PHYSICAL REVIEW B

VOLUME 21, NUMBER 10

Neutron diffuse scattering in magnetite due to molecular polarons

Y. Yamada
Department of Physics, College of General Education, Osaka University, Toyonaka Osaka, Japan

N. Wakabayashi and R. M. Nicklow
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee
(Received 26 December 1979)

A detailed neutron diffuse scattering study has been carried out in order to verify a model which describes
the property of valence fluctuations in magnetite above T,. This model assumes the existence of a-complex
which is composed of two excess electrons and a local displacement mode of oxygens within the fcc
primitive cell. The complex is called a molecular polaron. It is assumed that at sufficiently high
temperatures there is a random distribution of molecular polarons, which are fluctuating independently by
making hopping motions through the crystal or by dissociating into smaller polarons. The lifetime of each
molecular polaron is assumed to be long enough to induce an instantaneous strain field around it. Based on
this model, the neutron diffuse scattering cross section due to randomly distributed dressed molecular
polarons has been calculated. A precise measurement of the quasielastic scattering of neutrons has been
carried out at 150 K. The observed results definitely show the characteristics which are predicted by the
model calculation and, thus, give evidence for the existence of the proposed molecular polarons. From this
standpoint, the Verwey transition of magnetite may be viewed as the cooperative ordering process of dressed
molecular polarons. Possible extensions of the model to describe the ordering and the dynamical behavior of

15 MAY 1980

the molecular polarons are discussed.

I. INTRODUCTION

The charge ordering of magnetite has been sub-
jected to extensive investigations both theoretically
and experimentally since Verwey! proposed a mod-
el of charge ordering within the octahedral Fe
sites. In the past decade, there have been sub-
stantial developments concerning the crystal
structure in the low-temperature phase.? It was
established that the unit cell is doubled along one
of the cubic principal axes.** This was attributed
to small-amplitude internal displacements of the
ions which take place at T;, (the Verwey transition
temperature) along with the charge ordering. Such
a simultaneous ordering of the valence electron
configuration and small displacements of atoms
strongly suggests the important role of electron-
phonon coupling in the process of the Verwey tran-
sition.

When approaching the problem of Verwey order-
ing from the phonon side, we might expect the
particular phonon mode which is compatible with
the static displacements to become unstable at the
transition temperature.® In 1975, Fujii et al.® ob-
served neutron quasielastic scattering just above
the transition temperature and analyzed the results
in terms of the instability of the TA phonon mode
with the wave vector ¢= (3, 0, 0). Later, Shapiro
et al.” carried out more extensive observations of
diffuse scattering above the transition tempera-
ture. They reported a new type of diffuse scatter-
ing which has different characteristics from the
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previously reported scattering due to soft phonons.
The patterns obtained by Shapiro et al. are repro-
duced in Fig. 1. These are drawn somewhat sche-
matically to demonstrate clearly the character-
istics of the diffuse pattern. As is seen in the
figure, there is strong diffuse scattering which is
widely spread in momentum space with its maxi-
mum intensity at the I' points (the Brillouin-zone
centers) and which has a remarkable anisotropy in
the reciprocal space. Moreover, the intensity is
not strongly temperature dependent as compared
with the diffuse scattering studied by Fujii et al.
It is observable up to T}, +80 K, while the latter
exists only between T, <T< T, +5 K. Observation
of the same type of diffuse streak pattern by elec-
tron diffraction was also reported by Chiba et al.®
These characteristics do not allow one to make
the conventional interpretation of the data as a
“critical diffuse scattering” at structural phase
transitions. The critical diffuse scattering is
usually considered as being due to the correlated
fluctuations of the order parameter associated
with the phase transition. It has intensity maxima
at the positions where new Bragg reflections ap-
pear in the ordered phase, because the largest
amplitude fluctuation occurs at the wave vector
corresponding to the periodicity of the long-range
order. In the present case, new Bragg reflections
appear at (3, 0, 0) corresponding to the doubling
of the unit cell along the cubic principal axis.
Nevertheless, the maxima of the diffuse scattering
are at the I" points. The origin of this type of dif-
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FIG. 1. Schematic representation of the intensity
distribution of quasielastic scattering in two different
zones as given in Ref. 7.

fuse scattering has not been clarified previously.

