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The temperature-dependent diffuse critical scattering associated with the Verwey ordering (Tv = 122 K) in

magnetite (Fe,Q,) is extensively studied by means of neutron scattering experiments. The q dependence of the

scattering reveals that it is planar in nature and shown to arise from one-dimensional (1-D) correlations along

a cube edge. The diffuse scattering is observable at high temperatures (T—Tv ~ 100 K) and increases rapidly

as TI, is approached. Near T~, the spotlike 3-D critical scattering studied by Fujii et at. appears. At Tv the

diffuse scattering shows an abrupt decrease and is absent below. Inelastic studies show that the diffuse

scattering is predominantly inelastic and couples strongly to the transverse acoustic phonons propagating with

q in the plane of diffuse scattering. The spectra are interpreted via a pseudospin-phonon theory and the

significant parameters are derived.

I. INTRODUCTION

Magnetite is the oldest known magnetic material
and one of the most thoroughly studied. ' In addi-
tion to the ferrimagnetic ordering of the iron sub-
lattices at T =850 K, Fe,04 undergoes a first-order
phase transition near T& =123 K, where there is a
charge ordering of the Fe" and Fe'+ ions within
the octahedral sites of the cubic inverse spinel
structure. ' Verwey originally proposed as an
ordering scheme an alternation of Fe" and Fe"
layers along [001], which is the direction of the
magnetization. '

Recent experimental evidence' ' has caused a
rethinking of the Verwey ordering. Samuelsen
et al. ,

' by neutron diffraction, and Yamada et gl. ,
by electron diffraction, disclosed the existence
of the superlattice reflections below T~, and Sam-
uelsen et g$. noted that the satellite intensities
were proportional to the square of the reciprocal-
lattice vectors, which suggests that the observed
intensity is mainly due to atomic displacements
and is not of magnetic origin. More recently Fujii
et al. ' studied the spotlike critical scattering above
Tv which appears at (h, 0, l + &) (h, l =4n) positions
in reciprocal space which become Bragg peaks
below T&. They applied Yamada's model' to ex-
plain the cx itical scattering and found good agree-
ment with their observations. This model predicts
an ordering of the Fe" and Fe" ions u ithunn the
(001) atomic planes. Additional evidence in gen-
eral support of this ordering scheme was supplied
by Shirane et al. ,' who studied the low-temperature
structure of magnetite and found the (002) Bragg
reflection was missing, proving therefore that the
Verwey oxdering cannot be correct. However, the
Yamada model fails to explain the observed mag-

netic intensities' and does not allow for mixed
integer reflections. ' Consequently, a more de-
tailed refinement of the model is necessary.

In addition to the spotlike scattering studied by

Fujii, there exists a type of critical scattering
observable over a broader xegion in q space and
over a larger temperature range. Chiba ei! al. ,

"
by means of electron diffraction, first observed
this diffuse scattering above T~. Their obser-
vations are in substantial agreement with our re-
sults, shown in Fig. 1, except for the region near
(0, 4, 4). In Fig. 1, the circles represent the Bragg
points of the high-temperature phase and the oval
curves schematically represent the regions where
the diffuse scattering is observed. Fujii et al. '
also observed this diffuse scattering in their neu-
tron experiment, but it was not extensively studied,
nor was its relationship to the spotlike critical
scattering understood. It is the purpose of the
present investigation to study in detail the q, en-
ergy, and temperature dependence of the diffuse
scattering and attempt to explain its role in the
Fe" and Fe" ordering in magnetite.

II. EXPERIMENTAL

The experimental results presented below were
performed on the synthetic single crystal used in
the previous neutron experiment' and kindly pro-
vided by S. Chikazumi, M. Matsui, and S. Todo.
The high-temperature crystal symmetry is the
cubic inverse spinel {O'„—=Ed3m) with a lattice con-
stant + = 8.386 A at 130 K. The cylindrical sample
was 10 mm in diameter and 15 xnm in height, with
the cylindrical axis parallel to the [111]direction.
The mosaic of this crystal was 12 min at130 K. All
measurements were made in the [010]or the [01I]
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FIG. 2. Diffuse scattering observed in the [010] zone.
The small vertical lines indicate the size of the instru-
mental resolution, (a) Scan along [80/ J. (b) Scan per-
pendicular to (a), along [&,0, 0.75J.
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zones. After the experiment of Fujii et al.' and
just prior to the present experiment, the crystal
was use ln a sd

