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Reinvestigation of the Jahn—Teller distortion of the copper ferrospinel has established that the critical
number of octahedral-site Cu?* ions per formula unit for a cooperative distortion to tetragonal symme-
try at room temperature is ca 0.8. Several anomalies associated with the tetragonal—cubic transition
have been noted in the literature; these anomalies are shown to reflect not only a tendency for
segregation into Cu-rich and Cu-poor regions in the neighborhood of T;, but also a quenching in of
both tetrahedral-site Cu?* and oxygen vacancies on rapid cooling. The intersite exchange Cui* + Fe}*
= Cu}' + Fe}' to reestablish equilibrium becomes facile near 250°C; reoxidation becomes facile near
325°C. This temperature resolution of the two processes in quenched samples is reflected in the
temperature variation of the c/a ratio and the electrical resistance below T:; these variations can be
interpreted in terms of variations in the octahedral-site Cu?* concentration and the associated splitting

of the Fej* and Cuj energies.

Introduction

The copper ferrospinel Cu;_,Fe;+,04 (0
= 0.04), originally believed to have the
nominal composition CuFe,0,, is tetrago-
nal at room temperature if annealed in air
below 760°C before cooling (I, 2). At equi-
librium in air, a tetragonal—-cubic transition
occurs at T; = 400°C; but as normally pre-
pared by ceramic techniques, a lower T, is
found. For example, associated anomalies
in the temperature dependence of the mag-
netization (3), the permeability (4), and the
specific heat (5) have all been reported near
360°C.

Recognition (6—8) that the tetragonal dis-
tortion is due to a cooperative Jahn-Teller
distortion that is driven by the octahedral-
site Cu?* ions has led to a number of experi-
mental and theoretical investigations of this
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phenomenon. In copper ferrospinel, four
factors complicate the problem.

(i) As recognized early by Néel (9), cop-
per ferrite is a ‘‘mixed’’ spinel containing
Cu on both tetrahedral (A) and octahedral
(B) sites of the structure, so the distribu-
tion of Cu atoms between A and B sites is
temperature-dependent. Moreover, non-
equilibrium Cu-atom distributions can be
quenched in at room temperature.
Pauthenet and Bochirol (/0) applied this
idea to nominal CuFe;04 in an attempt to
account for the dependence of the magnetic
anomaly, first observed by Takei (3), on the
sample history.

(ii) The T, for a cooperative Jahn—Teller
distortion drops off rapidly with decreasing
concentration of Jahn—Teller ions as a criti-
cal concentration for cooperativity is ap-
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proached. Studies made on cooperative
Jahn-Teller distortions in spinels contain-
ing B-site Mn** ions have established a crit-
ical number of B-site Mn?* ions per formula
unit that varies with different counter cat-
ions from 0.9 to 1.3 (/I). Moreover, it has
also been shown that in the neighborhood
of the critical concentration, a local segre-
gation into Mn-rich and Mn-poor regions
can be induced by annealing just above T
(12).

(iii) Stoichiometric CuFe,O, cannot be
made by conventional high-temperature
techniques; it always contains CuQ as a
second phase (13, I4). As normally pre-
pared, the maximum copper concentration
in the spinel system Cu,_,Fe;;,04 corre-
sponds to n = 0.04 = 0.01 (I5).

(iv) The oxygen content of copper fer-
rospinel varies with the partial pressure of
oxygen and the temperature (16-18). If the
oxygen deficiency is present as oxygen va-
cancies, then the general chemical formula
for copper ferrospinel becomes

CuxFel—x [Fel+'r]+xcul—n—x]04—5’ (1)

where the cations in brackets are in octahe-
dral (B) sites and 0.03 < n =< 0.5. In this
paper we have chosen an n = (.06 to ensure
a single-phase spinel near the limit of maxi-
mum copper concentration.

Theoretical work on the variation of x
with temperature (9, 19, 20) prompted
Ohnishi and Teranishi (21) to investigate
the variation of 7, with T, where T, was
obtained on samples heated from room
temperature after being quenched from an
air-anneal temperature 7. For T < 720°C,
their samples were tetragonal at room tem-
perature, but 7; decreased with increasing
T,. A nominal CuFe,O4 with T, = 805°C
was cubic at room temperature. The cubic
sample was heated in air to different in-
termediate temperatures T; < T,, then
quenched from T; to room temperature to
see at what 7; the compound became tetrag-
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onal at room temperature. An anneal at T;
= 450°C for only 5 min transformed the
room-temperature structure to tetragonal
symmetry whereas the structure remained
cubic after 80 hr at 7; = 320°C. From these
experiments and the earlier observations of
anomalous behavior near 360°C, the au-
thors concluded that a Cu/Fe interchange
between A and B sites becomes facile above
360°C. No consideration was given to the
parameters n and 8, which were assumed to
be zero everywhere.

