Eur. Phys. J. B 13, 491-494 (2000)

THE EUROPEAN
PHYSICAL JOURNAL B

EDP Sciences
© Societa Italiana di Fisica
Springer-Verlag 2000

Charge ordering and elastic constants in Fe;_,Zn,0,4

H. Schwenk!, S. Bareiter!, C. Hinkel®, B. Liithi!*?, Z. Kakol?, A. Koslowski?, and J.M. Honig?

! Physikalisches Institut, Universitdt Frankfurt, Robert-Mayer Strasse 2-4, 60054 Frankfurt, Germany
2 University of Mining and Metallurgy, Department of Solid State Physics, Al. Mickiewcza 30, 30-059 Karkéw, Poland
3 Chemistry Department, Purdue University, West Lafayette, IN 47907, USA

Received 27 April 1999

Abstract. We present the temperature dependence of elastic modes of Fes_,Zn,O4 with x = 0, x = 0.02
and x = 0.032. The c44 shear modes show a pronounced softening which can be normalized to a common
behavior for all these substances. We can explain the softening with a bilinear coupling of the elastic strain
to an order parameter linked to charge ordering processes. The other elastic modes (ci1, ci2 and the bulk
modulus) do not show any softening. We present a symmetry analysis for the charge ordering model.

PACS. 71.30.+h Metal-insulator transitions and other electronic transitions — 62.65.4+k Acoustical prop-
erties of solids — 75.40.Cx Static properties (order parameter, static susceptibility, heat capacities, critical

exponents, etc.)

1 Introduction

Magnetite (Fe3O4) undergoes a metal-insulator transi-
tion at Ty, ~ 124 K [1]. Upon substituting with Zn
(Fes_,Zn,04) the strongly first order transition becomes
continuous for x > 0.012, or even, as suggested by some
authors [22] the long range order is missing, and above
x > 0.036 no anomaly is encountered [2,3]. The nature of
this transition was suggested to be connected to a charge
ordering [1] although the details of this mechanism and of
the structure seems not to be settled yet [4]. Magnetite
undergoes a paramagnetic-ferrimagnetic transition at a
much higher temperature T, = 858 K. This ferrimagnetic
order is due to an antiferromagnetic coupling between the
A-sites (tetrahedral Fe** S = 5/2) and the B-sites (oc-
tahedral Fe3t  Fe?t S = 2) in the cubic inverse spinel
structure [5]. The magnetite formula can be written as
Fe304 = Fell[Fe?tFe?t],.O4. Upon substitution the Zn
ions occupy only the tetrahedral sites [6]: [Fes_;Zn,O4]
= [Feitxzn?r]tet [FeiixFe%tx]OCto4'

The charge ordering at T, is due to the Fe?T — Fe3t or-
dering on the octahedral sites. In this structure the B-sites
can be seen as forming a network of 4 separated tetragons
within a unit cell (Fig. 1). The four tetrahedrons form
therefore a separate unit. The simplest view of the charge
ordering on these tetrahedrons would be the one originally
proposed by Verwey: Fe?* (Fe3*t) cations alone occupy al-
ternating [110] chains as indicated by the dotted lines in
Figure 1 [1,4,7].However, this pattern was not verified by
the precise neutron studies [20].
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Fig. 1. Fe-ions on octahedral sites. They form 4 tetrahedra
in the unit cell. Origin at (0, 0, 0) and with axis +a/2. Dot-
ted lines connecting the tetrahedra along the different [110]-
directions.

Recently charge ordering with an accompanying one
dimensional band Jahn-Teller effect was proposed for the
structural transition of the anti-ThsP, structure mate-
rial YbyAss at 292 K [8]. Subsequently a strong softening
of the cyy elastic constant was observed for T > T, [9].
A Landau theory description gave a bilinear coupling of
the er5 strain and the charge ordering order parameter
thus explaining the softening of the c¢44 mode by such a
symmetry analysis [9]. In magnetite having the same high
temperature symmetry for the tetrahedrons as in YbsAs;
and a similar strong softening for c44 a similar symmetry
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Table 1. T, and elastic constants at 270 K.

r=0 =z=002 z=0032
Ty [K] 124 94 83
ci1 [10* erg/em®]  27.2 25.3 26.0
ci2 [10' erg/cm?®]  17.8 14.3 14.6
caa [10" erg/cm?®] 6.1 8.4 6.5

analysis should be possible in order to identify the order
parameter and the coupling to the symmetry strains.

In this paper we present elastic constant data for the
system Fes_,7Zn, 04 for 0 < = < 0.032, with particular
attention to the high temperature phase T' > T,. We
will show that the softening of the cqy-mode as a func-
tion of temperature can be explained naturally with a
strain-charge ordering coupling. Because of domain wall
stress effects especially for the first order transition at 75
we cannot draw any conclusion about the elasticity in the
charge ordered monoclinic phase nor can we make definite
statements about the charge ordering in this phase.