The purpose of the present paper is to construct
a model to describe the state of valence fluctua-
tions in Fe,0, above T, and, based on this model,
to elucidate the origin of this diffuse scattering.
The preliminary results of the present investiga-
tion have been published elsewhere.®

II. MOLECULAR POLARON MODEL

We notice that the observed intensity distribution

in the reciprocal space is strongly anisotropic
around each reciprocal lattice point, and more-
over, the pattern changes drastically as the ref-
erence reciprocal lattice point is changed. (see
Fig. 1). These characteristics have certain sim-
ilarities to the so-called “Huang scattering” %2
that is, the scattering due to a single impurity in-
troduced into an elastic medium. We shall apply
the concept of Huang scattering to interpret the
diffuse scattering in question.

The application has been carried out as follows.
In Fe,0,, there are fluctuating valence electrons
above T,. Therefore, we dare to assume that the

excess valence electrons essentially play the role
of “impurities” in the present case, although the
impurities are extremely abundant in the crystal.
Further, we assume that local charge neutrality
within the unit cell is satisfied in the temperature
range under investigation.

Let us consider the symmetry properties of the
charge density fluctuation on the octahedral sites
in the primitive unit cell. We take the following
scalar quantity as the basis function to express the
charge fluctuations. &p; is the excess charge den-
sity over the average value on the ;th site, ;=1
II, III, IV. Owing to the interaction between the
charge density on the four equivalent sites (shown
in Fig. 2), the possible charge-density fluctuations
will be suitably symmetrized according to the
symmetry properties of the point group 43m. Fol-
lowing the conventional procedure, we can con-
struct the basis functions each of which belongs to
one of the irreducible representations of the group
43m:

$o=06py +8py; +0p11; +0p1v

%y =8p; = 0py; +6p11 — Oprv s

$2=0p1 = dpr; — Op111 +0p1y

P3=0py + 6pr1 = Opr 11 —dpry -
Among these, we can rule out the totally symmet-
ric function y, as a possible charge-density mode

because this does not satisfy the assumption of
local charge neutrality,

> 5p,=0, i=1I, I, II, IV.
i

The remaining three functions belong to the triply
degenerate I',, representation. The charge-density
distribution represented by one of these functions
() is depicted in Fig. 2.

Similarly, we construct the possible atomic dis-
placement field with the suitable symmetry of T',
as follows, where we have taken into account only

FIG. 2. Local mode of charge-density fluctuation
accompanied by small displacements of neighboring
oxygens which belongs to the I'js representation. This
coupled complex is called a molecular polaron.
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the displacements of the oxygen ions for simplici-
ty:

Q1= (uyy +up,)+ (U —uy,)

= (gt ug,) = gy = uy,),
Qo= (U +uy) = gy — usy)

+ (g =Uge) = (g, +tsy)

Q3= (ulr +uu) - (uz,;+ um) - (um —ugy) + (uqx —u4y),

where u,, means the x component of the displace-
ment of the puth oxygen.

There will be strong linear coupling between the
charge-density modes (i, ,, ¥;) and the atomic
displacement modes (@,, @,, @, through the elec-
trostatic and other interactions. This leads to the
existence of a coupled charge-density-displace-
ment complex belonging to I'j,. The pattern of the
coupled complex is illustrated in Fig. 2. Such a
complex may be called a “molecular polaron”,
since it is considered to be constructed of single-
site self-trapped electrons or the simplest of
small polarons. Recently, Lakkis et al.'® proposed
a concept of “bipolaron” which characterizes a
bound state of two electrons accompanied by pair-
ing of ions, in connection with the metal-insulator
transition in Ti,0,. Molecular polaron seems to be
essentially the same concept as bipolaron.

Once such a molecular polaron is formed, it
would be able to sustain itself for a substantial
time interval before eventually changing its state
either by hopping to a neighboring site, or by dis-
sociating into independent small polarons by ther-
mal agitation. We assume that the lifetime of a
molecular polaron is longer than the inverse fre-
quency of elastic waves in the crystal. Then, each
molecular polaron will induce a strain field in the
elastic medium whose pattern is determined by the
property of the “double force” produced by the
molecular polaron. That is, each molecular pola-
ron is “dressed” by a characteristic strain field,
and the strain can follow the hopping motion of the
central molecular polaron.

Thus, we arrive at the following model describ-
ing the system at higher temperatures, T>>7T;
there is a random distribution of molecular polar-
ons in the crystal. They are hopping through the
crystal independently, and each molecular polaron
is inducing an instantaneous strain field around it
just as a static impurity does.

