=o<1 (10)

9

-0 J

which is the same result as for the octahedral
case, but with the mentioned difference in
the reduced temperature. The critical tem-
perature for the phase transition is derived
by setting F(o) = F(0) in Eq. (7) and making
use of Eq. (10). The conditions refiect the
usual requirement for the coexistence of two
phases (cubic and tetragonat) at a finite o,
yielding & = (}) at the phase transition and,
after substitution into Eq. (9), also the re-
duced temperature at the phase transition

J.=1(41n2) = 0.3607. (11)

Above J_ only the cubic phase is stable,
while below J_ the tetragonal phase (o > 1)
is observed. The temperature dependence
of the lattice parameters can be obtained if
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following concentration-dependent strain coefficients, originating from cooperative Jahn-Teller inter-
actions, were used (see Eq. (28) for definitions): S¢, wy = — 27001700} cm ™' A~'.(a) Local Jahn-Teller
distortion of CuQ, tetrahedra without (p,, = 0.26 A, dashed curve) and with (py = 0.42 A, solid curve)
cooperative strain. (b) Local distortion of the NiO, tetrahedra without (p;, = 0, dashed line) and with
strain (p, = 0.26 A, solid line). (¢ (d)) Local distortion of the CuQ, (NiO,) tetrahedra at x = 0.99
{0.20); the symmetrical orthorhombic minima indicate tetragonal geometries in the dynamical average.
{e—=h) Distortions of the CuQ, (left) and NiQ, polyhedra (right) at x = 0.70 and x = 0.85.

proportionality between the average tetrag-
onal unit cell parameters a, ¢ and the mean
lengths of the tetrahedral distortion axes
parallel and perpendicular to S, is as-
sumed,

c_3+@x-Dd+20)
a 3+(-D({-o)

=+ (y - No

where y is the ¢c/faratioat T = 0 K.

(12)
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Equations (9)—(12) are used in connection For mixed crystals M,Zn,_.Cr,0, the

with the optical spectra to get information thermedynamic equations (7), (9), (11), and
about the bonding in the JT polyhedra and (12) retain their validity, but the ordering

how it is influenced by the cooperativity. parametler o and the transition temperature
x = 0.85 x= 0.87
— 385K: a=8319A — 275K a=832 A
78K — BEK-F — :
: a=8277A/c-8397A
— 350K - 0=B35pAic=B22A 350K - a-827;A/c: 839
313K -
— 323K : 0=8413A/b=-8.303A
c:8185A 27K-
— 270K : q=B4GA/b=B30pA
c=B183A - 125K . a=852,A/b=825;7
c=816gA
At /N
7 131 113 131 113
Bragg angla

F1G. 7. The cubic to tetragonal to orthorhombic phase changes (Guinier diagrams; (311) reflections)
for mixed crystals Cu;. Ni,CryO, (x = 0.85 left, 0.87 right).
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J. are claimed to be multiplied by x (see next
sections, however).

2. Cooperative Strain Energies in Mixed
Crystals Zn,_ M, Cr,0,

In this section we describe an approach
that makes it possible to determine coopera-
tive strain energies (S) and geometric distor-
tions (p), making a combined use of spectro-
scopic and thermodynamic data. Let us
consider mixed crystals Zn,_ M, Cr,0, (M:
Cu?*, NiZ*). The oxygen ligands in the spi-
nel structure are involved in four pseudotet-

rahedral o-bonds (to one Cu’+ and three
Cr’*). Hence m-bonding contributions to
the Cu-0O bond may be neglected in first
order. The following transition energies
result,
AE(B,—'E) = () V|
AECB,—A) = [VEp| + A,

[

(13)

where p is the radial JT distortion pa-

rameter,
p = Q¢ = R |26, — 26, (14)