A similar model was used by Stierstadt et
al. (22) to account for the variation in mag-
netic properties with x in nominal CuFe,0y,.
However, they noted that the x dependence
of the Curie temperature 7, was 25 times
larger than that calculated from Néel’s
model of ferrimagnetism. They also showed
‘“aftereffect”’ evidence for cation intersite
migration down to 200°C.

Brabers and Klerk (/5) subsequently re-
ported a lower limit of n = 0.04 for samples
prepared at ca. 900°C; they claimed an n >
0 supported the suggestion of Ohbayashi
and Iida (/8) that the changes with tempera-
ture in the cation-distribution parameter x,
and hence in T (x), are due to changes in
the oxygen parameter &, which increases
with increasing temperature. This sugges-
tion was based on two observations:

(i) Equilibrium for the reaction

Fet + Cu?* = Fe** + Cu* 2

is biased strongly to the right-hand side. -
(i) The Cu* ion has a definite tetrahe-
dral-site preference.

Brabers and Klerk also investigated the
thermal expansion of sintered samples of
Cuy.gsFe; 0404-5 quenched from several air-
anneal temperatures T,. Their samples
were tetragonal at room temperature if
quenched from T, = 800°C. Measurements
were made in air at 2°C/min. Anomalous
responses signaled the presence of three
transition temperatures; they were assigned
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to a T{ associated with the nonequilibrium
value of x obtained by quenching, a T, >
T at which the equilibrium value of x is
reestablished by a Cu/Fe intersite exchange
so that the sample returns to tetragonal
symmetry, and a T, = 400°C corresponding
to the tetragonal-cubic transition tempera-
ture for the equilibrium value of x = x(T) in
air. For this experiment, they assumed that
below 400°C any oxygen mobility would be
too low in sintered samples for & to change
significantly on the time scale of the anoma-
lous response. The role of variable oxygen
parameter with 7, was postulated to change
only the Cu/Fe intersite-exchange tempera-
ture T.x. They suggested that where a T, <
T, occurred, there should be a tetragonal-
cubic transition at 7, followed by a cubic—
tetragonal transition at T., and then by a
tetragonal—-cubic transition at T,; T, ap-
peared to increase with T, becoming larger
than T; for T, = 800°C.

Recently Murthy et al. (23) used a two-
probe resistivity measurement to monitor
the variation of sample resistance with tem-
perature—for heating and cooling cycles in
air and argon-—on sintered samples of nom-
inal CuFe,0, quenched from different tem-
peratures T,. Their curves exhibit a com-
plexity and atmosphere dependence that
suggest the parameter  may play a more
important role than a simple shifting of T .

On the other hand, Nanba and Kobayashi
(24) reported a simpler resistivity behavior
for a sample with n = 0.104 that had been
quenched from 900°C. For % > 0.1, the
Cu?*-ion concentration turns out to be too
low for a static, cooperative Jahn-Teller
distortion, which is why the resistivity be-
havior is simpler. With four-probe resistiv-
ity and Seebeck measurements, a constant,
positive Seebeck coefficient was found
below 250°C. At higher temperatures, the
Seebeck coefficient showed important
changes with temperature; it became nega-
tive above about 290°C and exhibited two
cusp-like minima at 360°C and at 7.. Rein-
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terpretation of those data is required as the
earlier analysis (24) was based on the as-
sumption that Eq. (2) is biased strongly to
the left.

Previous experiments have used thermal
expansion and resistance as indirect probes
of the complex set of transitions occurring
in quenched samples. We report a direct
measurement of the temperature variation
of 8 and c¢/a with temperature for different
values of T,. In addition, differential scan-
ning calorimetry (DSC) is used to provide
further information on the processes occur-
ring at the different transition tempera-
tures, including also the ferrimagnetic tran-
sition temperature 7. > T,. From
furnace-cooled samples of the system Zn,
Cugos-¢Fe; 04, the c/a ratio at room
temperature is correlated with the B-site
Cu?*-ion concentration, which—with a
knowledge of 8-—allows calculation of the
Cu-distribution parameter x at room tem-
perature. Correlation of these measure-
ments with the previously measured ther-
mal expansion (I5) and resistance (23)
permits four questions to be addressed.

