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Resistivity and Seebeck coefficients are reported in the range 50 K < T <300 K for zinc ferrite
single crystals Fe;_,Zn, O, in the composition range 0 < x <0.3. Samples with 0 <x <0.012 exhib-
ited first-order phase transformations at the Verwey transition; in the range 0.012 <x <0.036
second- or higher-order continuous phase changes were observed. No transitions were encountered
for x 20.036. The electrical properties of the zinc ferrites are analyzed in terms of hopping
charge-carrier transport involving valence fluctuations on cations located on octahedral sites. The
electrical properties and Verwey transitions of Fe;_,Zn, O, and Fe;, _5,04 match very well with the
compositional correspondence x=238. Various implications of the above findings are discussed.

INTRODUCTION

We discuss in the following the electrical properties of
the zinc ferrite series Fe;_,Zn O, (0=x <0.3). It is of
interest to ascertain the changes in conductivity and See-
beck coefficients arising from the systematic substitution
of Zn for Fe. Zinc is known to enter the spinel lattice ex-
clusively on tetrahedral interstices; by contrast, the elec-
trical conduction process at and below room temperature
is believed to take place by electron transfer among iron
ions located at octahedral sites. Thus, considerable in-
terest attaches to the effect of increasing aliovalent substi-
tutions in tetrahedral sites on the electrical characteris-
tics of the zinc ferrites. As far as is known, this problem
has not been addressed with electrical measurements on
single crystals and therefore remains open.

A second question relates to the alterations in the na-
ture of the Verwey transition that arise from the Zn sub-
stitution. As is well documented' ~® in undoped mag-
netite, any changes in the oxygen stoichiometry (i.e., al-
terations of 8 in Fe;;_40,) produce dramatic effects:
For 6 <6.~0.0039 the Verwey transition is of first order;
for 6, <8< 36, it is of second or higher order. Samples
with 8> 36, cannot readily be produced as single phases
because of the proximity of the magnetite, - hematite
phase boundary. It is therefore of interest to ascertain
whether similar effects can be brought about by increas-
ing the Zn content in zinc ferrites, starting from pure
magnetite, and whether the Verwey transition can be en-
tirely suppressed by use of sufficient zinc.

EXPERIMENTAL
The growth of single crystals of
Fe3_xznx04 = ( Fe304)1 —x ( FCZZnO4)x

has been discussed in detail elsewhere.” Samples
prepared by the skull-melter technique were rendered
stoichiometric (i.e., the ideal 4/3 oxygen-to-cation ratio
was maintained) by appropriate subsolidus annealing.
The samples were also repeatedly checked for uniformity
of Zn concentration; the quoted x values were those mea-
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sured by electron microprobe techniques and energy
dispersive x-ray analysis (EDAX), and were roughly 70%
of the nominal value. Rectangular parallelepipeds rough-
ly 1 X2X 10 mm?® in dimensions were cut, with the long ¢
axis perpendicular to the large faces. Silver paste was
used to attach leads in conventional fashion for four-
probe resistivity (p) and two-probe Seebeck coefficient (a)
measurements. Operational amplifiers were used as
buffers. Temperatures were measured by a calibrated
carbon glass thermometer. Data were acquired by under
computer control; in ¢ measurements the temperature
differential between the ends of the sample did not exceed
1 K.

RESISTIVITY MEASUREMENTS

Resistivity measurements over the range 43 to 300 K
are shown in Fig. 1(a)-(c) for Fe;_,Zn O, samples with
0=x =0.29. The detailed changes near the Verwey tran-
sition are exhibited in Fig. 2. The following points
should be noted.

(1) For the range 0 =x <0.035 all samples exhibit vir-
tually the same temperature variation of resistivity above
their respective Verwey transition temperatures
(0=x =0.011) or above 90 K (0.014 <x <0.035). By con-
trast, samples with higher Zn content have distinctive
and considerably higher resistivities in the range
90 < T <300 K.