26 is the angle bisected by the §, axis
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[26, = 109.47°], |V the (effective) linear
vibronic constant (7), and A, the cubic ligand
field splitting. Using Eq. (13) and the ob-
served transition energies (M = Cu**, Fig.
3) we obtain A, and |V} as a function of
x (x > 0.45; in cm™):

|Velip] = 750 + 2500 x,

|A,| = 4750 + 650 x. (15)
While A, shows minor variations with x, re-
flecting the slightly larger ionic radius of
Zn** compared to Cu?* and hence the corre-
sponding matrix effect, the tetragonal ligand
field |V ¢Tp| increases significantly due to co-
operative forces. The influence of the fer-
rodistortive ordering of compressed (elon-
gated) tetrahedra with §, axes along the z
(x) direction on the energy levels of Cu®t
(Ni?*) can be accounted for formally by a
diagonal matrix H_ (7, 20),

T,¢[T\a): 3)Sp cos o, [—S.pcos (v, — 1207)]

TlT\Bl: 1S p cos ¢, [15.p cos (o, — 1207)]
(16)
LllTyy]: ~Scpcos ¢

[(2)S:p cos (g, — 120°)],

with the definitions S, < 0 (8. > 0) and fixing
the absolute minima at the positions ¢, =
180° (p; = 120°). The strain energics S.p
(S.p) reflect the cooperative interactions of
a given IT center with other distorted cen-
ters of the same kind. It is to be emphasized
that these energies are proportional to the
radial distortion parameter. This implies
that the local Jahn-Teller distortion may de-
pend on the strength of the cooperative in-
teractions—as is indeed experimentally
found. Making use of the models by Woj-
towicz for tetrahedral sites (Section IV.1)
and of Kanamori (/2), one can connect the
strain energy |S.|p (Eq. (16)) with the pair
energy vV, — V), and the critical tempera-
ture T,

(Vlz - V“)IIkTC = ln 2 (173)

1S (Dp(x) = 8(V, — V3 (17b)
kT, = (3/81In2)|S.(x)p(x)  (17¢)

where x denotes the Cu®* or Ni?* concen-
tration in the Zn** matrix (substitution of
S. by §.for Ni?*). From the phase transition
temperature, T, (x = 1) = 965 K (Fig. 1),
one gets |Sp = 1200 cm~'. Considering
Ve as a sum of local V, and cooperative
contributions S,, |V = |V,| + |S,. one
calculates V, = —4700 cm™' A~'and §, =
—2700 em ™" A~" from the radial distortion
parameter p = 0.44 A and by using Eq. (13).
Since higher order vibronic coupling is com-
paratively small and the local force con-
stant, by definition (see below), does not
vary with x, we may estimate the radial IT
distortion parameter p as a function of the
concentration x,

p(x) = (Vo(x) — [SloCpV, (18)

where |V<Tp(x) is taken from the optical
spectrum (Eq. (13)) and |S.(x)|p(x) is calcu-
lated from the critical temperatures (Eq.
(17c)}. Figure 9 illustrates the x-dependence
of pand 5_. p(x) increases with x, indicating
that the local Jahn-Teller distortion is sig-
nificantly enhanced by the cooperativity,
but in a nonlinear fashion. S_(x} seem to be
linearly dependent on x in first approxima-
tion. The extrapolation indicates that §.(x)
becomes zero at x = 0.1 (at O K). Recall
that the effective force constant of the
Jahn-Teller active £ mode is

K, = |Vg(0)|/p(x). (19)

K. is also accessible in dependence on x. It
is found to be constant within the error limits
(16,700 = 850 cm™"' A~2). The derived vi-
bronic parameters V., S., and K, are very
similar to those calculated by a different ap-
proach and on the basis of slightly differing
experimental data (7).