' a study of the ferromagnetic ordering
10and kept at 850 K in vacuum for approximately

weeks, " resulting in a slight change of the Verwey
transition temperature. T„as measured in our
experiment is 122.3 K on cooling and 122.5 K on
heating, which is to be compared with 122.6 and

FIG. 1. Schematic representation of the location of the
diffuse scattering in (a) the [010J zone. The dots are the
allowed Bragg peaks and the dashed line at 45' breaks up
the qua ran xn od t ' t two regions which are equivalent owing
to cubic symmetry. (b) The [011J zone. The solid an

h k E all evenopen circles are allowed Bragg peaks with
or al odd, respectively. The hatched regions are near-
zone boundaries.

122.8 K on cooling and heating as measured by
F " t al.' prior to the heat treatment.u]ll e 0

lt oftheAnother important change is the intensl y o e
critical scattering studied by Fujii et a/. ' After
the heat treatment, the spotlike critical scattering
is weaker, for the same 7.'- T&, than that reported
in Ref. V. Additionally, the broad diffuse scatter-
ing observed in Ref. 7 does not show such pro-
nounced peaks as seen in the present experiment
(see Fig. 2). Although the cause of these changes
is not presently understood, it is likely that a
change in the oxygen content as a result of the
annealing at high temperatures could cause changes
in T~ and related critical behavior.

The sample was placed in an aluminum can
filled with He gas and mounted in a Cryogenics
Associates CT-14 flow cryostat. The temperature
was controlled and regulated to within +0.01 K.

The neutron scattering experiments were per-
formed at the Brookhaven High Flux Beam Reactor.
Incident neutron energies of 13.'7, 14.8, 30, or 41
meV were employed, depending upon the demands
of the energy and Q range. Several energy scans
were also performed with a fixed analyzer energy
of 14.8 meV and a variable incident energy. In
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all cases a pyrolytic graphite monochromator and
analyzer were used and a pyrolytic graphite filter
was used to eliminate higher-order contamination.
Horizontal collimation of 20 or 40 min was used,
depending upon the resolution and intensity needs.
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III. EXPERIMENTAL RESULTS

A. E=O scattering

Figure 2(a) shows the results of our E =0, q
scans along the [80&] direction at several tempera-
tures. At the temperature just above T~ =122.5 K,
the intensity is broadly distributed along [00$].
The spotlike scattering studied by Fujii et a/. ' is
weak at this temperature and would appear as
bumps on this broad curve at f = &, 1, &, 2, &, 3,
and '-, . On heating, there is an overall decrease in
intensity with little change in shape. The peaks
observed in this scan appear at incommensurate
positions along f and are not obviously related to
the appearance of the new Bragg peaks in the low-
temperature phase. Figure 2(b) shows a scan along
the [g 00.75] direction, perpendicular to the ridge
of scattering in Fig. 2(a). The scattering centers
sharply about g =8.0, indicating the intensity in
the [010] zone is confined to the ridge extending
along the [00$] direction. This ridge has a g width
larger than our instrumental resolution. It is
important to determine the g extent of this scat-
tering perpendicular to the [010] scattering plane.
By tilting the crystal about [OOE], the scattering
plane can be changed to contain a component in the
[Ok0] direction, so that the distribution of the scat-
tering perpendicular to the [100] direction can be
studied. We observed that the intensity extends
nearly uniformly in the plane pexpendicular to the
cube axis [100]. These observations indicate that
the diffuse scattering originates from the one-di-
mensional (1-D) correlations along (100) in the
real space. The correlation perpendicular to these
directions extends over a much larger distance, as
given by the relative q widths in Figs. 2(a) and 2(b).
At temperatures less than T&, the diffuse scatter-
ing has disappeared and new Bragg peaks appear
at g =&, 1, &, 2, &, 3, and „consistent with a
doubling of the cell along the [001]direction.

