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Previous analyses of the Verwey transition in magnetite have
been placed on a firm footing by a consistent analysis of the
statistical properties of an array of quantum states associated
with ferrous or ferric ions in octahedrally coordinated interstices
of the spinel lattice. This collection is represented by an assembly
of bonds and sites. Individual sites can be in one of three config-
urations: empty, as in the Fe** state, trapped, or polaronic if in
the Fe** state. On neglect of high-energy states involving elec-
tron occupation of neighboring lattice sites, one arrives at an
analytic equation of state for the order parameter in its depend-
ence on temperature, which can be solved numerically. This
equation is sufficiently flexible to handle both the first- and
second-order transitions by appropriate changes in parameters.
The present theory rationalizes the experimentally observed
changes in the order of the Verwey transition that result from
alterations in the sample stoichiometry. © 1999 Academic Press

1. BACKGROUND INFORMATION

The magnetite systems Fe;—404, Fe;-,Zn, 0,4, and
Fe;_,Ti,O, (also designated as Verwey materials) pose an
interesting theoretical challenge: it has been established
through extensive experimentation (1) that with increasing
0, x, or y one encounters a change in the thermodynamic
nature of the Verwey phase transformation. Namely, in the
range 0 < 0. = 0.0039 and for x = y = 30 the transforma-
tion is first order, with a very sharp spike in the heat
capacity anomaly and latent enthalpy at the Verwey
transition temperature T,; the corresponding entropy of
transition is AS, = RIn 2 at § = 0. Systems of this nature
will be designated as belonging to class I. For §, < ¢ < 30,
as well as for x = y = 30 in this range, the transition is of
second order; a A-like heat capacity anomaly is spread over
a considerable temperature range about T, and no latent
enthalpy of transition is encountered. The corresponding
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systems will be designated as belonging to class II. Finally,
for 6 > 30, and for x = y = 36 the Verwey materials do not
exhibit any low-temperature phase transitions; these com-
pounds are classified as belonging to category III. The
various manifestations of the above transformations (or
lack thereof) will be collectively termed the Verwey
transitions.

The limited aim of this introductory paper is to provide
a unified approach for the theoretical description of the
Verwey transitions. In later publications we intend to study
in more detail the associated changes in thermodynamic
and electrical transport properties.

The basic theory that can serve as a model for the study of
Verwey transitions was outlined sometime ago by Straessler
and Kittel (hereafter referred to as SK) in a brief paper (2)
that deserves to be more widely known. More detailed
accounts have recently been provided (3, 4). Basically, SK
posited a ground state of energy E, = 0 with degeneracy g,
occupied by n, out of N particles, and an excited state of
energy E = E, = N[eyy — (1/2)A*], with degeneracy g,
and occupation n; = N — ny. Here yy = n;/N may be con-
sidered as an order parameter; the &y and — (1/2)A* terms
simulate, respectively, the degree of occupation of and the
interaction between particles in the excited and ground
state. The entropy is specified by S = Nkgln W, with
W =g gi*'N!/[(N — ny)! n,!], where kg is the Boltzmann
constant. On constructing the free energy via F = E — TS
and minimizing the latter with respect to i one obtains the
equation of state characterizing equilibrium

oF g -y
Gy =0=em kBT[lngo—i—ln( J ﬂ [1.1]

which must be solved numerically for (T; I'), where the
parameter set I’ = 4, ¢, g1/g, must be specified. As SK dem-
onstrated, the three choices g;/go > 1, g1/go =1, or
g1/go < 1 are sufficient to guarantee that (7, I') is discon-
tinuous at a critical temperature T, that the first derivative
is discontinuous at T,, or that (T, I') remains continuous.
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In other words, the SK equation of state is sufficiently
flexible that first-order and second-order transitions (as well
as no transitions) can be handled by the same formalism.

However, it is not obvious how the two-level approach
can be correlated with the physical characteristics of Verwey
materials. Rudimentary attempts to address this problem
have been published (5). However, they suffer from short-
comings that have been detailed elsewhere (3). Here we
construct a unified model that handles the Verwey
transition problem without the inadequacies of the earlier
work. The results are formally equivalent to the SK mean
field approach. The present derivation is a variant of a more
detailed version (3) to which the reader in referred for an
alternative, more explicit exposition.