Combining Eqs. (9) and (10), the ordering
parameters result as a function of x, with
T.(x) and J{x) taken from the experiment.
Then Eq. (12) makes it possible to calculate
the c/a ratios as functions of x, which are
in good agreement with the experimental
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FiG. 9. The dependence of p and S, on the Cu**
concentration in mixed crystals Zn,_,Cu,Cr,0,.

values (6). If the ¢/a values are calculated
assuming T.(x) = x - T, (Section IV, 1), the
extrapolated c/a ratio for x = | is much
larger than the experimental one, reflecting
again the increase of the local p parameter
with increasing Cu’* concentration.

The radial distortion parameter is about
p = 0.33 A at the phase transition (x = 0.47,
298 K) in the cooperative region and drops
to p = 0.28 A passing T,.

Analogous considerations are valid for
Zn,_,Ni,Cr,0, mixed crystals, though the
effects are considerably less pronounced
due to the smaller V (x) and S/ (x) values (7).

3. The Origin of the Enhancement of the
Local Jahn—Teller Distortion by

Cooperative Interactions—A Microscopic
Bonding Model

The enhancement of the ground state
splitting and of the local Jahn-Teller distor-
tion with increasing x in mixed crystals
Zn, .M ,Cr,0, (M: Cu®**, Ni*") can be un-
derstood by the following microscopic
bonding model. Figure 10 illustrates the
pseudotetrahedral cationic coordination of
the spinel oxygen atoms and how the elastic
and electronic interactions between the tet-
rahedra are¢ mediated by interconnecting

o.M”
®.Cr
0.0

F1G. 10. Sections from the spinel structure: the bridging geometry between two tetrahedral M+
ions ((OMO,Cr0;MQ) cluster, left) and the coordination geometry of oxygen with respect to M+
and Cr** in the cubic structure with an ideal oxygen positional parameter (right).
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TABLE 1
BoND ANGLES (°) AND DiSTANCES (A) IN SPINELS M(Cry0,

13

M

28 R(M-0) ay a, a, Ay o, oy,
Cu 122.4 1.94 2.055 1.995 1.99 97 91.5 93
Ni 102.4 1.93 1.995 1.995 1.98 92.5 92.5 95.5
Zn 109.5 1.96 1.995 95

Note. 28: O-M-0 angle along the S, axis; a; (i = y, x, z); Cr-0 spacings; for orientation see Fig. 11. Data

derived from the positional parameters in (/) (M = Cu?*, 298 K) and (2) (M = Ni**, 77 K).

O—Cr-0O bridges. In the cubic lattice the
oxygen coordination is described by three
Cr’** ions with identical spacings and CrOCr
angles a = 90° (ZnCr,0, for example; Table
D) and one M** ion, inducing three M—O-Cr
angles of equal magnitude. In the tetragonal
unit celt of CuCr,0, the coordination geom-
etry of the oxygen ligands has considerably
changed, as is shown in Fig. 11 for the extre-
mal case of a tetragonal compression of the
CuQ, tetrahedra with 26 = 180° (square-
planar arrangement).

The o-bonding in the reverse direction of
the Cu-0 bond in the cubic phase (projec-
tion of the three Cr-0O bond lengths a on
this direction: 3a cos? 54.7; = a—Fig. 10)
changes to a situation where only two Cr-0O
bonds contribute to the o-bonding along this

M2

FiG. 11. The oxygen coordination in a tetragonal
spinel for the extremal case of square-planar CuQ,
polyhedra (the shortest-distance Cr’* is positioned on
the z-axis perpendicular to the figure plane).

reverse direction (cos® 45° (a, + a,) =
i(a, + a))), while the third Cr-O bond is
orthogonal to the xy-plane (Fig. 11). The
“‘o-contrapolarizing” power of the three
Cr** ions on the Cu—O bonds is greater in
the cubic phase, because the Cr-O bond
length a in ZnCr,0O, is smaller than ¥(a, +
a,) (Table I). We propose that it is the corre-
sponding strengthening of the Cu-0O
bond—going from the cubic to the tetrago-
nal phase—which provides the driving force
for the enhanced ground state splitting and
local distortion of the CuQ, tetrahedra. Two
approaches demonstrate that this kind of
microscopic model can indeed account for
the experimental findings. A similar consid-
eration for octahedral Cu®** in perovskite-
type model compounds gives even more
convincing evidence for the validity of such
a concept (27).