Figure 8 shows F- =0 scans in the [01I] zone.
The diffuse scattering exhibits behavior similar
to that in the [010] zone. It extends out along

[hfdf]

and is narrow along the [$00] direction. The scat-
tering was observed for h = 1, . . . , 8, in agreement
with the electron diffraction results, "except near
(0, 4, 4), where the electron diffraction results
show an X-shape scattering and we see a contin-
uous streak along the (100) direction. By tilting
the crystal we also observed the diffuse scatter-
ing along the two other cube directions intersecting
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FIG. 3. Diffuse scattering observed in the [011] zone.
(a} Scan along [8$$]. (b) Scan along [7fgj at T =126 and
115'K.

B. Inelastic scattering

Energy analysis of the scattering taken at Q val-
ues where the diffuse scattering is strong reveals

the [01T] zone at 45'.
Figures 1(a) and 1(b) illustrate schematically the

location of the diffuse scattering observed in the
[010]and [01T] zones, respectively. The strongest
scattering is observed along the [k0$] and [heal]
directions for even values of h, but scattering is
also observed for mixed, even-odd integers cor-
responding to zone boundaries. The general ten-
dency of the intensity follows Q' dependence (Q
is the reciprocal-space vector) and implies that
the origin of the diffuse scattering is the atomic
displacement. It is readily seen that the atomic
displaeements giving rise to the scattering are
transver selike.

The observed diffuse scattering is indeed crit-
ical, since it tends to diverge as T~ is approached.
Figure 4 shows the temperature dependence of the
(8, 0, 0.75) point in reciprocal space. There is
considerable intensity at T =160 K and it increases
as 7.'& is approached and falls sharply as the
Verwey transition occurs.
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FIG. 4. Temperature dependence e of the diffuse scat-
tering measured at Q = (8,0, 0.75). 100—

re 5~a) shows severalinteresting line shapes. Figu
spectra at ~8,( 0 —0.75) for several temperatures
taken wi th 41.0-meV incident neutron energy.

eatinPeaks at a oub ut 12 meV are the scattering crea ing
Thet e ransh t sverse acoustic 4, phonons. ' ' The

this hononatomic ispd' lacements associated with is p
are pointed ou o e rt t b relevant to the lattice sta-
bility at ~ yT b Yamada ' based on the measure-
ments by Fujii e a .t I,

' The lowest temperature
th f re T=115K, is less than T&,

and the diffuse scattering has disappeared.
ut E=O is ath' t mperature the intensity abou

measure of the incoherent scattering and pd the ho-
ha e is determined by the Gaussian reso-

lution function of the spectrometer.
E =0 and the phonon is the background

leve of the experiment. [The additiona, pelevel o e exp
E = 5.0 meV is an acoustic phonon wi qn with measured

int of thefrom the ~,(8 0 0.5) reciprocal-lattice point o
low-temperature phase. ] For pr tern eratures great-

T there is an increase in the centraler than T~, ere is
ve and an asym-pe inak ' tensity as discussed above, an an

s. In addi-of the phonon line shape develops.metry o e
sit a ears be-t a significant amount of intensi y apption, a sign' i
eak. As T istween et the phonon and the central pea .

n linefurther increase,sed the distortion of the phonon
sha e becomes more severe, the ie intensity in e
intermediate energy range incrreases and the cen-
tral peak decreases. Because of the poor instru-
mental resolution ort f this incident neutron energy,
no energy wi o'dth f the central peak is observed.

Figure 5(b) shows similar spectra taken a
(4 —0.2 —0.2) with considerably higher instru-t
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G 5 Inelastic spectra measureded at several temper-
~ -T honon.ature. (a) 65 transverse phonon. (b) Z3-T2 p

t' . In this case, the transverse-mental resolu ion.
acous ic 3 pt' Z honon propagating along the 0

f the o-direction wi'th the principal component of e p-
larization in the direction oof 100 is involved. The

-t erature data (T = ll5 K) show a resolu-
t' l ited central peak owing to the in
scattering o e sf th ample and a phonon peak at

d for b.5 V whose linewidth is accounted for y
the instrumental resolution. Between an
meV the intensity level is that of background.