III. HUANG SCATTERING

Based on the model illustrated in Sec. II, we
consider that the observed diffuse streaks should
be Huang scattering due to the strain fields in-

duced by independent molecular polarons.

The general expression for the cross section of
Huang scattering is given elsewhere.'®? L is ex-
pressed in terms of the elastic constants of the
medium and the double-force tensor characterizing
the force field produced by an impurity as follows:

d_O‘ = 2 /172 p-l.p.7l2
(dﬂ)ﬂmg N(F&)|?/v3|R-D™.P 4|2,

D=§-C-§, §=K-K,.

Here the following notation is used:

C: fourth rank tensor of elastic constants,

X: scattering vector of neutrons,

K,: reciprocal lattice vector closet to K,

V.: unit cell volume,

N: number of impurities,

P: double-force tensor produced by an impurity,

F(K): structure factor of the undistorted struc-
ture.
The matrix element of the double-force tensor is
defined by

_ I
Pij_z:fiuj: 1,]=X,¥,2
v

where T is the force acting at the position . In
the present case it is readily shown that the tensor
describing the double force produced by a molecu-
lar polaron depicted in Fig. 2 (y;~Q,) is given by

010
P=p,[1 00
000

Here p, is a constant which is considered to be a
scalar parameter in the present treatment. The
tensors corresponding to the other two cases
(,-Q, and y,—Q,) are easily obtained by cyclic
permutation of the (x,y,z) coordinates. The elas-
tic constants of magnetite are given by Moran and
Luthi'* and Kino.'® Making use of these values
along with the above expression for the double-
force tensor, and superimposing the scattering
cross sections due to independent polarons in the
states y,, ¥,, and y,, we can calculate the intensity
of Huang scattering from the whole system expli-
citly.'® Some of the results are summarized in
Fig. 3. When compared with the patterns given in
Fig. 1, the calculated results seem to show over-
all agreement. However, there are several no-
ticeable points: (i) In the experimental pattern a-
round the (HHQ) type of lattice points in Fig. 1(a),
the directions of elongation of the contours are
along the (100) directions, while in the calculated
contours they are definitely off these symmetric
directions. (ii) The experimental pattern around
the (24, H, 0) type of lattice points shows a simple
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FIG. 3. Calculated intensity distributions of the
Huang scattering in the two zones corresponding to Fig.
1.

ellipse, while in the calculation there are minor
lobes sticking out in the direction of about 14° off
the symmetric [100] direction. Therefore, in ord-
er to verify the molecular polaron model, it is
important to investigate the distribution of the dif-
fuse scattering at various types of reciprocal lat-
tice points more precisely and to check the ex-
istence of such characteristics seen in the calcu-
lated patterns.

IV. EXPERIMENTAL RESULTS

We reexamined the diffuse scattering distribu-
tions in more detail. Measurements were carried
out on a single crystal provided by the Chikazumi
laboratory at the University of Tokyo. The sample
has a cylindrical shape with the axis of the cylin-
der parallel to the [010] axis, and it is 1 cm in
diameter and 1.5 cm in height. It was mounted in
a cryostat with the [010] axis vertical. The obser-
vations were made mainly at 7=150 K. This tem-
perature was chosen so that we could observe
strong enough diffuse intensity while avoiding the

effect of the development of correlations between
molecular polarons.

The measurements were carried out on a triple-
axis spectrometer located at the High Flux Isotope
Reactor of the Oak Ridge National Laboratory.

The (002) and (101) planes of Be crystals were
used as monochromator and analyzer. All meas-
urements were carried out with a neutron energy
of 12 THz (49.6 meV) and with a beam collimation
of 20’ before and after the samples. With this
high energy, higher-energy contamination of the
incident beam was negligible owing to the very low
flux of neutrons with energies above 200 meV in
the reactor spectrum. Since we wanted to confine
our attention to the intensity of elastic scattering,
the use of an energy analyzer in the scattered beam
enabled us to eliminate the inelastic scattering
from being measured.