In the spinel lattice every CuQ, tetrahe-
dron is elastically and electronically coupled
to four other tetrahedra via eight CrQ, octa-
hedra, as may be deduced from the cluster
in Fig. 10 (left) by geometric extension. For
the mentioned cluster we hence have the
following expression for the elastic and elec-
tronic energy, if it undergoes local and coop-
crative vibronic coupling:

=1K(05 + 47)
+1K(Q* + Q7+ 0"+ 0"
= [Vel(Qy + o)
—uQytg)(Q+Q + 0"+ Q).
Here Q,. g, and Q, @', 0", Q" refer to the

(20
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involved CuO, and CrO, polyhedra, respec-
tively. v is the second order coupling con-
stant for the interaction in the (OCu0,Cr,0,
CuO) cluster. Q accounts for the Cr-O bond
length changes induced by the cooperative
unit cell distortion and can be estimated
from the deviations &a from the mean
Cr~0 spacings,

|8a,| + |8a,| + |3a,

2

Q \/5( ), 21)
where x, y, z stand for the intermediate,
long, and short Cr—O bond lengths (Figs.
10, 11; Table I) and Q° = 0.093 A and =0.023
A, for CuCr,Q4 and NiCr,0,, respectively.
Minimizing Eq. (20) with respect to @ and
(4 yields .

b= KQ°NQy + q5) (22a)
0y=(V, + @YK, (22b)

With p = 0.44 A, ¢ = 180°, and the derived
V. and K, vibronic constants (Section I1V.2)
one obtains v = —7000 cm ™! A~Z and K =
66,000 cm~' A-2 for CuCr,0,. The latter
value is in excellent agreement with re-
ported vibrational data for the Cr—O bond
(22). For NiCr,0,—using the vibronic con-
stants and distortion parameters in (7)—the
cooperative coupling constant is apprecia-
bly smaller with v = 3150 cm™'A~2.

If we interpret the cooperative energy
4pQ° in Eq. (22b) as bheing exclusively
caused by electronic effects mediated by the
ligands, we obtain the equality

S, = 4v0°. (23)

The calculated cooperative strain constant
for CuCr,0, is 8§, = —2600 cm™' A~', in
excellent agreement with the value deduced
from the optical data (Section 1V.2: —2700
em~! A", The $, value for NiCr,0, (=300
cm~! A-1), however, is much smaller than
the estimate in (7) (1550 cm ™' A-1).

The influence of the M,—C overlap on the
M,—0O bond in a linear M,—0O-M, moiety can
be studied using the Angular Overlap Model
(AOM) (23). If a & orbital on M, interferes
with the p -orbital on oxygen, the o-anti-

bonding effect of this interaction can be ap-
proximated by perturbation theory in the
AOM as

e,=h W,

pdo

(24)

where b, is the transfer integral (energy of

d-p overlap), W the L — M charge transfer

energy, and ¢, the relevant AOM parame-

ter. If a second metal ion M, is bonded to

the same oxygen orbital in the opposite di-

rection (with the AOM parameter e =
nio! W'), €, is reduced by

(25)

The loss in the M;—0O bond strength will be
smaller if the M,—O interaction is dimin-
ished—by a growing M,-O spacing and
hence a lowered e, value, for example
(e, — Ae;)—by the amount

Ae,= —ejelt (t=(W + W)WW).

o

Aeb = e, Ae)t. (25a)

The ground state energies of Cu?" in tetra-
hedral coordination and in a square-planar
geometry, as well as the energy gain going
from 7T, to D,,, are as follows (o contribu-
tions neglected) if different e, parameters
for the Cr—O overlap with the oxygenp, , p,,
and p, orbitals—due to different spacings
(Table I)—and hence differing AOM param-
eters for Cu** (el ;i = x = z, ¥} are chosen
(Figs. 10, 11):

