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Seebeck coefficients of Fe3 y Tiy04 and Fe3 Zn„O4 single crystals all their interpretation
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Seebeck coefficient data have been measured for Fe3—y Ti„04 and for Fe3 Zn„04 single crystals in the
range 75-300 K and for 0 &y ~ 0.9 and 0 ~ x ~ 0.29. The data have been rationalized in terms of a small
polaron model, on the basis of an adaptation of the standard order-disorder theory. Very good agree-
ment is obtained between the two-parameter theory and experiment. In this model the Ti sites do not
participate in electronic conduction.

INTRODUCTION

As part of an ongoing study concerning the electrical
properties of doped magnetites we report here on the
thermoelectric properties of the Fe3 „Ti„04system. We
also reevaluate and provide a theoretical analysis of
present and earlier data on the Fe3 Zn„04 system.
Taken in conjunction with recent conductivity measure-
ments' a reasonably consistent picture of electrical trans-
port in Fe3(1 $)04 Fe3 „Zn„04, and Fe3 y Tiy04 is be-
ginning to emerge.

This trend is also reflected in the present Seebeck data.
In Fig. 1(a) the Seebeck coefficients of Fe3 y Ti„O~ exhibit
discontinuities at the temperature T= T„of the Verwey
transition; T„diminishes linearly with increasing y. For
T) T„, a remains in the range —50 to —58 IMV/K, al-
most independent of temperature. For T(T„,a drops
linearly with diminishing temperature, except for the un-
doped specimen which exhibits an upturn below 75 K.

(a)

EXPERIMENTAL —100

The Fe3 y Tiy04 and Fe3,Zn 04 single-crystal speci-
mens were synthesized and prepared for electrical mea-
surements as described in earlier reports. ' Special care
was taken to ensure a 4/3 oxygen/cation stoichiometry.
Thermoelectric studies were carried out using an au-
tomated temperature relaxation technique ' employed
for similar measurements on Fe3(1 $)04 The maximum
temperature difference between the ends of the sample
was 3 K; four traces of the linear voltage change with
temperature were averaged to obtain a single value of the
Seebeck coeScient at each temperature of the measure-
ments.
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PRESENTATION OF DATA

We show in Figs. 1(a) and 1(b) the variation of Seebeck
coeScient o. with temperature T for Fe3 yTi 04 in the
composition ranges 0&x &0.007 and 0.007~x ~0.166,
respectively. As has been repeatedly demonstrated,
Fe3(1 $)04 Fe3 Ti 04, and Fe3 Zn„04, undergo a
first-order Verwey transition in the range T, =121—106
K with increasing cation vacancy density, titanium con-
tent, or zinc doping in the range below
35=x =y=0.012; the various resistivity curves, includ-
ing the discontinuities at T= T, were found to superpose
well with the correspondence 35=x =y. Beyond a criti-
cal value 5=5, =0.0039 the above compounds were ob-
served to undergo a second- or higher-order Verwey tran-
sition at temperatures in the range 101—82 K, which di-
minished with increasing 5, x, or y up to 5=35,. Beyond
this point the Verwey transition disappeared altogether.
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FIG. 1. Measured Seebeck coeiFicients versus temperature for
Fe3 —y Tiy04 (a) For very dilute titanomagnetites, 0 ~y 0.007.
(b) For titanomagnetites at low doping levels, 0.007 ~ y ~ 0. 166.
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The present data set is in very good agreement with the
earlier work by Kuipers and Brabers, who explained the
upturn in terms of a two-level model as arising from re-
sidual impurities. These results are consistent with a
first-order transition. In Fig. 1(b) there is a discontinuity
in the slope of the Seebeck coeScients at T„. The general
features of the a(T) variation above and below T, of Fig.
1(a}are also present in Fig. 1(b), including the trend of a
diminishing slope in the straight line portions below T„
as the titanium content rises.