2 Elastic constants

We measured elastic constants and attenuation using
a phase comparison and a phase sensitive (quadrature)
method [10,11]. As transducers we used piezoelectric foils
for the longitudinal modes and quartz plates for shear
waves. The single crystals of Fes_,7Zn,O4 were grown by
the cold crucible technique (skull melting) [12] at Purdue
University. The crystals were then subjected to subsolidus
annealing under CO/COQO3 gas mixtures to establish appro-
priate metal/oxygen ratio [13].

In Figure 2 we show the elastic constants ¢11, (c11 —
c12)/2 and cy4q for magnetite (FezOy4) as a function of
temperature. Reorientation of the magnetization around
130 K affects the sound propagation very strongly [14]. In
order to avoid such magnetic domain effects we applied a
magnetic field of 0.5 T for the various modes as before [14].
We notice a strong softening (about 10%) of the c44 mode
from room temperature down to T, = 124 K. The other
modes show a weak temperature dependence for T' > Ty,.
On the other hand all modes exhibit strong positive steps
at the transition temperature Ty,. These results for Fe3Oy4
are in good agreement with previous measurements [14]
except for the absolute values of the ¢;;. These absolute
values are given in Table 1 together with other data from
our investigation.

In Figures 3-5 we show the temperature dependence
of the various elastic modes for the Fes_,7Zn,0,4 system.
Again the most interesting mode is the cqq-mode which
shows an increasing softening with rising . For the highest
concentration x = 0.032, cq4 exhibits a total softening of
34% (Fig. 3). The positive step function at T' = Ty, has also
disappeared for x = 0.032 indicating that the transition
is now close to second order. As shown in Figure 4 also
the c11-mode steps at Ty are significantly reduced with
increasing Zn content  until for x = 0.032 the transition
is essentially of second order. Finally for the (¢11 — ¢12)/2-
mode the anomaly at T3, is smallest and the temperature
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Fig. 2. Temperature dependence of the elastic constants for
Fe3sO4. A magnetic field of 0.5 T was applied to remove the
domains. This implies for all the elastic constant data in
Figures 2-6.
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Fig. 3. Temperature dependence of the css-modes for
Fes_,7Zn,O4 for z = 0, 0.02, 0.032.

dependence for T' > T is weakest of all different modes
(see Fig. 2).

Figure 5 shows the elastic anisotropy A = 2c44/(c11 —
c12) and the Poisson ratio v = ¢12/(c11 + ¢12) as a func-
tion of temperature. The anisotropy exhibits the expected
softening due to c44, but the material is rather isotropic
elastically (i.e. A = 1). The Poisson ratio shows a rather
weak temperature dependence for T' > T5,. This quantity
describes the extent of possible valence fluctuations [15].
Apparently the charge fluctuations of Fe?T-Fe3t observed
for T > T, do not alter this ratio but they affect very
strongly the cq4-mode as shown below. The Poisson ratio
v may be little affected because only the Fe-ions on octahe-
dral sites exhibit valence hopping and because Fe3Oy, is an
inhomogeneously mixed-valence compound in contrast to
the homogeneously mixed compounds in 4f systems [16].
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Fig. 4. Relative sound velocity for the ci1-mode for x = 0,

0.006, 0.01, 0.02, 0.032 as a function of temperature.
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Fig. 5. Poisson ratio v and elastic anisotropy A for Fe3sO4 as
a function of temperature.

3 Electron-phonon coupling: symmetry
considerations

The space group of the cubic magnetite structure is Of
(Fd3m) and a cubic unit cell contains 8 formula units.
The octahedral B sites form 4 tetrahedra as shown in
Figure 1. In order to determine the electron-phonon cou-
pling we consider just one such tetrahedron with Ty sym-
metry. The three others are gained by translation vectors.
The character table for this symmetry is given in Table 2.
We denote the charge densities for the Fe?t, Fe3* ions in
such a tetrahedron by p; (¢ = 1-4). The average valence
of these charges is 2.5. These charges have coordinates
(_1a -1, _]‘)’ (_1a 1, 1)) (17 -1, 1)) (1a 1, _1) for P1 P2 P3
p4 respectively. In the following we use the method of cal-
culations presented in reference [9]. Application of the 24
symmetry operations of Ty on the p; gives a reducible 4 x4
matrix representation. This can be decomposed into a sum
of the irreducible representations. The character of the re-
ducible representation it is also given in Table 2. It de-
composes into the two irreducible representations I'; + 5.
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Table 2. Character table for Ty.

E 8C; 604 654 30
1 T 1 1 1
L 1 1 -1 -1 1
s 2 -1 0 0 2
ry 3 0o -1 1 -1
s 3 o 1 -1 -1

xred oy 1 2 0 0

Since the direct product I x I contains I there are
charge fluctuation modes of these symmetries, n(I%), that
couple bilinearly to the elastic strains egy, €42, €24 of the
cqq-mode (I'5) bilinearly and furthermore there is a cou-
pling to the volume strain ¢, of the bulk modulus cg(11).
This coupling to cg has no effect on the charge ordering.