T & T the phonon line shape is disdistorted andFor + v,
er ies asintensi y as't h built up at intermediate en g

ntobserved above. erAft r subtracting the incoheren
f the centrascattering we observe a line width o

peak of hE =1.5 meV at T =126 K which is con-
siderably broader anth the instrumental resolution
of 0.5 meV. As T is increased further, the cen-
t 1 eak broadens and its intensity decreases.
We can now state that the diffuse scattering o-ob-

the E=0 g scans discussed earlier isserved in t e
totally ine as ic1 t' (aside from the incoherent sca-
t ) and its linewidth broadens as T —T& in-ering

tra wecreases. romF the appearance of the spect
l d th t an interaction exists between e

and the phonons. The high-resolution study was
d 4 0 0) because ofrestricted to small g around
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the lower incident energy required. The more
predominant observation of the interaction was
possible only by using higher incident energy with
poorer resolution. The fixed E~ scan is a favor-
able compromise between the two. A result of
such a, scan will be used in a later section in order
to compare with a modej. .

Transverse-acoustic phonons propagating along
[001]and [011]directions, both of which are con-
tained in the plane of diffuse scattering and have
their principal component of the polarization vec-
tor along [100], exhibit asymmetric line shapes.
Transverse-acoustic phonons propagating in di-
rections where no diffuse scattering is observed
have normal resolution-determined line shapes and
no observable linewidth. In particular, the trans-
verse-acoustic Z, phonon with the principal polar-
ization component along the [01T] direction shows
no interaction. We could not observe any anomaly
in optic phonons. We may extrapolate our obser-
vation by saying that all the phonons with wave
vectors lying the the I'KWX plane (p„=0) and
transforming according to the j.; irreducible rep-
resentation of the point group of C, (or m) interact
with the central component.

IV, MSCUSSION

A. E=O scattering

The observed diffuse scattering has been shown

to occur in planes of reciprocal space, which im-
plies one-dimensional correlations in x eal space.
A study of crystal structure does not reveal any
obvious 1-D-like atomic correlations, but 1-D-like
correlations have been observed in BaTiQ, and

KNbo„where there also is no a Priori reason to
expect them. " We interpret our results by cal-
culating the dynamical structure factor with an
assumed model for the displacements and compar-
ing it with experiment. The intensity of the scat-
tered neutrons is proportional to the square of the
dynamical structure factor,

f(C~i) "IPQ~i) I' = Q & (Qwi & ) &' ~"'

where the 4 s are the atomic displacements which
are taken from the model Yamada' used to explain
the spotlike critical scattering. &; is the nuclear
scattering length of atom i and r& is its position
within the cell. The scattering vector is Q», ——G~, +q,
where G~, is the reciprocal-lattice vector of the Bril-
louin-zone center defined by h, 4, and l, and q is
the wave vector of the displacements. If we as-
sume that the correlations along [001] consist of
four octahedral layers and the associated oxygen
and tetrahedral iron atoms and by appx'opriately
choosing the initial phase, "we obtain the curve

I l I
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FIG. 6. Measured diffuse scattering along 180/3 com-
pared with the theoretical curves.

for the calculated diffuse scattering given in Fig.
6, where it is compared with the observed data
along the [80$] direction. An important difference
is that the calculation shows the intensity at (8, 0, 0)
and (8, 0, 4) is a minimum, whereas the experi-
ment suggests a maximum. The agreement, how-
ever, is reasonable for this direction, consider-
ing the uncertainties in the model. We now see that
the peaks in the diffuse scattering do not directly
reflect the structure of the low-temperature phase
as does the spotlike scattering, but their positions
in reciprocal space are fundamentally related to
the displacements contained in the Yamada model. '
The agreement along other [h0$] and [kgb] direc-
tions is only as good as the Yamada model in pre-
dicting the intensities of the critical spotlike scat-
tering. The ramada model is in poor agreement
with the observed scattering for [h0$] when h is
odd.

We can make additional qualitative statements
based upon the knowledge of the low-temperature
Bragg intensity observations. 9' ' The intensity of
the diffuse scattering in a given Brillouin zone
correlates with the satellite peaks observed in that
zone below T~. The regions where strong inten-
sities are observed above T& become strong Bragg
peaks below T~. This suggests that when a more
detailed model of the atomic distortions required
for the low-temperature symmetry is available,
the g dependence of the diffuse scattering will also
be explained.