2. FUNDAMENTALS

It is well established that for temperatures T, > 121 K
Fe;O, crystallizes as an inverse cubic spinel, with a unit cell
comprised of 32 anions arranged on a face-centered cubic
lattice; the cations fit into 8 out of 64 possible tetrahedrally
coordinated interstices (c4), and into 16 out of 32 octahed-
rally coordinated interstices (cg). The former are known to
be exclusively occupied by Fe** ions, while the latter con-
tain Fe?* and Fe®" ions in equal concentration. Stated
more accurately, the c¢g coordinated sites contain Fe** ion
cores, with half as many “extra” electrons distributed among
them. As a concomitant to the Verwey transition at
T, < 121 K the crystal suffers a slight distortion to the
monoclinic structure; this transformation alters the degen-
eracies of the orbitals into which these extra electrons are
placed. Incorporation of excess oxygen to form Fe;; 5O,
or doping with aliovalent Fe?* and Ti** alters the density
of the extra electrons.

The laws of mass conservation and electroneutrality can
be used to deduce the actual cation distribution in nonstoi-
chiometric magnetite of composition Fejz(; —;O,4. Assuming
that the disorder occurs solely among cg sites the cation
distribution is given by (Fe**) [Fe3 1 ¢;Fe’o505,] O, per
formula unit (FU). Here (Fe®*") represents trivalent iron
occupying c, sites, while square brackets enclose cations
Fe** and Fe?* occupying cg sites; vacancies (C]) are gener-
ated when 6 > 0. For 6 >0, 1 — 96 extra electrons are
distributed among the 2 — 30 cg sites occupied by iron, and
1 + 60 sites remain vacant (note the distinction between
vacant and unoccupied cg sites). The density of unoccupied
sites C and of occupied sites D, respectively, is thus given by

C=(1—95)/(2—35)z1—1—55:1—1) [2.1]
2 4
1156
D=(1—60)/2—30) x5+ [2.2]
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Since Ti*" replaces iron exclusively in o-locations,
Fe;_,Ti,0, must be represented by (Fe*")
Fe3?, Fe?t Ti**]0,, so that
y Y=y
C=

[1+3y], D=%[1—-3y] fory<1.

=
Njw

Zn**, on the other hand, replaces iron exclusively in t-
locations so that Fe;_,Zn, O, is properly represented by
(Fe3* . Zn2*)[Feil Fe?* ]Oy; thisleadsto C = (1 — x)/2,
D =(1+ x)/2.

3. LATTICE REPRESENTATION

In our further development we now consider the extra
electrons that are distributed among the octahedrally coor-
dinated cations; we also restrict ourselves to undoped
(though nonstoichiometric) magnetite. It is then reasonable
to replace the entire magnetite lattice by the collection of
cg coordinated cations and their associated extra electrons.
The latter are placed into different types of states with their
respective orbitals. Hence, the fundamental objects of the
statistical analysis are considered to be these orbital states
rather than the electrons that populate them. In a sub-
sequent analysis we consider the degree of occupation of
these orbitals by the extra electrons.

We now distinguish between the following configura-
tions: (i) cg interstices populated by Fe®* cores; these are
designated as empty (e) states, accorded the symbol © or X.
The associated energies and degeneracies are g, and A,
respectively. (i) Trapped (¢) states, which are generated
when an electron resides at a cg site, subject to such a strong
distortion of local surroundings that the charge carrier
cannot acquire the necessary thermal energy to move to
adjacent e states. The electron and distorted surroundings
as a unit is assigned the symbol ® or Y, an energy ¢, and
a degeneracy 4,. (iii) Polaronic (p) states, wherein a given
extra electron temporarily resides on a cg site, together with
a slight distortion of the immediate anion surroundings. The
resulting polaron can migrate as a unit to an adjacent
e state, when thermal fluctuations temporarily bring the
p and e states into energetic coincidence. This entity is
assigned the symbol @ or Z and is associated with energy
&, and degeneracy 4,. The unit can acquire a directed drift
(by hopping) under the influence of an applied electric field.
These various configurations and their properties are sum-
marized at the top of Table 1, together with the probabilities
of their occurrence, ;.