We show in Fig. 2 the variation of a with T for sam-

ples with a higher Ti content in the range 0.35 &y ~ 0.90.
One should note the observed trend: a becomes progres-
sively more positive as y is increased, and the slope a'( T}
of the curves changes from positive below y =0.5 to neg-
ative above this value. In the lowest temperature range,
where a rapid upturn occurs, the Seebeck measurements
of titanomagnetites with y ~ 0.5 are suspect; for the sam-

ple impedance then becomes comparable to that of the
measuring equipment. These data are comparable to
those published in a very recent investigation by Brabers
whose measurements extend up to nearly 1200 K. These
are rationalized in terms of a range of localized states.
We have not been able to locate other prior investigations
of the Seebeck coefficient in titanomagnetites for the
range of temperatures below 300 K. A publication by
Trestman-Matts et al. deals with such measurements
above 600'C.

As a further test of the theory presented below we also
include in Fig. 3 the variation of a with T for a series of
zinc ferrite samples Fe3 „Zn„04 in the range
0&x &0.30; the present data are in excellent agreement
with those published earlier. Work by Srinivasan and
Srivastava' and by Samokhvalov and Rustamov" are
also in good agreement with the above results, as are the
measured room-temperature Seebeck coeScients by ear-
lier investigators. '

Preliminary to the theoretical analysis it is necessary to
ascertain the cation distribution which prevails in the ti-
tanomagnetite and zinc ferrite series without cation va-
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FIG. 2. Measured Seebeck coefficients versus temperature for
Fe3 yTiy04 for titanomagnetites in the composition range
0.35 +y &0.90.
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cancies. From magnetization measurements, mass, and
charge balance data one arrives at the following distribu-
tions

I: (Fe'+)[Fe', +2»Fe1+»Tiy+]04 (O~y ~0.2),
II: (Fel.25 —1.25yFe1.25y —0.25)

3+ 2+

[Fe0 75—0 75y Fe1 25 0 25» Ti»+ ]04 (0.2 (Y & 1},
III: (Fe1+ Zn„+)[Fe1+ Fe1+„]04 (O~x +1}.

The cations enclosed by round and square brackets
represents species located in tetrahedrally and octahe-
drally coordinated cationic interstices. The above results
difFer to some extent from those provided by earlier inves-
tigators. ' There are some problems associated with all of
the distributions because of possible spin canting and
spin-glass behavior. Thus, the above distribution, which
is used for consistency, is likely only on approximation to
the real distribution.

One should note that Ti + displaces iron solely in octa-
hedral interstices (o sites) whereas Zn2+ displaces Fe +

solely in tetrahedrally coordinated sites (t sites). In prin-
ciple, electronic conduction could occur through valence
fluctuations of ions located on o sites in I, II, and III;
also, via charge fluctuations of ions on t sites in II and
III, and by the transfer of electrons from t to o sites or
vice versa in I, II, and III. However, valence fluctuations
on t sites are highly unlikely in III because of the stability
of the zinc cation in its divalent state. In II charge trans-
port by carriers on t sites is much less likely than that on
o sites because of the greater cation separation distance of
the t sites. The o-t interchange in II is energetically un-
favorable: the spin direction of the sixth electron on
Fe + in the o environment is opposite that of the five 3d
core electrons of Fe + resident on o sites. The spin of the
sixth electron is, however, parallel to that of the five 3d
electrons of Fe + on the t sites. An o-t electron transfer
without spin flip would therefore violate Hund's rule, in
contrast to the o-o type electron transfer. An electron
transfer with spin flip requires additional energy. Ac-
cordingly, we assume that only electron fluctuations
among octahedral sites need be taken into account.
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FIG. 3. Measured Seebeck coefficients versus temperature for
Fe3 „Zn„04 in the composition range 0.028 &x & 0.29.
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MGDKI. FQR INTERPRETATION GF DATA

We base the subsequent model for the interpretation of
the above data on an adaptation of order-disorder
theory' which was used earlier in the study of the
Verwey transition in magnetite. ' This very elementary
approach is based on the assumption that charge trans-
port involves an activated hopping process of carriers
among nearest neighbors of the octahedrally coordinated
cationic interstices. In dealing with electron transfers
among o sites one must take into account the availability
of empty sites [Fe +] adjacent to an occupied one [Fe +].
The probability of achieving such a configuration in turn
depends on the interactions between electrons placed on
adjacent sites, and on the Ti or Zn content of the sam-
ples. The latter in turn governs the charge-carrier densi-
ty.