In Fig. 7 we plot the reciprocal of the observed
& =0-meV intensity (multiplied by the temperature
to account for the occupation factor) vs tempera-
ture. The diffuse scattering observed at (8, 0, 0 "l5).
is the solid line, and the dashed line corresponds
to the spotlike critical scattexing studied by Fujii
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FIG. 7. Temperature dependence of the inverse in-
tensity of the diffuse scattering (solid line) compared
with the spotlike scattering measured in R,ef. 7.

B. Inelastic scattering

We have seen that the energy spectrum of the
diffuse scattering consists of a broad central peak
and phonon peaks with an interaction between them.
This spectral line shape suggests that there are
two types of interacting dynamical variables, pho-
non and pseudospin, which take part in the scatter-
ing. Recently, the dynamical properties of the
pseudospin-phonon coupled system have been ex-
tensively studied"' "and they have successfully
been applied to the structural phase transitions in
potassium dihydrogen phosphate (KDP},'o in

ND4Br, "and cooperative Jahn-Teller phase tran-
sitions. "

Yamada' pointed out the importance of the inter-
action between the charge density fluctuations at
the octahedral sites of magnetite and the phonons.
He showed that the charge density mode at an

et al. ' The spotlike scattering is observable only
over a small temperature range T —T& &4', where-
as the diffuse critical scattering studied here is
observable for T —T~&80 K. This behavior is
reminiscent of observations in 1-D magnetic sys-
tems. " There, the planar diffuse scattering orig-
inates from 1-D correlations along the magnetic
chains and is present at temperatures far from T~.
As the system cools the correlation length along
the chains becomes so large that even a small
3-D interchain interaction can cause an ordering
among the chains and additional critical scatter-
ing occurs. Eventually, the interchain interactions
drive the transition. Such is the case in Fe,04,
although the chains are not as apparent as in the
magnetic case. The broad diffuse scattering cor-
responds to the 1-D intrachain interactions and the
spotlike scattering results from the interchain in-

teractionn.

Qq, is the normal coordinate of the phonon mode
with wave vector q, and P q, is its conjugate mo-
mentum; s is the branch index. ((),(q, s) is the
characteristic frequency of this mode. a'; rep-
resents the pseudospin variable used to describe
the spin configuration of the octahedral iron site i.
J~~ is the pair interaction between two spins and

g q, is the coupling between the spin and the pho-
non.

The scattered intensity for this system is given
by

In Eq. (2), F„'(Q) is the dynamical structure factor
of the sth phonon and goo(q, (d) is the spectral
function

x ' —x', (t(((l—
2

gw 2

Jl

(() —(()(((q}

q

(4)

I
with Jq =0&T —Jq; y describes the relaxation pro-
cess for an individual spin. We can apply Eq. (4)
to the measured spectra and deduce values of the
parameters. The least- squares procedure involv-
ing the instrumental normalization factor could not

There are several important assumptions involved
in using the above expression. Firstly, we assume
that the critical scattering is only nuclear in origin
and contains no magnetic contribution. This allows
the neutron intensity to be described solely by f3'}pp.

The second assumption is that we consider cou-
pling only to the transverse-acoustic modes prop-
agating in the plane of scattering, and not to any
of the optic modes.

Ppp is given by Yamada et al. ,"
2

goo(q, (d) = 2(u'(q) yks T
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TABLE I. Values of parameter s in the pseudospin-
phonon svstem.

q= (0, 0, 0.75) q = {0,0.2, 0.2}

(4, 0, '..~5~

126 150

{4,—0.2, -0.2)

126 150

4, (meV)

g [(meV) /
)

u()(q) (meV)

Cd = (dpi fkgT

7=8 /k~To

(10 2 sec)

1.68

0.69

0.90

5.35

0.59

0.78

5.33

0.65

0.86

0.50

1.32

5.35

0.57

0.81

0.44

successfully deduce five parameters (y, J'q, gz,
&„and scale factor} independently. We therefore
employed the constraint