The above units cannot be considered in isolation. First,
as already mentioned, a unit in the p state is capable of
moving to an adjacent e state. Also, Coulomb interaction
between electrons on adjacent cg sites affect the degree of
occupation of the latter. We take these effects into account,
but will ignore longer range interactions involving next-
nearest neighbor cg sites. Even in the present approximation
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TABLE 1

Designation Figure Energy Degeneracy Probability
X @] & Ao %o
Y ® &1 A1 231
VA [ ] & Ay oy
XX o0 €0, 0 0.0 Bo.o
Yy ®—® é1,1 21,1 Bi.1
/A oo €2,2 22,2 Ba.2
YZ @ 81,2 21,2 Bi.2

R €2,1 B2t
Xz o—-@ 0,2 20,2 Bo. 2

e O €,0 Bao
XY Oo—® €0, 1 20,1 Bo.1

®—0O €1,0 Bi.o

Note. Definitions of the bond and site figure assemblies for the three
state model. The type of state, figure representation, energy of the site or
bond, degeneracy of the site or bond, and probability of occurrence is
listed. It is assumed that ¢; ; =¢;; and f; ; = f; &

the lattice itself is too complex a unit for statistical analysis.
We therefore follow the approximation procedure of Hij-
mans and de Boer (5) in breaking down the lattice proper
into assemblies of independent “bonds” (b) and “sites” (s)
that form representative arrays. There are then nine distinct
occupation states for the bonds that represent the various
possible occupation states of neighboring cg lattice sites.
These entities are listed in Table 1, along with their asso-
ciated probabilities of occurrence, f;;, energies, ¢;;, and de-
generacies, A;;.

For a lattice where each site is surrounded by Z nearest
neighbors we require (Z/2) L bonds to represent all possible
nearest neighbor pairs of cg sites. This b collection already
includes ZL individual s sites, whereas the actual number of
sites in the lattice proper is L. To compensate for the
overcount we must therefore construct a site-figure s assem-
bly of (Z — 1)L members whose energies and entropies are
to be subtracted from the corresponding properties of the
bond figure assembly.

4. STATISTICAL PROPERTIES

We begin the statistical treatment by referring to the
listing of the possible occupation states in Table 1.
The energy of the bond b assembly is given by

Z 2 ,
U,= 2 L|: Z (AoiBoitoi + AiiPiici) — iooﬁoogoo]: [4.1]
i=0

where the last term compensates for the extra term in
the summation that occurs when i = 0. The site s figure
assembly that corrects for the site overcount in the b
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assembly has the energy

2
Us = (Z — l)L Z )\,iofigi.

i=0

[4.2]

The entropy for g distinguishable configurations is speci-
fied by the Boltzmann expression S = kg Y 4, p, In p,, where
the p, are the occupation probabilities. From Table 1 we
obtain

7 2
Sp=— 3 LkB|: > <10iﬂ0i1n Boi + Zifiiln ﬁii)
i=0
— 4ooBooIn ﬁ00:| [4.3]
2
S;=—(Z—1)Lky ¥ Jo;Ina, [4.4]

i=0

The total Helmholtz free energy per site pair F = 2F/L is
given by

F =2[(Uy, - Uy - T(S, — S)]/L

2
=Z z [LoiBoitoi + Ziifiieii
i=0
+ kg T'(Zoi BoiIn Bo; + A fiiIn ;)
+ 2(1/Z — 1) (A6 + kg T Ao In )]

— Zlo0Boo(€00 + kgT In Boo). [4.5]

The nine variables f8;; and «; are not all independent. First,
the probabilities must be normalized to unity:

Z (AoiBoi + Ziifii) — ZooPoo =1 [4.6]

)v,-OC,- = 1
0

[4.7]