E(sz, Td) = *%eﬂ,
(26)
ECB,,Dy) = —3 (el + e}).
The energy difference is
AE(T,— D)= —f(llel® + 19¢¥)

if the relation ¢, = % (2e}* + ¢3) is taken
into account. The comparison with the cor-
responding energy gain AE_, where the
Cr-0 spacings are identical in the D,, geom-
etry also, yields

AE, — AE. = —} (e} — €59

27

= _%860'!

where the difference between e, (=e¢, +
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28e ) and ey (=e, — Be,) is 3 Ge,. Hence,
in the considered case of extremal tetrago-
nal compression (T, — Dy}, 3 8e, can be
directly correlated with the energy contribu-
tion AeS in Eq. (25a), and also with |S,|p,
where S_ is of the magnitude 4v(0° (Eq. (23)).

Concluding, we may state that the physi-
cal origin of the increase of the local distor-
tion with increasing M?* concentration in
mixed crystals Zn, ,MxCr,0, is most likely
an increase of the M-0 o-bond strength.
The increase is induced by the anisotropy
in the spacings of the three Cr** jons bonded
to each oxygen ligand.

4. The Cooperative Strain in Mixed
Crystals Cu,_,Ni Cr,0,

The ground state potential surfaces of
Cu?* and Ni** in mixed crystals Cu,_,Ni,
Cr,0, with tetragonal and orthorhombic unit
cells are determined by the individual vi-
bronic coupling constants Vy;, V, and by
the strain parameters 8§, . Sy;, which reflect
the unit cell distortions due to the coopera-
tive ordering of the CuQ, and NiO, polyhe-
dra. According to the phase diagrams in
Figs. 1, 4 and to the §. — x dependence in
Fig. 9 we may assume, that S, and S§; van-
ish at x = 0.9 and x = 0.5, respectively, and
depend linearly on x. We can now define
the concentration dependence of the
strain parameters:

Seux) =81 — 1.1x) for0=x=0.9
Sl =82 — 1) for0.5=x=<1.0
(28)

Scu and Sy; have the magnitudes —2700 and
1700 cm~! A~!, respectively. The vibronic
energies for Cu’* and Ni?* are now

& pl — (Vg + Sk cos (¢ — 120)
+ (2) SGy c0s ¢]
T pl— Ve, cos (e — 240) + ()SE, cos ¢
— (3)S%; cos (@ — 120)]
Llpl= (Vg + S&)cos e
— (D% cos (p — 120)]

Tz p'[— (Vg + 8% cos (¢’ — 120)
- B8, cos '] (29)
T\B8: p'[—Vyicos (¢’ — 240)
+ (§)Skicos (¢ — 120) — (5S¢, cos ¢')
Tyy:p'[—(Vy
+ St cos ¢’ + (DS cos (¢ — 120)].

Here p, ¢ (o', ') refer to the local distortion
of the CuQ, (Ni0,) tetrahedra. After the ad-
dition of the restoring force energies 3K, p?
{p'?) and minimization of the 7,{ and T,«
energies with respect to p, ¢ (p', ¢’') one
finds

clg @y,
= {4V, + S8 — SR V3 Sy
P = Ve, + SE) cos ¢
+ 3.5%; cos (¢ — 120°91/K,

(30a)}

cigen = —{Va + St — S&HV3 (30
(Vni + St

P = (Vi + S%) cos (120° — ¢')
+ 4 8¢, cos ¢'VK,.