The most primitive way of taking these various factors
into account is by subdividing the lattice sites up into
three categories as shown in the top part of Table I,
namely, S {type C), 0 (type A), and ~ (type B). As indi-
cated in the table, for the titanomagnetites series the C,
A, and 8 units represent octahedrally coordinated inter-
stices occupied by Ti +, Fe +, and Fe + ions, respective-
ly. For zinc ferrites C, A, and 8 represent octahedrally
coordinated interstices occupied respectively by Fe + in
which a trapped charge-carrier resides in a deformed lat-
tice position, by Fe +, and by Fe + containing a mobile
charge carrier. Charge-carrier interactions among
nearest neighbors are then taken into account by consid-
ering pairs of nearest-neighbor octahedral sites such as
C-C, C-B, C-A, and the like. These possible site pairings
are listed in the bottom part of Table I. The theoretical
treatment now brings the machinery of order-disorder
theory to bear on the problem. In this approach one
forms a total of ZL/2 octahedral site pairs (also called
"bonds" ) from L lattice points {octahedrally coordinated
interstices), where Z =6 is the number of nearest-
neighboring sites. This representative collection already
contains ZL individual sites (also called "points"}; the
overcount is corrected for by introducing a second collec-
tion of (1—Z)L individual sites, such that the combined
collection of sites and points tallies properly.

The various possible occupation states of the points
and bonds are exhibited in Table I for use with both the
titanomagnetite and zinc ferrite series. Several items
should be noted: (i) The tabulation contains a complete
listing of possible bond configurations; however, only the
sets associated with the three lowest-energy states are
selected for further consideration. It is possible to con-
struct a theory involving all six configurations, but this
would entail the use of five adjustable energy parame-
ters. ' The aim in the present treatment is to ascertain
whether a two-parameter theory, involving only the
selected configurations shown in the table suffices for the
analysis of the Seebeck coefficient data. (ii} Only two pos-
sible resonance states, namely, BA and AB are shown on
line 8 and 9 of Table I, whereas no interchange of CB and
BC (line 5) or of CA and AC (line 6) are indicated. This
is based on the fact that the charge carrier (designated by
the closed circle, state B}can interchange position with
an empty site (open circle, state A); this is the precursor
to the directed drift of charge carriers in an applied elec-
tric field. No such interchange is possible for the other
two configurations. (iii) For titanomagnetites configu-
ration C (the crossed circle) represents a titanium atom
located on an octahedral site. For zinc ferrites,
configuration C represents a charge carrier localized by
self-trapping in the ground-state configuration. This par-
ticular CA state was invoked, along with states AB, BA,
and BB, in modeling the features of the Verwey transition
in undoped Fe3(f $)04. '

Before proceeding we note that the various probabili-
ties shown in Table I are not all independent. One must
take into account the normalization requirements

p2+2p, +po= 1,
r2.+r i+70= &

as well as the consistency relation for mobile electrons
(filled circles),

p2+ p& =)'2

and a requirement based on the composition of the ma-
terial under study, namely

TABLE I. Tabulation of possible configurations for representative assemblies, together with proba-

bility and energy parameters.

Symbol Designation
Titanomagnetites
Probability Energy

Zinc ferrites
Probability Energy

0
C
A
B

Ti4+

F 3+

F 2+

ro
rl
r2

&A

Fe2+ a

Fe'+
Fe2+

r0
rl
r2

Ec
&A

E'B

(8}—
(3}—~
(3—0
0—0
~—0
0—~
0—0

CC
CB
CA
BB
BA
AB
AA

130

Pz

Pi
Pi

&CA

~BB

&BA

&AB

po
Pz

pi
Pi

&ca

&BB

~BA

~AB

'Charge carrier trapped by lattice deformations.
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yo=c or y&=c, (4) F=Fb+F, =Eb+E, —T(Sb+S, ) .

where c is the density of Ti4+ ions or of Fe + ions. From
the six probabilities of Table I we now arbitrarily select
pz and yz as the set of independent variables.