(2) Samples with 0 <x <0.011 exhibit a discontinuity
in p which shrinks in size and moves towards lower tem-
peratures with increasing x [Fig. 1(a)]. As in undoped
magnetite (where the assertion could be checked by heat
capacity measurements) this is taken to reflect the oc-
currence of a first-order Verwey transition at the temper-
ature T),. Samples with 0.014 <x <0.035 exhibit an
inflection point in the log,qo versus 1/T dependence, as
indicated by the arrows in Fig. 2. The location of these
arrows is virtually identical with the inflection points en-
countered in plots of p versus 7. This is taken to reflect
the occurrence of a second- (or higher-) order, i.e., con-
tinuous, Verwey transition in the above range of compo-
sition. For zinc ferrite with x=0.035 the second-order
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transformation is barely detectable. In the composition
range 0.13<x <0.29 the electrical characteristics are
completely altered. There is no transition, only a gentle
variation in the log,op versus 1 /T plots; the curves in Fig.
1(c) are much flatter than those of Figs. 1(a) or 1(b). The
three curves intersect at a common temperature of =90
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FIG. 1. Variation of resistivity of zinc ferrites with tempera-

ture, plotted as log,, p vs 1/T. (a) Fe;_,Zn,0,, with
0=<x=0.011, first-order regime; (b) Fe;_,Zn, O, with
0.014 <x <0.035, second-order regime; (c) Fe;_,Zn, O, with
0.13<x <0.29, no transitions.

P. WANG, Z. KAKOL, M. WITTENAUER, AND J. M. HONIG 42

T T T T T T

L Fe, ,Zn,0, . ) ]

T
d

© o = =
o v o w
T
]

log, [ p (em ) ]
|

| |
- —
w o

1000/T ( K )

FIG. 2. Composite plot of the variation of resistivity with
temperature near the Verwey transition for zinc ferrites
(Fe;_,Zn,O4 with 0 < x <0.035).

K and the communality of the p(T) dependence above
100 K encountered for samples with x <0.035 has been
lost.

It should be noted that none of the experimental curves
shown above is linear; the zinc ferrite system cannot be
analyzed in terms of electrical properties of conventional
semiconductors.

SEEBECK COEFFICIENT MEASUREMENTS

Seebeck coefficient measurements are entered in Figs. 3
and 4 as plots of a versus T for samples undergoing first-
and second-order Verwey transitions, respectively. The
following points should be noted.

(1) Peculiarities in behavior were observed in a as T
was decreased below the Verwey transition temperature.
For compositions in the range 0=<x <0.035 a passed
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FIG. 3. Variation of Seebeck coefficient with temperature for
zinc ferrites, Fe;_,Zn, 0, with 0<x <0.011, undergoing first-
order transitions. Data cut off below 80 K; except for x=0 the
a values for T < Ty are uncertain (see the text).
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FIG. 4. Variation of Seebeck coefficient with temperature for
zinc ferrites Fe;_,Zn,0O, with 0.028<x <0.29, undergoing
second-order transitions or no transitions.

through a minimum at T=T}, rose dramatically with a
further decrease in temperature, passed through a max-
imum, and then diminished again. The results obtained
at very low temperatures have been omitted from Figs. 3
and 4. Similar patterns were observed in our earlier
runs>® on undoped magnetite and in antecedent studies
by Kuipers and Brabers'®!! on undoped magnetite. The
latter authors rationalized their observations on the basis
of impurity effects: indeed, with the use of very high pur-
ity starting materials, the low-temperature anomalies in
Fe;0, could be either eliminated or at least considerably
reduced.® We therefore arbitrarily cut off the data points
for the zinc ferrite specimens below 80 to 90 K in Fig. 3
and below 50 K in Fig. 4; actually, all measurements at
T < Ty in Fig. 3 or below ~60 K in Fig. 4 are suspect be-
cause of the impurity problem and/or difficulties in exe-
cuting the Seebeck measurements at low temperatures for
samples of high resistivity.

(2) Only for pure magnetite was a real discontinuity in
a seen at the Verwey transition temperature. For each of
the other specimens in the series executing first-order
transitions, the very slow variation of a for T, < T <300
K and the rapid change in a with T < T} produced two
sets of curves that extrapolated to an intersection point
near Ty. In view of comment (1) it was impossible to ob-
tain a clear indication of a discontinuity in a at T=T),
for specimens with x > 0.

(3) Samples undergoing a second-order Verwey transi-
tion exhibited only a small change in a with T> T, and a
discontinuity in the slope of a versus T at T=T,. By
contrast, samples which did not suffer any transition sim-
ply showed a continuous decrease in a with diminishing
T.

(4) Seebeck coefficients shown in Figs. 3 and 4 were
negative; this finding cannot be readily reconciled with an
elementary model in which the replacement of Fe** by
Zn?" adds excess holes to the pool of charge carriers.
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DISCUSSION

Prior published work on the electrical properties of
zinc ferrites is very limited'>~!” and confined to ceramic
specimens. In the temperature and composition range
where data would be intercompared there was reasonable
agreement in the Seebeck coefficients obtained by previ-
ous investigators'>~!* and those shown in Fig. 4; a was
invariably reported to be negative. The variation of «
with x in zinc ferrites at room temperature, as reported
by all investigators is in good accord. On the other hand,
the resistivities of polycrystalline specimens generally
changed more extensively with x and were one to three
orders of magnitude above in the data set shown in Fig.
1.