The observed distributions of diffuse scattering
at 150 K around (8 0 8), (8 0 4), and (8 0 0) are
given in Figs. 4-6, respectively. We see that they
definitely reproduce the important characteristics
which we noticed in the calculated patterns. That
is: (i) around (8 0 8), the direction of maximum
intensity is off the {(100) directions. This is more
clearly seen in Fig. 7(a), which gives the profiles
of the intensities scanned through (7.5, 0, 8 —¢)
and (8+¢, 0, 7.5). The deviations of the peaks are
consistent with the calculated peak positions indi-
cated by the arrows. (ii) Around (8 0 4), the minor
lobes are observed. As for the intensity profiles,
it is remarkable that the asymmetric deviations of
the peaks with respect to the two scans, along

£oon
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1001
calculated max.
direction

FIG. 4. Observed intensity distribution of the neutron
quasielastic scattering around the (8 0 8) reflection.
The small ellipse at the lattice point indicates the size
of the experimental resolution. The inset figure is the
calculated contour to be compared with the observed
pattern. The dashed lines show the direction of maxi-
mum intensity of the calculated contour.
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FIG. 5. Observed intensity distribution of the neutron
quasielastic scattering around the (8 0 4) reflection.
The dashed lines indicate the direction of maximum in-
tensity of the calculated contour given in the inset.

(7.5, 0, 4—¢) and (8+¢, 0, 3.5), are in quantita-
tive agreement with the calculated results [see
Fig. 7(b)]. Thus, in the region of |{|<0.5a*, the
observed results are in agreement with the calcu-
lations based on the model of “dressed molecular
polarons”.

In the outer regions, |§| = 0.5a¢*, there are sig-
nificant deviations from the calculations. The
outer lobes of the intensity contour around (8 0 8)
seem to have a tendency to restore the symmetry
around the (100) directions. Particularly impor-
tant is the fact that maxima in the diffuse scatter-
ing are observed at § =(0.8, 0, 0) and ¢ =(0, O,
0.8). The existence of these maxima has already
been pointed out by Shapiro et al. They performed

€001 Fe30. Huang Scatt.
around (800)
Eo=12 THz
T=150 K

01001

FIG. 6. Observed intensity distribution of neutron
quasielastic scattering around the (8 0 0) reflection. In
this case, the symmetry with respect to the (100) direc-
tion is retained.
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FIG. 7. (a) Observed intensity profiles of the quasi-
elastic scattering around the (8 0 8) reflection. The in-
set shows the lines along which the scans were made.
Solid curves are drawn through experimental points for
guides to the eye. The arrows indicate the calculated
positions of the maximum intensity for the corresponding
scans. (b) Observed intensity profiles of the quasielastic
scattering around the (8 0 4) reflection. The inset and
the arrows give similar information as in (a). The
dashed line gives the background level.

extensive investigations including the temperature
dependence of the intensity profile scanned along
[100], and clearly observed the increase of the
“humps” at § =(0.8, 0, 0) as the temperature is
decreased towards T, (Ref. 17). As will be dis-
cussed in Sec. V, we conjectured that this is due
to the effect of interactions between individual
molecular polarons which eventually give rise to
the cooperative ordering at the Verwey transition
temperature. In order to obtain a more complete
agreement with the simple model calculation, we
tried to reduce the effect of correlation by raising
the temperature. The extra peaks did decrease as
the temperature was raised. However, the in-
tensity of the Huang scattering itself also de-
creased rapidly with increasing temperature,
which limited the highest temperature at which we
could make these measurements to about 190 K.
We carried out measurements around (8 0 8) at
190 K. The results, however, did not show any
substantial improvement from those in Fig. 4.
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V. DISCUSSION

From the model developed above, the Verwey
transition may be viewed as the ordering process
of dressed molecular polarons. In order to dis-
cuss the phase transition itself, however, the
treatment developed in Sec. II is inadequate in the
following two points.

(i) Neglect of the interaction between molecular
polarons. We have calculated the diffuse scatter-
ing due to randomly distributed (independent)
dressed polarons. Actually, however, there will
be finite interactions between neighboring polarons
either through direct coupling such as the electro-
static interaction or through indirect coupling via
strains. Therefore, as the temperature is de-
creased towards the transition point, a spatial
correlation with a particular wavelength develops
between molecular polarons, which gives rise to
diffuse peaks at the corresponding wave vector in
the diffraction pattern.

(ii) Neglect of exact translational symmetry of
the lattice. The calculation of the Huang scattering
is based on the assumption that the crystal lattice
can be approximated by an elastic medium. This
is valid for long-wavelength displacement fields
(or in the @ ~ 0 region of the reciprocal space).