(i) Is there a T,y < T, = 400°C where oxi-
dation becomes facile?

(i) If so, are T,, and T., independent of
each other?

(iii) How does T, and/or T., change with
1.?

(iv) How does the measured resistance
track the several transition temperatures?

Experimental

Conventional high-temperature prepara-
tions in air of nominal Zn;Cu,-¢Fe,0, from
the constituent oxides all resulted in a small
amount of CuO as a second phase. As
noted by others for CuFe,O4 (13-15), a
Cu*-ion concentration is stabilized on the
tetrahedral sites of the spinel structure at
the sintering temperature; any oxidation of
the Cu* to Cu?* on cooling in air does not
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cause an incorporation of the residual CuO
into the spinel phase. On the other hand,
the high-temperature spinel product indi-
cates that a Cu-deficient spinel is stable,
and we were able to prepare single-phase
spinels in the system Zn; Cug g4-cFe; 0604 (0
= ¢ =0.12) from stoichiometric mixtures of
CuO, Fe,;0;, and ZnO. The mixtures were
fired in air at 920°C for 1 day, reground, and
heated again under the same conditions.

Two types of samples for ¢ = 0 were pre-
pared for further studies. One group was
annealed in air for 1 day at various tempera-
tures 7, = 920°C after slow cooling from
920°C and then quenched into liquid N, ; the
other was furnace-cooled to room tempera-
ture in air from 920°C. The latter are desig-
nated 920 N; the former, for example, as
700 Q, where the number refers to the an-
nealing temperature T, in degrees Celsius.

The absolute oxygen contents of selected
samples were determined by weight loss on
heating in H; at 700°C for 12 hr, a procedure
that removes all of the oxygen. The varia-
tions in oxygen content with temperature
and time on heating/cooling in O, and N,
atmospheres were monitored by TGA with
a Perkin—~Elmer 7 series thermal analysis
system. The same system was also used to
obtain the enthalpy changes on heating and
cooling in O, and N, atmospheres by DSC.
The DSC measurements were made with
about 20 mg of fine powder on an Al pan. In
both the TGA and DSC experiments, the
base line—measured under identical condi-
tions—was subtracted from the measured
values.

Room-temperature X-ray powder-dif-
fraction data were obtained with a Philips
diffractometer and CuKa radiation. High-
temperature X-ray measurements were per-
formed with CuKea radiation and a mono-
chromator on a Rigaku diffractometer; the
experiments were carried out in air with a
heating rate of 2°C/min from room tempera-
ture to 450°C. While heating the sample, the
260 range from 40.5 to 45° was scanned cycli-
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FiG. 1. Variation of c¢/a ratio (a) with £ in Zn,
Cug gs-¢Fe, 0604 and (b) with quenching temperature 7,
in CUOA94FCZ.mO4.

cally at a rate of 2°/min in order to monitor
the 400 and 004 reflections, which are par-
ticularly sensitive to the tetragonal c/a ra-
tio. The variations of ¢, a, and hence c/a
with temperature were calculated from the
positions of these two peaks.

Results and Discussion

The room-temperature lattice-parameter
variations with ¢ for the system
Zn;Cug9s-¢Fe; 0604 are shown in Fig. la.
The samples were all furnace-cooled in air,
a procedure that, according to absolute ox-
ygen analysis, gives 8§ = 0 in CuggsFe; o604
We assume it also does so for all £.

The Zn?* ion has a stronger tetrahedral-
site preference than Fe?*™ in the normal
spinel Zn[Fe,]04; we may assume it also
does so in Zn-doped copper ferrite. The
Cu* ion also has a stronger tetrahedral-site
preference than Fe3, but the Cu?* ion does
not. Since the DSC data (see below) shows
that furnace cooling in air is slow enough to
establish the low-temperature equilibrium
distribution of Cu, it followed from Reac
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tion (2) that we may write the chemical for-
mula as

Zn " Cug psFed by—e[Fei o+ Cults-£10s. (3)

From Fig. 1 we obtain a ¢. = 0.08, which
corresponds to a critical number n, = 0.8 of
B-site Cu?* ions per formula unit in this sys-
tem for a cooperative Jahn-Teller distor-
tion to tetragonal symmetry at room tem-
perature.