In Fig. 5 we compare plots of log,op versus 1/T for
zinc ferrites, characterized by the stoichiometry parame-
ter x, with plots of log,g0 versus 1/T for non-
stoichiometric single crystals of magnetite, characterized
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FIG. 5. Intercomparison of electrical resistivities of zinc fer-
rites, Fe;_,Zn,O,, and nonstoichiometric magnetite, Fe;; 50,
near the verwey transition temperatures. (a) Samples undergo-
ing first-order transitions. (b) Samples undergoing second-
order transitions.
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FIG. 6. Intercomparison of Seebeck coefficient with tempera-
ture for zinc ferrites Fe;_,Zn, O, and nonstoichiometric mag-

netite, Fey;_50,, undergoing first-order ransitions. Data cut
off below 80 K.

100

by the parameter 36, which is the cation vacancy density
in Fey;_504. The obvious correspondence x 2390 is very
striking. Similar results obtain for plots of a versus T
which are intercompared in Fig. 6 for zinc ferrites (x pa-
rameter) and nonstoichiometric magnetite (36 parame-
ter).

The x<236 correspondence may be understood on the
basis of the following elementary argument: The substi-
tution of Zn?" for Fe3* in the tetrahedrally coordinated
() cation positions leads to the introduction of one hole
per zinc ion on the octahedrally (o) coordinated iron
ions—on the generally accepted assumptions that the
remaining iron on the ¢ sites remains exclusively in the
trivalent state. In

—Felt Ra2+
Fey1-504=Fey 1 sFei 9504

(as determined by mass and charge balance) 66 additional
Fe** ions and 98 fewer Fe?" ions exist per formula unit
than in Fe;O,. Thus, 38 holes have been generated
through the process of incorporating sufficient excess
oxygen into magnetite to match the charge-carrier densi-
ty in zinc ferrite of composition x.

The Seebeck coefficient for charge carriers in the near-
ly localized regime is directly related to the Fermi level
which, in turn, is determined by the charge-carrier densi-
ty. There should then be a close match between the two
sets of Seebeck data. The superposability of a versus T
plots in Fig. 6 for zinc ferrites and nonstoichiometric
magnetites is a direct experimental verification of the
x<238 correspondence. Similar statements apply to the
resistivity data shown in Fig. 5. It is remarkable, howev-
er, that not only the charge-carrier densities but also the
mobilities of the holes in the zinc ferrites must be compa-
rable to those of the nonstoichiometric magnetites; other-
wise, the superposition of the resistivity data, subject to
the correspondence x =238, would not hold.

We show in Fig. 7 the change of the Verwey transition
temperature T, with x and 36. The data for non-
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stoichiometric magnetite are based on heat capacity? *
and magnetization”®!® measurements; the entries for
zinc ferrites are based on the resistivity studies. As is
seen, measurements for the two types of materials super-
pose very well under the assumed x =238 correspondence.
The scatter of the data for the second-order regime
x,<x =<3x, is greater than for the first-order regime
0=x, <x. because judgmental factors in the assignment
of Ty play a much greater role in the former than in the
latter regime. Lastly, we show in Fig. 8 a logarithmic
plot of the size of changes in resistivity at the Verwey
transition against x and 38 for samples undergoing both a
first-order or a second-order transition. In the latter case
an extrapolation procedure was used. Once again the re-
sults for zinc ferrites and nonstoichiometric magnetite su-
perpose very well. Thus, the electrical properties of both
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FIG. 8. Variation of the change of resistivity at the Verwey
transition of zinc ferrites, Fe;_,Zn,O,, with composition x or
with oxygen stoichiometry, 38, of magnetite, Fe; , _5,0,.

0.00 001



42 ELECTRICAL PROPERTIES OF ZINC FERRITES . ..

the low- and high-temperature phases of the two classes
of materials are very similar.

In view of the above features the theoretical analysis
concerning the electrical properties of the zinc ferrites
can be clearly modeled on the earlier treatment of non-
stoichiometric magnetite.”® 22 A brief outline suffices;
we also correct a number of earlier technical errors.

The zinc ferrite system is simulated, in a manner analo-
gous to Fes;_50,, by a two-level system of energies ¢,
and €, and corresponding degeneracies g, and g,. We set
£o=0 and write £, =ey—1Ay? where ¥ is an order pa-
rameter.