2

13

Second, there exist consistency conditions which arise be-
cause the number of sites of type X in the bond and site
figure assemblies of Table 1 must match the actual count,
ooL, in the lattice. When the multiplicities are properly
taken into account we find that for sites of type X

(Z/2)L[2%00Boo +401Po1 +402Bo2] + (1 — Z)Ligog = oL,
[4.8a]
or

2200Boo + Ao1Po1 + Aoz Bor = 240. [4.8b]
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Similarly, for sites of type Y or Z

2241B11 + Ao1Por + A12Pi2 = 24404 [4.9]

2222 B22 + 202Boz + A12B12 = 2450, [4.10]
Not all of these equations are unique. For if we sum [4.8b],
[4.9], and [4.10] we obtain a form equivalent to [4.6], [4.7].
Thus, only four of the five above constraints are indepen-
dent.

A final constraint arises from a match of compositions.
The density of unoccupied sites which affects the actual
electron density is specified by the experimental value of
unoccupied cg sites in the lattice proper, C, as given by Eq.
[3.1]

Aoog = C. [4.11]
We arbitrarily consider Eq. [4.6] to be the redundant equa-
tion and select a5, 25, Bo2, Poo as the independent variables.
The dependent variables can then be specified as

}vlal = 1 - ;LzOCz - C [412]
)~01ﬁ01 =2C— iozﬁoz - 2/100/300 [4~13]
112[312 = 2)~2052 - /'fozﬁoz - 2/122/322 [4~14]

1B =1+ ZooPoo + A22B22 + 402 oz — 2C — 22,05.
[4.15]

We next enforce equilibrium by requiring 9F/0fq0 =
0F /0By, = OF/0f,, = 0F/do, = 0 to minimize the free en-
ergy. The minimization process is straightforward but tedi-
ous. After a series of elementary steps detailed in Ref. (3) one
finds the following interrelations among the occupation
probabilities:

In(Boof11/B51) = — Er/ksT [4.16a]
In(Bo2B11/Po1B12) = — Ea/ksT [4.16b]
In(B22811/B12) = — Es/ksT [4.16c]
In(B12/B11) + bln(ay/ay) = — (E4 + Eq)2ksT,  [4.16d]
wherein
b=1/Z =1, E,=¢oo+ &11 — 2601,

E; = (g0 — €01) + (11 — €12),

Es =¢3; +e11 — 2612, Es=(e12 —&11) + 2b(e; — &1)

KLOOR AND HONIG

Eq = (200/22)B00(0E1/002) + (Ao2/42)Bo2(0E/00)
+ (A22/22)B22(0E3/005) + 0t2(OE4/00)

+ (1/2;) (OEs/0ay) [4.17]

where

Es = C[2e0; —&11 + 2b(2e1 — &o)], [4.18]
Clearly, numerical solutions are required to specify the
above s and o’s; moreover, six parameters are involved in
the solution, not counting the individual energies nor the
degeneracy factors in Eq. [4.17]. While brute force solutions
can be obtained by numerical techniques they do not
furnish systematic insight. A simpler approach is clearly
desirable.

5. SIMPLIFICATION

Equations [4.16a]-[4.16d] become amenable to analytic
formulations if we assume that the energy of all doubly
occupied bonds is much greater than the energies of all
other configurations. Such an assumption is not unreason-
able, given the large coulombic repulsion between electrons
located on nearest neighbor octahedral sites. Adoption of
this assumption is equivalent to disallowing all double occu-
pancies:

Bi1 = P12 =P22=0. [5.1]
This condition follows formally from the basic assumption,
as shown elsewhere (3).

On introducing [5.1] into [4.11] to [4.15] and expanding
[4.12] to first powers in ¢ ( < 1) one obtains

2otto =2 —Q [5.2a]
200 = Q —y(T) [5.2b]
Joofoo=1—Q [5.2¢]
JorPor = 220 = Q — Y(T) [5.2d]
Jo2Pos = 22205 = Y(T). [5.2¢]

In the above we have introduced an order parameter
Y which is of intrinsic interest, and a stoichiometry para-
meter Q, as

lﬁ = 2/120(2, [533]

Q=1-15/2. [5.3b]
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Y will ultimately depend on T, due to the equilibrium
constraints. Thus, the occupation variables are variously all
specified in terms of T and J.