The sample with £ = 0.09 was two-phase:
cubic and tetragonal. This two-phase region
near n. is due to segregation into Cu-rich
and Cu-poor regions because of the sta-
bilization derived by concentrating Jahn—
Teller ions in an environment where co-
operative elastic coupling—dynamic or
static—with other Jahn-Teller ions can oc-
cur (12). Indeed, furnace-cooled samples
always exhibited a broadening of the reflec-
tions strongly dependent on the c-axis
whereas quenched samples did not, which
rules out inhomogeneities due to insuffi-
cient initial mixing of the oxides.

Figure 1b shows the room-temperature
lattice parameters of CugosFe; 6045 as a
function of T,. The value of 8 was obtained
from the TGA curves of Fig. 2 and an abso-
lute oxygen analysis after furnace cooling
of § = 0. The B-site Cu?*-ion concentration
was derived from the c/a ratio with the help
of Fig. 1a, which gives c/a vs ¢ for furnace-
cooled samples in which 8 = 0 and all the
Cu?* ions are on B sites and all the Cu™ ions
are on A sites.

We take the B-site Cu*-ion population at
room temperature to be equal to that in the
composition ¢ that has the same room-tem-
perature c/a ratio. This procedure is based
on two assumptions: (i) the Zn?* concentra-
tion is too small to influence appreciably
the magnitude of the c/a versus B-site
Cu?*-jon concentration and (ii) the tetrahe-
dral-site Cu?* ions do not contribute signifi-
cantly to the room-temperature c¢/a ratio, a
proposition that is supported by the cubic
structure of Cug gsFe; 0604-s quenched from
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F1G. 2. TGA curves for various CuggFe, 004 sam-
ples in O, atm: (a) quenched from 920°C, (b) quenched
from 700°C, (c) quenched from 550°C, and (d) furnace-
cooled.

920°C even though the tetrahedral-site
spins are collinear (25). From the Cu?*-ion
concentration on B sites and §, the chemi-
cal formula and ionic distribution for each
T, can be derived since the Cu™ ions can
only occupy A sites; this information is
summarized in Table I. A room-tempera-
ture tetragonal-cubic transition in the
range 0.78 to 0.825 B-site Cu?' ions per
formula unit is consistent with the critical
number n, = 0.8 deduced from Fig. 1a and
Formula (3).

The TGA curves of Fig. 2 are for heating
and cooling in O, at 1°C/min. The step in
the curves near 480°C marks the ferrimag-
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TABLE I
LATTICE PARAMETERS AND CATION DISTRIBUTIONS IN Cuyg4Fe€20604-5

Lattice parameter A)

Oxygen content

Cation distribution

Sample a b cla 4-29) (from c/a ratio, see text)
920N 8.229(5) 8.705(2) 1.058 4.00 CulheFe’tolCudisFel 2104 0

550 Q 8.266(5) 8.641(2) 1.045 3.99 CubheCullnsFed hos[CudhysFet 5105 00
700 Q 8.294(4) 8.598(2) 1.037 3.98 CudtoCulhasFes s s[Cult sFel ss]0s 08
9220 Q 8.392(5) 8.392(5) 1.000 3.97 CuliCulhFedslCultsFet510s o7

netic Curie temperature T.; the heating
coils introduce a magnetic field at the sam-
ple that produces a more important force on
the sample below T.. In the paramagnetic
temperature range above T, = 480°C, the
weight loss on heating and the weight gain
on cooling in air are nearly reversible at a
temperature variation of 1°C/min. Since the
weight loss on heating is not reversible on
cooling in N,, we may attribute the weight
changes to oxygen loss and reoxidation, re-
spectively, which is the basis of the oxygen
analyis reported in Table I. Moreover, all
the quenched samples show a weight gain
on heating in air beginning above 275°C and
reaching a maximum near 400°C. The mag-
nitude of this reoxidation corresponds in all
cases to a nearly complete reoxidation to &
== ( calculated from the 8 values of Table I.

Figure 2 also shows that, on cooling from
900°C, reoxidation occurs continuously,
reaching a saturation value at a second step
near 340°C. This second step is caused by
the magnetic anomaly at the transition tem-
perature T,.