The dependence of €, on 3 allows for electron correla-
tion effects through the term Ay?/2; € and A are two pa-
rameters that must be specified in their dependence on
x=38 by a fitting routine described in detail else-
where.!®?! For the first-order (second-order) regime it is
appropriate to select g, =2, go=1 (g; =g¢=2). The or-
der parameter is found through numerical solution of the
equilibrium constraint

(e—AY)/kgT=1In[(g,/g8x)(1—¥) /Y], (1)

in which kj is the Boltzmann constant.
The Fermi level is then obtained through the balance-
of-carriers expression
1—x _ g1y
2 1+exp(u/kgT)
1+exp{[—(e—AY)+ul/kgT}

(2)

Having solved numerically for 4 one may specify the
Seebeck coefficient as

—_ETAM_ p
@ eT eT ’ 3)

where e is the electronic charge.
The electrical conductivity is given by

o=n.eu , (4)
where the charge-carrier density is specified as

n.=(2)g¥/[1+exp(u/kgT)] . (5)
In Eq. (4) the mobility in the small-polaron regime is

Yy go(1—9¢) ea’l
I+exp{[—(e—AyY)+ul/kpT} kgT °

(6)

where a is the jump distance (0-o0 site separation). The
polaron jump rate I' is specified by the Arrhenius law

I'=Pveexp(—e/kgT) , @)

where v, is the appropriate optical polaron frequency and
P is a probability factor for electron transfer after the po-
larization displacement has taken place.

The fit of the above theory to the electron properties of
Fe;; 50,4 was found to be satisfactory; hence, the same
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is found to be the case for Fe;_,Zn, O,. Several addi-
tional comments are appropriate.

(i) The fact that a is negative may be understood on
the basis of the following argument:* "2 We show in
Fig. 9 the variation on g, €, and p with temperature for
the illustrative case of stoichiometric magnetite for which
e/kp=349 K, A/kp=531 K. One notices that for
T <Ty, g,=0, g, varies roughly parabolically with T, and
©w<<g, over the entire temperature range. Thus
€, —€y=¢€— Ay dominates; (e —Ay)/T as well as a should
therefore be nearly linear in T < T, as is found to be the
case experimentally. Again, we neglect the irregularity of
behavior in a for T << T, where extraneous effects enter.
For T> Ty, ¢,—¢y <<u; p <0, which diminishes roughly
linearly with increasing 7, thus dominates, and
a~ —u/T is roughly constant, in agreement with experi-
mental results. Similar observations hold for all other
Fe;_,.Zn, O, samples, except that for x >x_ the discon-
tinuities in €, or u are replaced by discontinuities in their
slope. Overall, there is reasonable agreement between the
observed electrical properties and those calculated on the
basis of the above model.

It is difficult to conceive that valence fluctuations can
occur at or below room temperature among the zinc and
ferric ions located in the tetrahedral interstices. Accord-
ingly, it is likely that charge transport will occur solely
via valence fluctuations among iron ions on the octahe-
dral sites, possibly aided by superexchange via interven-
ing oxygen ions. This assumption is in accord with the
experimental observation concerning the similarity in
electrical properties of Fe;_ ,Zn O, and Fe;;_5)0,.

(iii) The fact that the electron mobility in non-
stoichiometric magnetite is very close to that of zinc fer-
rite of comparable composition is remarkable and leads
to two possible deductions: Either the charge-carrier va-
cancies occur almost exclusively on the cation sublattice
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FIG. 9. Variation of energy and Fermi level in stoichiometric
magnetite with temperature. Zero of energy coincides with &.
Solid curve: variation of €, with 7. Dashed curve: variation of
Fermi level with T. Break in curves occur at Verwey transition
temperature of 121 K.
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located on the tetrahedral interstices. Or, the vacancies
are also distributed on sites normally occupied by octahe-
dral cations without affecting the charge-carrier mobili-
ties significantly. This latter possibility is not unlikely: it
is well established that lattice vacancies function as traps
for charge carriers, frequently with a shallow binding en-
ergy of the order of 50-300 K. In such circumstances
charge carriers drifting under the influence of an applied
electric field may be trapped at vacancies for times com-
parable to their residence time on cations.

CONCLUSION

We have provided evidence showing that the electrical
properties and Verwey transition temperatures of
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Fe;_,Zn, O, are quite similar to those of Fe;;_50,,
with the correspondence x<>38. These findings are ra-
tionalized on the basis of an elementary model. The data
suggest that conduction occurs by charge transport in-
volving valence fluctuations on cations in octahedral lo-
cations and that any cation vacancies present at those
sites do not greatly impede the transport process.
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