The values of ¢°, reflecting the symmetry
of the lattice distertions (T = 0 K), are ob-
tained by minimizing the sum of the ground
state energies for Cu?™ and Ni?*, weighted
by the respective concentration x:

E=(1 - 0ETY + xETw). Gl
The result is
ctg ¢f, = \/ii(zA ), G2

with
A={{l - x}(V, + 855,
+ 3 858V + SR + 4 S5t

The dependence of ¢, o). ¢5 on x is
depicted in Fig. 12. The region 0.5 = x =
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TABLE Il

DISTORTION PARAMETERS p,, ¢ (Cult) anD pi, ¢l (Ni**) (A, ©) FOR THE ABSOLUTE MINIMA OF THE
GROUND STATE POTENTIAL SURFACE oF Cu_,Ni Cr,0,.

Cu Ni

x P Pm Eq, AE, Pm Pn En AEq
0.2 0.39 180 ~1297 697° 0.14 151,209 — 545 5
0.5 0.32 180 -992 392° 0.11 148,212 — 487 4
0.6 0.30 178 -931 3314 0.16 130 — 498 48¢
0.7 0.29 176 —876 276 0.19 125 -527 77
0.85 0.26 172 —805 206¢ 0.23 121 - 595 145
0.90 0.25 171 —786 186° 0.24 120 —-622 171
0.95 0.26 70,170 - 801 201 0.25 120 - 661 2110
0.99 0.25 70,170 -810 180 0.25 120 - 693 2434

Note. The ground state stabilization energies £, (£,) and the energy barriers AL, (AE}) connecting the two
lowest minima are also given (cm™'). The parameter values are those of Fig. 6.
9 In these cases values refer to the lowest energy barrier occurring at p = 0.

0.9 should approximately reflect the exten-
sion of the orthorhombic phase at 0 K (Fig.
5). The calculated ¢, and ¢, angles for x =
0.5 are misleading in so far as the ortho-
thombic distortion component for Ni** is
dynamic. This is clearly demonstrated by
the very flat potential energy surfaces of
Ni2* with energy-barriers below the zero-
point vibrational energy (Fig. 6d, Table 1I).
Thus the structurally evident ¢/, and
o5 -values are 180°, corresponding to tetrag-
onal unit cells with ¢/a < 1. A similar situa-
tion is expected to occur for Cu* at =0.9,
where the strain from the ferrodistortively
ordered compressed NiQ, tetrahedra again
generates a symmetrical double minimum
potential, as shown in Fig. 6¢c. This also
implies a dynamic situation for symmetry
reasons, though the energy barrier is around
250 cm™! - ¢, and ¢& would be 120° in
accord with the ¢/a > 1 unit cell deforma-
tion. The saddlepoints at p, (Fig. 6) are
mostly not the lowest energy barriers, which
occur at p = 0 (Table iI). One should also
note that the results summarized in Fig. 6
and Table 2 are obtained by including LS-
coupling, in contrast to those in Fig. 12.
In the concentration region 0.5 < x < 0.9
the Cu®* and Ni?* polyhedra are under the
influence of strains originating from the co-

operativity of both Ni** and Cu?*. This re-
duces the local symmetry of the CuQ, and
the NiQ, tetrahedra to orthorhombic (T =
O K). Analyzing specifically the potential
surfaces at x = 0.70 and 0.85, one can argue
that there is a strong delocalization for the
CuO, as well as for the NiO, tetrahedra even
within the lowest vibronic levels, because
the energy barriers between the two minima
are rather low (Figs. 6e—6h; Table 1I). For
x = 0.7 a situatjon arises where the dynamic
delocalization of the vibronic states over the
two minima of Ni** implies an effective
¥ value rather near to 180°. A similar ¢,
value is expected for Cu?*, and hence the
effective ¢, parameter is of the same magni-
tude. Similarly, in the case of x = 0.85,
effective ¢, and ¢}, parameters rather close
to 120° should resuit from the partial vi-
bronic averaging. Thus the phase transition
is expected to lead to a tetragonal phase
with ¢/a > 1 at higher temperatures. This
situation corresponds to the X-ray results
for x = 0.87 (Fig. 7). Apparently our calcula-
tions do not reproduce the x-values exactly.