In view of the magnetic contribution to
the apparent weight below T, it is neces-
sary to consider how this contribution
might vary with M, in the quenched vs
slow-cooled samples. In order to check the
importance of this contribution, the abso-
lute oxygen contents of the quenched and
slow-cooled samples at room temperature
were determined by weight loss on heating
in H, at 700°C for 12 hr. The difference in

oxygen content for the two samples corre-
sponded to the weight difference obtained
by TGA, which indicates that any effect of
magnetism is within experimental error.

These experiments demonstrate two
points:

(i) A maximum oxidation state of Oy
and the retention of chemical homogeneity
shows that the oxygen deficiency is accom-
modated as oxygen vacancies, not cation
interstitials.

(i) Oxygen diffusion is facile above
300°C, which makes T,x < T.. It appears
that the degree of reoxidation varies more
significantly with T, than does T, itself.

DSC curves for the samples of Table I
are shown in Figs. 3—6 for various scanning
rates in O, and N, atmospheres. Figure 3
shows that, on heating, the slow-cooled
sample 920 N exhibits two distinct endo-
thermic peaks in both O, and N, atmo-
spheres. The high-temperature peak near
480°C marks the ferrimagnetic Curie tem-
perature T ; it is relatively insensitive to the
atmosphere and cycling parameters. Nev-
ertheless, it is lower on cooling after 4 hr in
N, at 560°C. The lower temperature peak
between 350 and 400°C marks the tempera-
ture T;; it exhibits a pronounced sensitivity
on cooling to the atmosphere and time at
560°C. Cycling in O, gives a reversible peak
at 7, since the oxygen lost on heating is
regained on cooling. On the other hand, the
oxygen lost in N, at 560°C is not regained



256

3.5

2.5

Heat Flow (mW)

<+ X0 | endo ——

0.5

0.0 —— el

1 n e

100 200 300 400 500
Temperature (°C)

Fi1G. 3. DSC curvés for furnace-cooled, tetragonal
CugoiFes 0604 (920 N sample) with a heating/cooling
rate of 10°C/min in N, atm and staying at 560°C for (a)
1 min and (b) 10 hr, and in O, atm and staying at 560°C
for (c) 1 min.

on cooling in N,. With a 1-min stop at
560°C in N,, the amount of oxygen lost
lowers T, but is not sufficient to suppress it
completely on cooling. After 10 hr at 560°C
in N,, the tetragonal distortion at room
temperature on cooling in N, is reduced to
c/a = 1.046. After 10 hr at 560°C in N,, the
TGA oxygen loss corresponds to § == 0.025
and hence to ca. 0.83 Cu?* ions per formula
unit; if all the Cu?* are on B sites, this num-
ber is just greater than n. ~ 0.8.

Figure 7 shows, for comparison, the DSC
curves for furnace-cooled Zn,Cuygos-,
Fe; 0604-5 samples with £ = 0.02 and 0.04
scanned to 560°C at 10°C/min in both N,
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and O,. As for the ¢ = 0 sample, the transi-
tion at T, is reversible in an O, atmosphere;
but on cooling in a N, atmosphere, the
transition to the tetragonal phase occurs
over a broad temperature range, indicative
of a heterogeneous Zn?*-ion distribution;
such a heterogeneity is commonly gener-
ated in the temperature interval near T, if T,
is high enough for cation mobility. In fact,
the sample with ¢ = (.04 contained both
cubic and tetragonal phases at room tem-
perature. For this sample, a § = 0.025 re-
duces the number of B-site Cu?* jons to
0.79 = n..

The 920 Q sample, which is initially cubic
at room temperature, gives the DSC curves
of Fig. 4. On heating in N,, two endother-
mic peaks are visible; one near 360°C and a

3.0
(a)
2.5f

20

Heat Flow (mW)

<— exo | endo—»

100 200 300 400 500
Temperature (°C)

F1G. 4. DSC curves for cubic CuggFe;60, (920 Q
Sample) in N, atm with (a) 10°C/min and (b) 20°C/min,
and in O, atm with (¢) 10°C/min.
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FIG. 5. DSC curves for CuggsFe; 6604 (550 Q sample)
in N; atm with (a) 20°C/min, (b) 10°C/min, and (¢) 5°C/
min, and in O, atm with (d) 10°C/min.

broad peak around 520°C. Since the high-
temperature X-ray data in air indicate that
the 920 Q sample remains cubic on heating
to 450°C, the peak near 360° is attributed to
a segregation into Cu}"-poor and Cu}'-rich
regions that enhance the cooperative, but
dynamic (# < n.) Jahn-Teller stabilization,;
this introduction of heterogeneity would
broaden the peak at 7.. Other factors, such
as internal strains induced by quenching,
might also contribute to the broadening; but
these are expected to be secondary factors.
On cooling in N, the peak at T. is normal,
and the peak associated with the cubic—~
tetragonal transition below 350°C is broad-
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ened by the chemical inhomogeneities rein-
troduced on traversing T,.