THEORETICAL DEVELOPMENT

To interpret the experimental Seebeck coefficient mea-
surements in Ti«Fe& «04 and Zn„Fe3 „04 we adopt the
following procedure: First we set up expressions for the
energy Eb of the bond figure assemblies and for the ener-

gy E, of the site figure assemblies, by consulting the en-
tries for the probability and energy parameters shown in
Table I. We now obtain, in view of Eqs. (1) and (2},

Next we introduce the equilibrium constraint by
minimizing E through the requirement

gp ash

ap,
=

ap,

Here one must keeP in mind that P, =yz —
Pz and

P0=1 —2yz+Pz are themselves functions of Pz. We find

0= L—P2U'+ U+2E +2P,E'
2 ap, ' ap,

+ks T L ln—P2+2(lnP, ) + (1nP0) + 1
Z ap,

=ZEb = L(pz—eBB+2piEgs+p06cq )
2

—z
L{P2U+2PiE+eca )

2
(Sa)

+2"'+ '+2 + (10)

where

U= EBB E—CA
= U(pz) —and E:sAB G—CA= E(pi ) . (Sb}

which may be rewritten as

ln(pA/p& )= —[(U 2E )+p—zU' 2piE']/—ks T

For the point figure assembly we find

E,={1 Z)L(—yz+B+ Y isA+y0~C]

=(1 Z )L (y262+ y is'1+ ~c)

or as

=——R /kBT (1 la)

(1lb)

where ez= es ec a—nd 61 =s'A EC

The corresponding entropies in Stirling s approxima-
tion are given by pz= [2(1—C) ] '[ —S+QS +4C(1—C)yz], (12a)

We next substitute for p0 and p, in Eq. (11b) and solve
the resulting quadratic expression for

z
Sb = ks L(pzlnpz+2pilnpi+p01np0)

2

for the bond figure assembly, and by

(7) with

S= 1 —2yz(1 —C), (12b)

S,= —kB(1—Z )L (yzlny2+ y, lny, +y01ny0)

for the site figure assembly. One may now construct the
free energy from the expression

so that pz is now specified in terms of yz. For purposes of
obtaining Seebeck coefficients we next determine the
chemical potential of movable charge carriers according
to the relation 14= dF /dy2, with F=F/L, —

p = = + =(1 Z)ez+ Z(y 2 P—z)E'+ ZE+ k—s T(1—Z)ln[yzl(1 —y, —yz) ]
gF dFb dF,

i}yz i)yz i}yz

+kB~ ln[{Y2 p2)/(1 23 2+p2)1 .

For a collection of electrons whose kinetic energy is small the Seebeck coefficient is related to JM via'

a= =(Z —1) +Z +(1—Z)ln[yz/(1 —yi —yz}]+Z ln[(yz —Pz)l(1 —2yz+Pz)] .I EE —&2 (yz —pz)E-'

B B B
(14)

In the above E is the energy of the transport levels rela-
tive to the ground state [see Eq. {Sb}].In ordinary appli-
cations it is appropriate to set E=ez, which then also re-
quires that E'=—0. With these simplifications the first two
terms in Eq. (14) drop out and the remaining expression
[the last two terms in Eq. (14)] will be,used as the basic
relation for calculation of the Seebeck coefficients.

DISCUSSION

It should be noted that our first attempts to interpret
the Seebeck coefficient data in terms of an itinerant,
strongly correlated electron model' ended in failure.
The above experimental work can only be rationalized us-
ing a model in which charge carriers are essentially local-
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ized. This is in accord with a recent high-precision x-
ray-dim'raction study that yielded information on the elec-
tron density distribution in magnetite. Ihle and
Lorenz ' have suggested that the conductivity observed
in Fe304 is due to a superposition of a small polaron hop-
ping and a polaron narrow band mechanism, the latter
being dominant at low temperature. Other authors had
previously suggested the dominance of the thermally ac-
tivated charge carrier transport. ' Still other workers
have interpreted the conductivity data in terms of
itinerant charge carriers in band states. As is shown
below, a satisfactory fit of the data is possible based solely
on localized electron characteristics.

As concerns the titanomagnetite system, the data in
Figs. 1(a) and 1(b) for very low degrees of Ti substitution
are virtually identical with those obtained for non-
stoichiometric magnetite Fe3(1 Qj04 with the correspon-
dence y =35 for y &0.036. The data analysis invoked in
an earlier publication may thus be taken over in totali-
ty. This previous analysis was based on a simplified ver-
sion of the theory displayed above, which holds for the
limiting cases C =0 and 1. It was shown that in these cir-
cumstances the resulting theory would simulate first- and
second-order transitions, leading to excellent agreement
with the experimental Seebeck measurements on
Fe3(1 $)04 Thus, no further elaboration of this ap-
proach is necessary to deal with the data of Figs. 1(a) and
1(b).