The latter considerations indicate that
there is apparently an extensive vibronic de-
localization present, which makes the geom-
etry of the NiO, and CuQ, polyhedra nearly
equal. A more complete vibronic calcula-
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FiG. 12. The dependence of the angular distortion
parameters ¢ on x for mixed crystals Cu;_,Ni,Cr;,0;,
wp and ¢, and ¢f, refer to the CuQ, and NiQy polyhedra
and to the averaged distortion of the tetrahedral sites,
reflecting the unit cell distortion at ¢ K. Parameters
as in Fig. 6, but without spin—orbit coupling. Anguiar
values refer 10 the positions of the lowest minima {(see
Fig. 6), without taking vibronic delocalization effects
into account (see text).

tion, following the one for Cu?** doped
Ba,ZnF, (24) and taking the vibronic struc-
ture of the ground state potential surfaces
into account, is in progress. A temperature
dependent  neutron-diffraction  powder
study for the mixed crystal with x = 0.87 is
currenily being performed, and the pres-
sure-dependence of the orthorhombic dis-
tortion will also be investigated.

Figure 12 depicts the static features of the
ground state potential surfaces, taking into
account the interplay between local and co-
operative Jahn—Teller coupling. If the re-
sults are compared with the experiment,
electronic and vibrational delocalization ef-
fects are apparently very significant.
Though the presented results do not reflect
the experimental data quantitatively, they
reveal that dynamic contributions are of cru-
cial importance. This aspect has not been
considered and discussed in literature so far.
The ¢, versus x dependence in Fig. 12 is

similar to that obtained by Kataoka and Ka-
namori (/2), who presented a first analysis
of the phase lines of mixed crystals Cu,_,
Ni, Cr,0,. Their model with respect to the
tetragonal-to-orthorhombic phase transition
is based on a statical disorder of tetragonally
compressed CuQ), and tetragonally elon-
gated NiO, tetrahedra of D,, symmetry,
however, with p(p’) values independent on
x. For the tetragonal region with c¢/a < 1
they assume that random local strains force
the §, axes of the clongated NiQ, tetrahedra
to orient statistically parallel to the x- and
y-directions—a situation which is also fa-
vored by entropy. These assumptions are
not very realistic, however, because the lat-
tice would have to tolerate local distortions
of very different symmetry and extent.

Summarizing, one may state that the vi-
bronic model proposed readily explains that
orthorhombic unit ceil distortions only oc-
cur in a certain concentration range. The
NiQ, tetrahedra adopt the compressed ge-
ometry of the CuQ, polyhedraat x = 0.5, the
deviations from D, toward an orthorhombic
D, symmetry being of dynamic nature. Simi-
larly the CuQ, tetrahedra are tetragonally
elongated at x = 0.9. In the central part of
the orthorhombic region around x = (.85
the shapes of the potential surfaces for Cu®*
and Ni#*, respectively, are such that the
dynamics in the zero-point vibronic states
seems to create local distortions with ¢, =
om = o = 150° (Fig. 7, x = 0.85).

V. Concluding Remarks

The purpose of the first part of this contri-
bution was firstly to present a model which
explains the increasing electronic ground
state stabilization of Cu?" and Ni** in the
tetrahedral sites of the spinel structure with
increasing concentration of the Jahn—Teller
cations in terms of a microscopic bonding
picture on the basis of structural results and
data from optical spectra. Second, the ge-
ometries of the MO, tetrahedra (M: Cu®*,
Ni?*) in mixed crystals Cu,_Ni,Cr,Q, in
the tetragonal and orthorhombic regions
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have been analyzed, considering the possi-
bility of dynamic Jahn-Teller contributions
to the local distortions.

In a second part, EPR and magnetic data
of the considered spinel mixed crystals will
be presented.
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