On the other hand, the observed diffuse intensity
extends to the boundaries of the first Brillouin
zone. It is not surprising that there are significant
differences between the observations and the cal-
culated Huang scattering in the region of |g|> 0.5a*
even in the absence of correlation effects.

It is important that we observed extra peaks at
§,=(0.8, 0, 0) [and its equivalence, §,= (0, O,
0.8)]. We consider that, as commented in (i),
these are due to the correlated fluctuation of mol-
ecular polarons, which implies that the interpolar-
on interaction tends to stabilize a charge-density
wave with the wave vector §,~ (0.8, 0, 0). Since
the inverse of |§,| does not seem to give a simple
multiple of the fundamental cubic lattice constant,
we may say that the Verwey transition is inher-
ently an incommensurate phase transition.!®

Another important point in connection with the
comment (ii) is that q,, the wave vector of the
large-amplitude fluctuation, is far from the zone
center, or is even closer to the zone boundary.

It is definitely inappropriate to discuss the physi-
cal properties in this § region on the elastic con-
tinuum model. Therefore, in order to investigate
the ordering process properly, we have to adopt
a microscopic standpoint by describing the dis-
placement field by the coordinates of individual
atoms, or the phonon field, instead of the strain
field of an elastic continuum.

Microscopic treatments with a close analogy to

the present system have been developed in the
problems of cooperative Jahn-Teller ordering!®?!
as well as the impurity ordering in metals.??'?® In
fact, these systems are formally identical, being
treated in the same framework of the “coupled
pseudospin-phonon” system.?* In this connection,
it is worthwhile to notice that recently an incom-
mensurate Jahn-Teller ordering has been reported
to take place in some of the hexanitrocuprate com-
plexes.?>2" Mori et al.?® studied x-ray and neutron
scattering from these substances and observed
similar phenomena to those reported in the pres-
ent investigation. They analyzed the experimental
results on a microscopic basis and discussed the
origin of the incommensurate Jahn-Teller ordering
in terms of the electron-phonon coupling.?® One of
the possible extensions of the present investigation
is to follow the same procedure in order to under-
stand the microscopic mechanism of the Verwey
transition in magnetite.

Another important extension which should be
carried out is the investigation of the dynamical
behavior of the molecular polaron. In the calcu-
lation of Huang scattering carried out in Sec. III,
we have simply superimposed the effects due to
b, =@Qy, ¥,~0,, and p,~Q, with equal weight.
However, this does not mean that the molecular
polaron takes on these three states as the station-
ary states. On the contrary, we consider that the
true ground state would be a vibronic state. That
is, when we express the vibrational state of the
“molecule” as a vector in the three-dimensional
Hilbert space spanned by the @,, @,, and @, co-
ordinates, the vector is “rotating” rapidly on the
surface of minimum potential and the electronic
state is adiabatically following this motion. This
is supported by the observation of the Mdssbauer
effect, where no splittings of spectra due to dif-
ferent site symmetry within the octahedral site
above T, has been reported, implying that each
octahedral site is equivalent within the frequency
resolution of Mossbauer spectra (107 sec™?). As
far as Huang scattering is concerned, such a dyn-
amical behavior would have little effect on the in-
tensity distribution, as is discussed in the case of
the dynamical Jahn-Teller effect in hexanitrocu-
prate.?” In order to obtain information on the dyn-
amical behavior of molecular polarons, experi-
ments with various characteristic frequency
ranges should be carried out.

VI. CONCLUSIONS

In conclusion, we propose a model of molecular
polaron which describes the properties of the
valence fluctuations in magnetite above T,. A
molecular polaron is assumed to be a complex of
two excess electrons and a local displacement
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mode of oxygens within the fce primitive cell. At
sufficiently high temperatures, there is a random
distribution of molecular polarons which are fluc-
tuating independently by hopping through the crys-
tal or by dissociating into smaller polarons. The
lifetime of each molecular polaron is long enough
to induce an instantaneous strain field around it.
Based on this model, the neutron diffuse scattering
cross section due to independent dressed molecu-
lar polarons was calculated. In order to verify the
validity of the model, precise measurements of
quasielastic scattering of neutrons were carried
out at 150 K. In the region of |¢|<0.5a*, the ob-
served results show the characteristics predicted
by the model calculation.
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