The curves taken in O, atmosphere are
quite different. In this situation, two broad
exothermic peaks are well resolved in the
heating curve; one occurs below 250°C and
the other is prominent between 350 and
450°C. From the TGA curves of Fig. 2, the
prominent exothermic peak above 350°C is
due to reoxidation of the sample. From the
““aftereffect”” evidence for intersite cation
exchange down to 200°C cited by Stierstadt
et al. (22), we may assign the exothermic
peak below 250°C to the Cu/Fe intersite ex-
change reaction

Tex
Cuit + Fejt =3 Cu}t + Fe¥. 4)

(a)

Heat Flow (mW)

<+—— ex0 | endo —»

100 200 300 400 500
Temperature (°C)

F1G. 6. DSC curves for CuggiFes 004 (700 Q sample)
in N, atm with (g) 10°C/min and (b) 20°C/min, and in
0O, atm with (¢) {0°C/min.
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From Table I, a significant A-site Cu?*-ion
concentration is quenched in at room tem-
perature in the 920 Q sample. Thus we have
established the existence of resolvable tran-
sition temperatures in the 920 Q sample

Tex < Tox = 400°C < T.. &)

With the reestablishing of equilibrium for
both the Cu distribution and the oxygen
content during the heating cycle in O;, the
cooling cycle in O, exhibits sharp exother-
mic peaks at both T, and 7,.

The analogous curves for sample 550 Q
(Fig. 5) and sample 700 Q (Fig. 6) are more
complex. A cycle rate of 20°C/min is too
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rapid to resolve the various processes and
phase transitions that occur, but a rate of
10°C/min is slow enough, as can be seen by
comparison with the 5°C/min curves.

In addition to the two sharp endothermic
peaks marking T, and T, the heating curves
of Fig. 5 all show two exothermic peaks:
one centered near 250°C marks T, and one
near 350°C marks 7T,x. (From TGA, it was
established that O, impurity in the commer-
cial N, supply results in a partial reoxida-
tion of the sample on heating even at 10°C/
min.) As in the case of the 920 Q sample
(Fig. 4), the intersite cation exchange and
reoxidation occur at different temperatures
and satisfy Eq. (5). On cooling in O,, both
T. and T, remain close to their values on
heating; in N, both are shifted to lower tem-
peratures, particularly 7.

The heating curves for the 700 Q sample
(Fig. 6) exhibit an endothermic peak at T ;
the peak marking 7, is shifted from 360°C to
below 150°C and is only just visible. The
exothermic peak assigned to cation migra-
tion is barely visible in N it is pronounced
in O;. The reoxidation exothermic event is
also evident above 350°C in O,. Between
these two exothermic peaks, but overlap-
ping the latter, is an endothermic peak evi-
dent in all curves; it marks 7.

In order to verify by direct means that
there is a re-entrant tetragonal phase in the
700 Q sample, it is necessary to monitor the
structure as a function of temperature. Fig-
ure 8 presents the temperature variations
on heating of the lattice-parameter c/a ra-
tios for samples 920 N, 550 Q, and 700 Q in
air. Whereas the furnace-cooled sample 920
N exhibits a straightforward variation typi-
cal of a first-order transition at T;, the sam-
ples quenched from 7, = 550 and 700°C ex-
hibit more complex behavior, sample 700 Q
showing the re-entrant tetragonal transition
prefigured by the DSC data. Sample 550 Q
is particularly interesting; it exhibits a de-
crease in ¢/a with increasing temperature
that extrapolates to a 7, < 300°C, but the
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FiG. 8. Variation of ¢/a ratio with temperature for
Cuyg siF 20604 (a) 920 N sample, (b) 550 Q sample, and
(c) 700 Q sample.

intersite cation exchange at T.x increases
the c/a ratio in the interval 175 < T <
275°C. On further increase of the tempera-
ture, the c/a ratio again decreases toward a
new T, = 350°C; but in the interval 320 < T
< 350°C reoxidation again increases the
c/a ratio and increases T, further to about
380°C. Thus the two processes associated
with T, and T, are sufficiently resolved to
give rise to two separate humps in c¢/a ver-
sus 7.

