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Domains in the low-temperature phase of magnetite from synchrotron-radiation
x-ray topographs
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Domains in the low-temperature, ferrimagnetic, and ferroelectric, phase of magnetite Fe3O4 were investi-
gated in the bulk, via their ferroelastic distortion, by means of synchrotron radiation x-ray topography, comple-
mented by Nomarski optical microscopy on the surface. After cooling through the Verwey transition under a
magnetic field parallel to@001#, the images show a hierarchy of domains. Domains associated with a small
difference in lattice distortion provide a clear indication that the symmetry is triclinic. They appear as a
substructure of monoclinic domains separated by walls creating no long-range stress. The domain structure
deduced from the observation, under the experimentally self-tested assumption that the walls involved are
stress free, is favorable from the elastic, magnetostatic, and electrostatic points of view.
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I. INTRODUCTION

Magnetite Fe3O4, the oldest magnetic material know
still contains riddles. It is ferrimagnetic, and known to u
dergo at 120 K the Verwey transition. From the magne
point of view, this entails a change of easy magnetizat
directions from^111& at room temperature to near^001& at
low temperature.1 However, the distortion in the low
temperature phase is not tetragonal as would be expected
from magnetization along fourfold rotation axes of the cu
prototype phase, but apparently monoclinic.2–5 Furthermore,
detailed investigations have shown that magnetite is mag
toelectric, with spontaneous switchable electric polarizati
hence ferroelectricity, combined with ferrimagnetism, a
strongly suggest that the symmetry within one dom
should in fact be triclinic.6–9

The present work is an attempt to shed some light on
symmetry through observations of the Bragg-diffraction i
ages~x-ray topographs! of a single crystal, below the Ver
wey transition, under the influence of a magnetic field. W
use the fact that symmetry lowering should bring about
coexistence of domains, with different spontaneous defor
tion states corresponding to different orientations of the lo
temperature crystal axes. Our experimental approach c
bines the use of Nomarski optical microscopy of t
specimen surface with x-ray Bragg diffraction imaging~of-
ten called x-ray topography! for the investigation of the bulk
PRB 590163-1829/99/59~2!/1185~11!/$15.00
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The sensitivity of x-ray-diffraction imaging makes the dete
tion of small differences in lattice distortion possible. Wi
synchrotron radiation x-ray beams, this can be done in
white-beam form of topography, which is instrumenta
simple and well suited to the application of controlled te
perature and magnetic field, with intensity sufficient for re
time observations. Because the approach is not standard
outline it first. We then present the sample and experime
setup, show the experimental results, and discuss them.

II. APPROACH

A. Search for symmetry using domains

The lowering of crystal symmetry associated with pha
transitions leads to a distribution of domains, broadly cal
ferroelastic, or twins. When possible, the domains organ
so that the distortion with respect to the high-symme
phase is, within each of them, homogeneous and equal to
spontaneous distortion, but with different orientations. T
implies that the walls separating them are coherent t
boundaries, or Nye walls, producing no long-range stre
The local symmetry is then the symmetry of the low
symmetry phase, and the geometrical transformations f
one domain to another correspond to the symmetry elem
lost in the transition.

If a technique sensitive enough to small lattice distorti
can be used, the difference in distortion across the dom
1185 ©1999 The American Physical Society
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will reveal the actual symmetry. X-ray Bragg diffraction im
aging, i.e., x-ray topography, provides very high sensitiv
to small differences in lattice distortion as well as images
the domains or walls. Early investigations of the simpler c
of ferromagnetic domains showed that they are visible
x-ray topographs through their difference in~magnetostric-
tive! lattice distortion, described by the asymmetric ten
Dui j [D(]ui /]xj ) whereu is the displacement, andr , with
componentsxj ( j 51,2,3), is the position vector.10,11 Thus,
the very observation of domain walls by x-ray topograp
can give indications about the symmetry.12 A more quantita-
tive approach involves measuring the difference in distort
between the domains, through the shift in the images
white beam.13 In monochromatic beam the measurement
the effective misorientation between domains is, when
symmetry is known, a way to obtain, e.g., magnetostrict
as a function of temperature.14

On general grounds of the minimum free-energy con
tion, it is expected that, whenever possible, domains ten
arrange so that their walls satisfy both the familiar magne
static condition ~no magnetic charge distribution on th
walls, i.e., conservation of the normal component of mag
tization across the wall, hence no stray field!, the electro-
static condition~the analogue of the previous one but wi
the electric polarization, if applicable! and an elastic compa
tibility condition. The latter can be expressed through qua
dislocation densities associated with the wall,15 in analogy
with subgrain boundaries. The dislocation arrangements
produce no long-range stress~Nye walls in Kléman’s terms!
are favored. For such walls, each of the domains takes on
spontaneous deformationei j

0 and compatibility is ensured b
relative rotation around a direction contained in the wal15

Non-Nye walls imply inhomogeneous long-range strain,
creasing with distance from the wall with characteristic d
tances on the order of the crystal thickness or of the dista
between walls. The condition for a wall to produce no lon
range stress, i.e., to be a Nye wall, is equivalent to Sapri
compatibility condition16 which gives the equation of al
lowed walls as the solutions of

Dei j
0 xixj50, ~1!

whereDei j
0 is the difference in spontaneous strain tensor

tween the two domains in some orthogonal coordinate s
tem xi . Equation ~1! is representative of a cone.
det(Deij

0)50, it can be factorized into the product of tw
equations, corresponding to two mutually perpendicu
planes. These walls can correspond to high-symmetry pla
of the crystal ~W walls in Sapriel’s notation! or to walls
whose orientation is determined by the particular values
Dei j

0 ~W8 walls!.
The Nye walls contain information about the symme

because two different ferroelastic domains~i.e., domains dif-
fering in spontaneous strain tensor!, A and B, have strain
tensors related by a symmetry operation of the point grou
the prototype phase,Rik , which is lost during the transition

ei j
0 ~B!5Rikekl

0 ~A!Rjl . ~2!