In the Fes_,7Zn, O, system the important strain cou-
pling is to the ¢4y mode as discussed before (Figs. 2, 3,
4). As shown above we can have a bilinear coupling be-
tween strain £(I5) and charge fluctuation mode n(I5):
Fint = grernr. Taking the usual Landau expansion with
order parameter 1 and this strain-order parameter cou-
pling one gets for the soft c44 mode [9,17]

cas = (T~ T)/(T - O). (1)

Here © enters the usual Landau term o = o/ (T — ©)
and denotes the charge ordering transition without strain
interactions, and T, is the transition temperature if the
transition is of second order: T, = 6 + g2/2a/c®. The dif-
ference T, — @ is a measure for the strain-order parameter
coupling.

Formula (1) fits our experimental results very nicely
as shown in Figure 6. Here we plot the c44 elastic con-
stants for all 3 specimens (z = 0, 0.02, 0.032) as a plot
of normalized c44(T")/c44(270 K) versus temperature. The
values for ¢44(270 K) are given in Table 1. For T' > T, and
in the region of overlap the results of the various c44 modes
almost coincide. In addition the excellent Landau fit with
equation (1) shows that this approach is justified. From
the fit we obtain T, = 66 K and @ = 56 K. The c44-modes
do not soften completely however. The abrupt stop of this
softening at T is due to first order terms or other interac-
tions not considered in our analysis for T' > T. Note also
that the low temperature structure is monoclinic.

We have not yet discussed the order parameter for the
Landau analysis. This we will do again for the case of a
single tetrahedron considered above. Using the projection
operator technique we get for the charge fluctuation modes
the following expressions [18]:

pr1 = p1+p2+ p3+pa
Prs =P+ p2—ps—pa
Prs = p1— P2+ p3—pa
zy
Prs = P1— p2 — p3+ pa. (2)
For the Landau theory we obtain the change in the charge
density Ap

Ap = NyzPyz + NzxPzz + NayPay- (3)
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Fig. 6. Normalized soft modes c44(T)/casa (270 K) for the

Fes_»7Zn,O4 crystals together with a fit to equation (1) (dotted
line).
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Here the coefficients 7y, 12z, N2y in equation (3) are the
orderparameter to describe the charge ordering of the B-
sites. They are zero (Ap = 0) in the high temperature
phase above Ty. They enter also the strain-order param-
eter coupling given above. From equations (2, 3) we can
determine possible charge distributions for T < T5. pr1
would correspond to an average valence of +2.5 at each
ion site in the tetrahedron. For pps there are different
possibilities depending on whether just one component of
the order parameter say 7,y # 0 and 71,, = 1., = 0 or
whether two components are # 0 or whether all three are
# 0. Since the low temperature structure in magnetite is
not completely known yet we will not discuss all these pos-
sibilities except to note that for an orthorhombic subgroup
Cyy of Tq we have the first mentioned case 7)., # 0. The or-
thorhombic structure Cs, would be the low temperature
structure if one neglects the monoclinic tilt angle 8 [5].
This order parameter would lead to a charge distribution
of Fe™ along the [110] direction and Fe** along the other
[011] of Figure 1. This gives a charge ordering anticipated
before [1].

In summary we can say that the charge ordering mech-
anism can account for the softening of the c44 mode in this
system. The absence of complete softening is due to first
order mechanisms not considered here. The absence of any
softening in ¢1; can be put on the small coupling constant
gr1 of the corresponding strain-order parameter coupling.
The absence of any softening in the (¢11 —¢12)/2 mode can
be explained by the absence of any bilinear strain order-
parameter coupling for the tetrahedron.

4 Conclusions

We have presented the results of an experimental study of
elastic constants in Fes_,7Zn,04 systems. We have found
that the shear wave cqq4 shows strong softening in the cu-
bic phase and we have explained this fact with a charge
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ordering mechanism. In addition we propose a physical
picture of the possible charge ordering in the low tem-
perature phase. In this investigation the monoclinic phase
was not considered explicitly. Our experiment can only
account for order parameter at the I" point. Other exper-
iments (inelastic neutron scattering) can identify a k # 0
order parameter with A symmetry [20].

There were attempts in the literature to explain the
Verwey transition with a cooperative Jahn-Teller mecha-
nism [19] acting on the Fe**-ion. Apart from the fact that
the charge ordering had still to be explained the effect of
spin orbit coupling had to be considered on the same foot-
ing as the cooperative Jahn-Teller mechanism especially
for octahedron deformation ¢/a > 1 [21]. Therefore we do
not pursue this further.
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252 and by KBN-State Committee for Scientific Research grant
No. 2 P03B 036 14. We gratefully acknowledge discussions with
T. Goto and D. Khomskii.
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