6. ENERGY

With the above simplification the expression of the energy
per pair of nearest neighbor sites reduces to

U = Z[00Boocoo + Zo01Po1801 + 402 Po2802]

+ (1 = Z)[2000080 + 2710181 + 2a0065].  [6.1]

When Egs. [5.2] and [5.3] are substituted and the results
are simplified one obtains

U=Z(1—-29Q) (600 — ) + (2 = Z)eo + Z(Q — Y)A1(Y)

+ ZYAs(Y) + ¥ Go(Y) — QG (), [6.2]
where we have introduced four energy “gaps” as
Go(Y) =e;— &1 =G5 + Y G [6.3a]
Gi(Y) =0 — &1 = G} + Y G [6.3b]
A(Y) = €9, — &3 = A + YA, [6.3c]
A() = g0y — &1 = AY + YA} [6.3d]

In keeping with the methodology commonly used we have
expanded each of the functions in [6.3] as a Taylor series in
¥, retaining only first-order terms. That is, we allow each
gap to vary linearly with /, as shown on the right of Egs.
[6.3a]-[6.3d]. The superscripts 0 and the prime designate
values of G, or G; and of its derivatives at y = 0. Next,
substitute [6.3] into [6.2] and group the various coefficients
of Y°, ¥, and Y*. On discarding the terms involving the
constant parameters we obtain

U =[ZQA} — G)) + Z(AS — AY) + G3lY

+[Z(Ay =AY + GIY? = moy — 3myy®. [64]
Note that we have now arrived at the SK formulation for
the energy of a two-level system. The constant value of the
eo — &, gap, GY, has been grouped with the discarded terms
and has therefore disappeared. The leading term in y is
given by mg~ G35 = &3 — ¢, while the remaining terms in-
volve differences in gap energies and their derivatives, both
of which are smaller. Likewise, the leading term in ¥ is
given by 3m;~ — G5, just as in the SK theory. We have
thereby obtained a physical interpretation of the parameters
mg and my, (or ¢ and 4 in the SK formulation) as applied to
the Verwey problem.
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7. THE ENTROPY

With the use of Eq. [5.1] we obtain the following expres-
sion for the entropy per pair of nearest neighbor sites:

— Slky = Z{00fooIn Poo + Zo1 o1 In fo1 + Aoz foz1n fos}
+ (1 — Z) {2/100(0 11‘1 Ao + 2},10{1 11‘1 oy + 2/12052 ln sz}. [71]

On applying Egs. [5.2] and [5.3] and carrying out the
lengthy elementary algebraic manipulations we group the
results into terms not involving i and terms involving ¥ as

—S/ky = Z{(1 =) [(1 — Q)/doo] — 2— D) In [2—Q)/24]
+QIn (201701} + 2 — QIn[2 — Q)/240]
—QIn24) + Q@ — ) In(@Q — y) + ¥ Iny

+ ZYIn[Lo142/20221] + ¥ 1n(41/2,). [7.2]

This result may be recast in the simple form

—S/kg = Q=) In(Q —y) + yIny + YIn(yg/i) +Inr,
[7.3]

where Inr comprises all terms not involving , and where

de = (Aot/A1)? 24 [7.4a]
o = (Ro2/22)% 0. [7.4b]
We relate Aoy, 492, 40> 41, 42 DY Writing
20202 = Qa(Ao0%) (A205) [7.5a]
o1 Bor = Q1(Aoao) (A10ty) [7.5b]

as two ways of specifying the probabilities of occupying XZ
and XY site pairs; the Q;, Q, are proportionality factors.
On now inserting Egs. [5.2] in [7.5] we obtain Q; =
0,=4/2—Q). In the mean field approximation that
underlies the present theory we set fo; = oo (i = 1, 2); we
then obtain

ro/he = A1/l [7.6]

and

1 —Q\* 2-Q\'°*
Inr=(1—-Q)In|{— +2—-9Q)In
oo 220

+QInQR4)7 " — QIn{[4/2 — Qi } [7.7a]
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Of considerable interest is the case Q = 1, corresponding to

stoichiometric magnetite. We find in place of [7.7a] the
simple relation

lnr = — 1n(4/10/11) = — ln)u()l. [77b]

Thus, the entropy of stoichiometric magnetite at 0 K is
governed solely by the degeneracy of the XY state.