The results of Fig. 2 are simulated by carrying out nu-
merical calculations based on the last two terms of Eq.
(14},together with Eqs. (12). The parameter C was deter-
mined from Eq. (11) by assuming that R varies linearly
with T as R = V QT, with V—:—U —2E and, in the spirit
of Landau, simulating PzU' by QT. As is—consistent
with formula II, we set y2 =(1.25 —0.25y ) /2 and
yi=(0. 75 —0.75y)/2. In the range y &0.20, formula I
was used, together with y2=(1+y )/2 and y, =(1
—2y)/2. V and Q were then individually adjusted until
the resulting calculated curves of a( T) fell within the ex-
perimental error of the data. A typical set of calculations
is shown in Fig. 4. Comparison with Fig. 2 indicates very

good agreement between theory and experiment. Note
the assumption that Ti + sites are not accessible to the
conduction carriers. This is in agreement with the con-
clusion detailed in Ref. 1, based on conductivity trends.
Furthermore, the temperature variations of a, which
change systematically with increasing Ti content, are
correctly reproduced by our elementary theory.

A diagrammatic representation of the appropriate V
and Q values in the Q- V parameter space is shown in Fig.
5. The narrow ellipses show the ranges in V and Q for
which the calculated and experimental curves agree
within experimental error. The uncertainties increase
with y. There is no clear trend in the variation of V and
Q with increasing y: for y &0.5, V is close to zero
( U =2E) or slightly negative ( U & 2E), whereas for
y &0.5, V is positive (U&2E). The energy difference

~
U 2E~ re—mains within the range —20—100 K. Q is al-

ways negative: that is, with rising temperature the "gap"
U=e» —e«becomes larger. For samples of lower Ti
content, as well as for the case y =0.5, where a does not
change significantly with T, this temperature variation
dominates V.

Analogous results are encountered for the zinc ferrites.
Here, the right side of Table I is relevant. In light of for-
mula III we now set yz=(1 —x )/2 and y, =c, and carry
out the same cycle of calculations as discussed above. A
typical set of theoretical results are shown in Fig. 6.
Here the agreement with experiment (Fig. 3}is satisfacto-
ry, though not as good as for the titanomagnetites, in the
range 100& T&300 K. For T&100 K the calculated
curves tend toward higher negative a values than do the
experimental measurements. The reason for this
discrepancy is not clear. Either the model fails at low
temperatures, possibly because charge carriers begin to
assume more itinerantlike characteristics in this range,
or else the experimental measurements begin to be sub-

ject to the upswing of a to less negative values at lower
temperature. Such a situation is generally encountered in
nonstoichiometric magnetites or zinc ferrites ' but not
in titanomagnetites.

The range of V and Q values consistent with the experi-
mental data are shown in Fig. 7. One sees that for in-
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FIG. 4. Calculated variation of Seebeck coefficient with tem-
perature for titanomagnetites; compare with Fig. 2.
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FIG. 5. Allowable variation of V and Q parameters used in

calculation of Seebeck coefficients of titanomagnetites; see text.
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FIG. 7. Allowable variation of V and Q parameters used in
calculation of Seebeck coeScients of zinc ferrites; see text.

creasing x in Fe3 „.Zn„04 the acceptable V values, and
hence U —2E, become increasingly negative, while Q,
which is now positive, changes in an irregular manner.
The difFerence in parametrization for the titanomag-
netites as compared to the zinc ferrites reflects the fact
that Ti + enters the octahedrally coordinated interstices
and decreases the density of sites among which the
charge carriers may be distributed, whereas the presence
of the Zn + in tetrahedrally coordinated interstitial posi-
tions merely adjusts the density of charge carriers on the
o sites.

Fe3 «Ti~O„Ti + does not exhibit charge fiuctuations
and thus does not participate in conduction processes.
The various trends in the Seebeck coefficient measure-
ments of both Fe, „Ti~04 and Fe, „Zn„04 are correctly
reproduced by a model involving charge-carrier localiza-
tion, while taking account of interactions between elec-
trons on adjacent octahedrally coordinated interstices.
The theoretical analysis was carried out on the basis of a
standard order-disorder model' as applied to octahedral-
ly coordinated cation intersticialcies.
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