Finally we turn to the resistance data,
taken on heating in air, of Murthy et al.
(23); it is reproduced in Fig. 9. Their curve
510 Q shows a transition from extrinsic to
intrinsic conduction above 300°C; their
curve 580 Q shows multiple anomalies in
the extrinsic region that qualitatively track
the variations in ¢/a with temperature of
our 550 Q sample. Their 900 Q sample ex-
hibits only one large maximum in the region
where the DSC curve for our 920 Q sample
shows that a large reoxidation occurs; any
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anomaly associated with T, was too small
to be evident. From these data, the temper-
ature range where reoxidation impacts the
resistance is shifted to higher temperatures
as T, increases.

Interpretation of these data must begin
with a model for the extrinsic conduction.
In view of Reaction (2) and, according to
Table I, the restriction of Cu* ions to the A
sites, it follows that there are only two im-
portant processes to be considered at lower
temperatures:

Cu; + Cui" — Cui" + Cuj (6)
Fej' + Cujt —» Fe}' + Cuj, ()

where Reaction (7) is followed by hole con-
duction on the Fep array and electron con-
duction on the Cuy array.

The mixed-valent, small-polaron Reac-
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FiG. 9. Variation of electrical resistivity with tem-
perature for nominal CuFe,O4 quenched from different
temperatures (from Ref. (23)).
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tion (6) gives only p-type conduction ac-
cording to the relative concentrations of
Cu* and Cu’* ions on A sites in Table I;
Seebeck data give n-type conduction for all
samples except those quenched from T, >
500°C (24). Moreover, the relatively large
separation of A-site atoms, especially the
A-site Cu atoms, makes it unlikely that Re-
action (6) is the dominant mechanism. Fi-
nally, Reaction (6) should be sensitive to
Cu/Fe intersite exchange, but only for the
580 Q sample in Fig. 9 is there evidence of
any sensitivity to this process.

Reaction (7), on the other hand, requires
an excitation energy A to create mobile car-
riers on the B sites. The activation energy
for the resistivity thus becomes

Ex = 3A + AHy, ®)

where A Hy, is the motional enthalpy for a
charge carrier, electrons on the Cup array
and holes on the Fep array. Whether the net
conduction is n-type or p-type depends on
the relative magnitudes of the A Hy, for the
electrons and the holes as well as on the
relative populations of Cup and Feg. With
this mechanism, it is not difficult to ratio-
palize the change from n-type to p-type
conduction with increasing 7;. The change
from n-type to p-type conduction on going
from annealed, tetragonal samples to
quenched, cubic samples has been noted
previously (26).

What makes Reaction (7) a plausible al-
ternative for the low-temperature conduc-
tion is the small size of the energy A sepa-
rating the donor Fe3* state of the Fe#*/*
couple and the acceptor Cu?* state of the
Cu2*+ couple. However, with this model
we must predict a A that increases with the
c/a ratio,

A=A7y+ Nela) + -+ -, 1¢)]

because the B-site Cu?* ions are stabilized
by the cooperative Jahn-Teller distortion.
The larger the c¢/a ratio, the less stable the
acceptor dy,-,, orbitals at a Cuj’ ion. Since
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the motional enthalpies A H,,, for the small-
polaron motions on the Feg and Cup arrays
should not decrease with ¢/a, we may an-
ticipate for Reaction (7)

Eis=Ey + Alcla) + + + - (10)

and indeed Fig. 9 shows a progressive de-
crease in the measured E, as T is in-
creased, i.e., as ¢/a is reduced to unity.

Given Reaction (7) as the dominant low-
temperature conduction mechanism, com-
parison of the resistance for the 580 Q sam-
ple of Fig. 9 with the variations in ¢/a ratio
for the 550 Q sample of Fig. 8b reveal that,
with increasing temperature, the first two
humps in the log p versus 7! curves track
well the changes in ¢/a induced first by Cu/
Fe intersite exchange and then by reoxida-
tion of the sample. The peak occurring in
the interval 350-400°C marks 7); at this
temperature there is a tendency for segre-
gation into Cu-rich and Cu-poor regions,
which increases the resistivity.