8. THE FREE ENERGY MINIMIZATION

On assembling Eqgs. [6.4] and [7.3] one may write the
Helmbholtz free energy per nearest neighbor site pair as

F=F@;T,d) =moy —smyp? + kgT[Inr + yIny

Q=Y In@Q — ) + ¥ In(le/il)]. [8.1]

Finally, we enforce the equilibrium constraint dF/0y = 0,
and set Q = 1, thereby ignoring effects arising from non-
stoichiometry. This leads to the equation of state

mo—mll//_ 1 —lﬁ )"2
7kBT =1n <—1// ) + In <Z>,

which is of precisely the same SK form as Eq. [1.1].

[8.2]

9. DISCUSSION

As compared to the earlier attempts (5) the present
approach provides a self-consistent connection between the
experimental findings of the Verwey transition and the
two-level SK theory. This unified theoretical development
validates the data fitting procedures adopted previously (5)
in the interpretation of the data along the lines of the SK
theory.

To demonstrate the versatility of the theory we show in
Figs. 1 and 2 the variation of the order parameter y with
temperature T for a variety of mgy/m; = ¢/A values. The
functional dependence is found by numerical solution of the
equation of state, Eq. [8.2] and is shown as a plot of i vs
kgT/A. The physically realizable solutions are indicated by
solid curves while the dotted curves show ranges of s that
are not accessible. Figure la for mq/m; = ¢/4 = 5/9 clearly
shows the discontinuity in the order parameter character-
istic of a first-order transition. Note that beyond the
transition temperature T,y diminishes with rising T, a fea-
ture which SK described as a super-transition. The variation
of y with kg T/A for mg/my = ¢/2 = 2/3 gives rise to a normal
first-order transition, shown in Fig. 1b, wherein i continues
to rise with T > T.. Note the detailed diagram of Fig. 2
which shows the existence of loops that require a Maxwell
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FIG. 1. Plot of order parameter ¥ vs kg T// for ¢/ = 5/9 (Part (a)), 2/3

(part (b)), 1/2 (part (c)), respectively. Here ¢ = mg, 4 = m;. Dotted curves
represent unphysical solutions.

construction with equal areas A and B, as shown in the
figure; the dividing line defines the temperature T,. Thus,
the theory successfully models gradual changes in order
parameter that terminate in a first-order transition at the
critical temperature. Finally, we show in Fig. 1c the change
of y with kg T/ for mg/m; = ¢/2 = 0.5, which is indicative of
a second-order transformation, wherein i is continuous but
its first derivative is discontinuous at T,.
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1 Ta
-
hY
0.8 )
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0.6 I
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0.6
0.55+
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Tkg! M
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FIG. 2. Detailed representation of Fig. 1b. Insert shows discontinuity
in the order parameter at kgT/A = 0.245, determined by a Maxwell con-
struction that equalizes areas A and B inside the loops. Arrows indicate the
hysteresis path.

We test the validity of the present theory by confronta-
tion with experiment. Such tests were already undertaken
earlier (5) with the SK model; thus, a brief review of the
findings suffices. One needs to determine three parameters:
mo, my, and A,/4; for use in Eq. [8.2]. We begin by taking
the difference in entropy S, just above and just below the
Verwey transition temperature T,, using Egs. [7.3] and
[7.6] with Q =1 and set ; =3(1 —A),y, =3(1 + A) to
find