Jq+gq =k~T, (5)

and set T, to 105 K from the intercept in Fig. 7.
Parameters for two sets of data at q =(0, 0, 0.'l5)
and q =(0, 0.2, 0.2) were least-squared fitted by
Eq. (4), and the values of parameters obtained
are given in Table I. Figure 8 shoms the results
of the fit for the Z, -T, phonon. The incoherent
scattering and background were estimated from
the 115 K data and are already subtracted from
the data. The instrumental energy resolution is
small compared with the intrinsic widths of both
the central peaks and the phonon peaks, so that
the detailed correction for the resolution function
is not necessary. Although some systematic dis-
crepancies remain between data and best-fit
curves, the overall agreement is reasonably good.
The parameters obtained at different temperatures
agree with each other. This means that the tem-
perature dependence of the spectra is mell de-
scribed by the spectral function (4) with almost
temperature-independent parameters and a critical
temperature of about 105 K. Parameters obtained
at different q on different symmetry axes have
somewhat different values; the spin relaxation (y)
is faster along the [011]direction than along [001]
and the coupling between spins and phonons is
stronger at large q along [001] than at small q

along [011]. The reduced parameters, &u = ~,/yks T,
r = J~/ks T„are also given in the table in order to
compare them with the classification in the paper
of Yamada ef, al. " Both spectra observed fall in
the intermediate relaxation case (~ -1) with weak
spin-phonon coupling (7 -1). Yamada' used the
energy widths of the spotlike critical scattering'

Z.
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FIG. 8. Inelastic spectra of Z&-(transverse phonons)
compared with a theoretical fit (solid line) described in
the text. The background has been subtracted.

to estimate the minimum value of the relaxation
time of the charge density fluctuation as 10 " sec.
But nom that it has been revealed that the relevant
scattering to the charge fluctuation at the octahe-
dral sites is not that scattering but the diffuse
scattering considered here, his estimate should be
replaced by the values given in the last rom of
Table I. The charge density modes flip and relax
with time constant of about 0.5&10 '~ sec. This
value disagrees mith the relaxation time ~=1.1
~10 9 sec obtained by MOssbauer spectroscopy. "
However, the electrical conductivity is fairly well
understood by our fast relaxation time using the
simple Einstein relation of electron hopping.

When Yamada' set forth his model, he took the
phonons propagating along the [001]direction (6)
as relevant to the Verwey transition. Experimen-
tal results presented thus far urge us to take a
wider scope. We see that the acoustic phonons
propagating mith q in the q„=0 plane and having the
principal component of polarization vectors along
[100] couple with pseudospins. In particular, Z,
acoustic phonons are relevant but Z, phonons are
not. A common feature of the phonons which cou-
ple with the pseudospin modes is that they bring
about a local rhombohedral distortion of the oc-
tahedrel unit cells. This distortion seems to play
an important role in the coupling of electron to
phonons. The softening of the sound velocity of
the c«mode'~ may be taken to be the q -0 limit of
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yks(T —T,) .

The integrated intensity I of the central peak is
given roughly by the products of (6) and (7) and
follows the temperature dependence:

1/I~(T —T,)

(7)

(6)

This explains the behavior observed in Fig. 7. The
intensity observed there is the integrated intensity
rather than the peak intensity, because of the poor
resolution.

From the point of view of this subsection the
distribution in q space of E =0 scattering analyzed
in Sec. IVB is described by

the coupled system. In this limit v, tends to 0 and
the coupled system shifts to the fast-relaxation
case (&3-0.1), where the coupled mode shows soft-
ening.

The neutron scattering cross section at F- =0 is
given by

2

-I ~.(Q) I'
dQd&u s, " (ksT —ksT, )' yuPo(q)

(6)

and the width of the central peak is given approxi-
mately by

I(&T, ~ =0)"II'~(4) I' g-, /~o(0

The one-dimensional nature of the correlation dis-
cussed above can be described in the dynamical
language by asserting that the pseudospin-phonon
coupling constant g q is large only on the plane
q„=0.

V. CONCLUSIONS

Strong inelastic diffuse scattering is observed
in Fe,O4 and shown to be a result of 1-D correla-
tions along a cube edge. This intensity increases
as T~ is approached and eventually the 3-D interchain
interactionbecomes dominant and triggers the order-
ing. The latter interaction is evidenced by the
spotlike critical scattering. There is a strong
interaction between the observed central peak and
the phonons propagating in the plane of diffuse
scattering which is explained by a pseudospin-
phonon coupling mechanism.
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