A remarkable feature of this interpreta-
tion of Fig. 9 is the shift to higher tempera-
tures of the re-entrant tetragonal phase with
increasing T, as observed by Brabers and
Klerk (15). However, this shift is not the
consequence of an increase in T.x as postu-
lated by these authors; rather it appears to
be a consequence of the extent of reoxida-
tion required before the concentration of B-
site Cu?* ions is high enough to give a coop-
erative tetragonal distortion above 300°C.
In the 900 Q sample of Fig. 9, it would ap-
pear that segregation into Cu-rich and Cu-
poor regions is being induced in the neigh-
borhood of T,, but perhaps without any
re-entrant tetragonal phase.

The model presented here allows reinter-
pretation of the data of Nanba and Kobay-
ashi (24). The exchange Reaction (4) re-
duces Reaction (6), so the change in sign of
the Seebeck coefficient is associated with
Tex. The cusp-like minimum at about 360°C
reflects T, ; the filling of oxygen vacancies
at T, increases A of Eq. (8)—as does in-
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creasing c¢/a—thereby reducing the con-
centration of mobile electrons.

Summary

Reinvestigation of the Jahn-Teller dis-
tortion of the copper ferrospinel from cubic
to tetragonal (¢/a > 1) symmetry has con-
firmed the following:

(i) Stabilization of the fully oxidized
spinel phase requires some copper defi-
ciency: Cu;_,Fe;+,04 with n = 0.04, and
the excess iron present as Fe?* introduces
7 Cu” ions per formula unit.

(ii)) The transition temperature 7; varies
sensitively with the concentration of B-site
Cu?* ions; this concentration changes with
heat treatment via two factors: (a) excita-
tion of Cu?* ions from B to A sites and (b)
loss of oxygen.

(iii) Metastable oxidation states and Cu-
atom distributions may be retained at room
temperature by rapid quenching.

(iv) Heating a metastable sample in air
may lead to a tetragonal-cubic—tetragonal-
cubic phase sequence.

Moreover, the following additional infor-
mation has been established:

(v) The critical number of B-site Cu’*
ions per spinel formula unit for a coopera-
tive Jahn-Teller distortion to tetragonal
(c/a > 1) symmetry in copper ferrospinel
is n. = 0.8, which is smaller than that nor-
mally found for B-site Mn* ions in
manganospinels.

(vi) Any oxygen deficiency is present as
oxygen vacancies, not cation interstitials,
so we may write the chemical formula as

CuxFel —x[Fe] +n+xcu1—n—x]04—8 .

(vii) In air, the equilibrium value of the
oxygen parameter is 8 ~ 0 for temperatures
T =< 350°C, and oxidation is facile above
320°C,

(viii) The intersite cation-exchange reac-
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tion
Cui" + Fe3' = Cuj' + Fel'
is facile above 200°C.

From (vii) and (viii) it follows that fur-
nace cooling of a copper ferrospinel may
give the equilibrium room-temperature
chemical formula

+tRa3+ 3+ 2+
Cu,, Fel—n[Fel +2ncu] —21,]04

which leads to the prediction, for n, = 0.8,
of a tetragonal distortion at room tempera-
ture for n < 0.1,

(ix) Heating a metastable sample having
x > and 8 > 0 at room temperature results
in two resolvable temperature domains in
which the concentration of B-site Cu?* ions
is increased: 200 < T < 275°C via intersite
cation exchange and 300 < T < 400°C via
reoxidation. This establishes a T,, and

Ty < Tox < T, = 400°C < T..

(x) In the vicinity of T;, segregation into
Cu-rich and Cu-poor domains creates
chemical inhomogeneities.

(xi) The dominant conduction process at
temperatures T < T, occurs on the B sites
via the reaction

Fe;" + Cu}' = Fei" + Cup

followed by hole conduction on the Fep ar-
ray and electronic conduction on the Cup
array. The activation energy for this pro-
cess increases with the axial ¢/a ratio.

(xii) The degree of reoxidation required
to induce a re-entrant tetragonal phase in-
creases with quench temperature 7. In any
dynamic experiment, such as the thermal-
expansion measurements of Brabers and
Klerk (15), this fact increases the tempera-
ture at which a re-entrant tetragonal phase
appears; and for T; = 900°C it may only be
manifest as a segregation into Cu-rich and
Cu-poor domains. This shift is not due to
an increase in T, with 8 as postulated by
Brabers and Klerk.
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