S, = NAIn(4,/4y). [9.1]
For stoichiometric magnetite the experimental value for the
molar entropy of the Verwey transition is close to R1n 2 (7);
allowing for two octahedral sites per formula unit requires
that we set A =% and /,/A; = 2. The parametrizations for
mg and m; were performed by noting how T, varies with
deviations from ideal stoichiometry (6 in Fez(; —50O,), as de-
tailed elsewhere (5). One finds that

mo(d) = kg[3.862 T(d) — 118.0] [9.2a]

my(8) = ky[6.338 T(3) — 236.1] [9.2b]

for first-order samples (101.0 < T, < 121.1 K).
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We now carry out three tests of the model using the above
parametrization. (i) One can determine S, as described
earlier, but now allowing ¢ (and thereby, T) to vary. The
resulting plot is shown in Fig. 3 as a continuous curve. The
corresponding experimental values are superposed as
points. The agreement is very satisfactory. (i) Without
changes in parameter one may determine the variation of
the Seebeck coefficient o with temperature for a fixed com-
position. This requires the determination of the Fermi level
¢ for use in the relationship « = £/eT, on neglect of the
kinetic energy contribution. From conservation of charge
one may determine ¢ through the relation (3,5)

1 YR (1 — )

27 1+ exp(— &kpT) 1 + exp{[ — (mo — my) — E1}/kg T
[9.3]

With the indicated parametrizations, setting 4, = 24; = 2,
0 =0, and determining  via Eqgs. [8.2] and [9.2] one
obtains i as a function of T, thence &(T) from Eq. [9.3], and
finally, o = &/eT. The result is plotted in Fig. 4 as the full
curve. The experimental results (8) are shown as a dashed
curve. It must be remembered that no additional assump-
tions have been introduced. The agreement between theory
and experimental is satisfactory. (iii) The electrical conduct-
ivity ¢ is given by ¢ = ne u, where

n=2/y/[1 + exp(—</ksT)]

[9.4a]

is the mobile charge carrier density. The mobility is as-
sumed to be specified by the small polaron model y =
(1 — ¢)ea®T /iy T, where

1—c =21 —)/{[1 + exp[— (mo — myp) — E1/ksT]}

[9.4b]
10F 1
o8r 1
— L o o
o

c os} d 1
E L // 4
04rf / 1
g L/ ]
o2 // 4
L .
o i - A ekl PO | PUS S

100 105 1o 1S 120

Tv (K)

FIG. 3. Plot of calculated (full curve) vs experimentally observed en-
tropy changes at the first-order Verwey transition in Fe;; —;0,4. The
transition temperature 7', shifts downward with increasing o.
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FIG.4. Analysis of Seebeck coefficient « = &/eT for Fe;O, (full curve),
compared to experimental measurements (dashed curve). The upper
dashed curve is measured for Fe;O,4 containing slight impurities.

is the fraction of octahedral sites devoid of the extra elec-
trons and a is the separation distance between adjacent
octahedral sites. I" is the jump rate of the polaron, which in
the limiting form, is given by

I' = pvo exp(—mo/kgT), [9.5]
where v, is the appropriate optical phonon frequency and
p is the probability of encountering a jump during a coinci-
dence event involving initial and final sites. The variation of
the resistivity p = 1/ was then determined as a function of
T with 6 = 0. In these calculations pv, was treated as an
adjustable parameter, determined by fitting it separately to
experimetal results at a specific temperature in the range
below and above T,. The variation of p with T is then fully
determined by the theory. In Fig. 5 we show plots of
log p vs 1/T: the full curve represents the theory, the dashed
curve represents the experiments (8). Once again, the agree-
ment is satisfactory.

In conclusion, we have provided a theoretical description
of both thermodynamic and electrical transport properties
of Fes1-404 using a model related to order-disorder
theory. As formulated above, this approach handles both
the first- and second-order manifestations of the Verwey
transition and satisfactorily accounts for a variety of experi-
mental data pertaining to magnetite.
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FIG. 5. Analysis of resistivity p as plot of logp vs 1/T for Fe;O,. The
full curve is the calculated set of p values; the dashed curve represents
experimental data. The theoretical parameters were fixed at the crossover
points, but the remaining temperature variation of the full curve is deter-
mined by the theory.
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