Magnetite has, at room temperature, point symme
m3̄m if the distortion related to the magnetization alo
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^111& is neglected. In the low-temperature phase, the po
group is m or 1, corresponding to monoclinic or triclinic
symmetry, respectively.3,6

The lattice parameters of the monoclinic structure ha
been measured by Yoshida and Iida,3 whose convention for
a, b, andc will be followed. We have not found any value o
triclinic parameters in the literature. The diffraction spo
and directions will, in this paper, be indexed in the cub
reference systemu, v, w. For a domain where the monoclini
a axis is along@110#, theb axis is along@ 1̄10#, thec axis is
along @001#, and the nearly rhombohedral elongation of t
low temperature phase along@111#, the elements of the strain
tensor, defined ase(1), arerelated to the lattice paramete
in the following way:

euu
0 5

1

2 S a2&ac

&ac

1
b2&ac

&ac

2Dg D ,

evv
0 5

1

2 S a2&ac

&ac

1
b2&ac

&ac
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eww

0 5
c2ac

ac
, euv
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&ac

,

evw
0 5

1

2 S Db

2
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Da

2 D , euw
0 5

1

2 S Db

2
2

Da

2 D . ~3!

Da, Db, andDg are the deviations from 90°. The poss
bility of triclinic symmetry is allowed throughDa and Dg.
ac is the cubic lattice parameter, whose exact value is
relevant since only differences between strain tensors, he
only a-b, a-&c, Db, Da, andDg, are involved.

The strain tensors corresponding to other domains will
callede( j ), the numberj indicating the symmetry operation
that have to be applied to the original strain tensore(1) to
give the tensore( j ), following the order of the Internationa
Tables for Crystallography17 for space groupFd3̄m of the
prototype phase, the translation part of the operations be
disregarded since only the point-group symmetry is cons
ered. In the case of monoclinic symmetry, 12 different str
tensors exist, each one associated to a monoclinic ferroel
domain ~MFD!. They will be labelede(m), m51, . . . ,12.
Subsequent symmetry operations just reproduce one of
previous strain tensors, with for examplee(1)5e(14)
5e(25)5e(38) all corresponding to the following opera
tions: 180° rotation around theb axis, inversion and reflec
tion on theac mirror. We note that the Verwey transition i
not a purely ferroelastic phase transition and other order
rameters appear, breaking more symmetries. Thus the m
clinic point group would bem, with only anac mirror,3 and
not 2/m as would be expected just from strain. In the case
triclinic symmetry the number of different strain tensors,
triclinic ferroelastic domains~TFD’s! is 24. Thus e(1)
5e(25) ande(14)5e(38) but nowe(1)Þe(14), the only
symmetry operation of the prototype phase which leaves
strain tensor invariant being the inversion. Each MFD c
thus split into two TFD’s.

The set consisting of a pair of spontaneous strain ten
and one of the allowed planes will be called atwin. It can be
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labeled asi - j ~opq!, where the couple of numbersi - j corre-
sponds to the strain tensorse( i ) ande( j ) which give rise to
the twin, and~opq! is the wall orientation.

The classification of all possible twins shows that tw
cases have to be distinguished:~i! Some of the twins have a
Dei j

0 involving at least one of the monoclinic paramete
~a,b,c or Db! and at least one of the triclinic paramete
~Da, Dg!. Since the latter are appreciably smaller than
former,Da andDg are not expected to have a big influen
on the twin properties, and the approximationDa5Dg50,
tantamount to considering a monoclinic twin, is permissib
~ii ! In other twinsDei j

0 depends only onDa andDg. These
are strictly triclinic twins. The involved domains are e
pected to be less misoriented than in the previous case.
W8 walls of these twins have unknown orientation asDa and
Dg has not been measured yet. The strictly triclinic twi
involve two strain tensors which would be equal in the ca
of monoclinic symmetry, such ase(1) ande(14). They can
be seen as twins inside a MFD due to its splitting into t
TFD’s.

In this approach, the translation part of the symmetry
erations is disregarded. In fact, the change in space-g
symmetry Fd3̄m→Cc implies the loss of translation
elements:4 the cubic face-centering translations, and t
translation along one of the cubic axes^001& due to doubling
of the unit cell along thec axis. Thus, there could be do
mains related by some of these translations~antiphase do-
mains, with identical reciprocal-lattice vectors!. The phase
shift induced by the translation faults in the field propagat
inside the crystal can give rise to interference patterns on
topographs.18–20 However, for the reflections allowed in th
cubic phase~the only ones considered in this paper! there is
no effect since the above translation vectorsf would induce a
phase shift 2pgf52pn, whereg is the diffraction vector,
with n an integer. The experimental setup was specially s
sitive to domain image splitting~see below!, and interference
phenomena are unlikely to be observed in the samples
used due to their moderate crystal perfection: indeed non
the section images we obtained showed Pendello¨sung
fringes. This point will be discussed again in Sec. V.

Due to their relative misorientation, the domains w
Bragg diffract a white beam of x rays into different dire
tions. The next subsection describes the experimental
rangement to measure the splitting.

B. Specific experimental conditions

In a standard x-ray topographic approach based on la
ratory generators, and in particular Lang’s method, the p
tographic film or plate is placed as close as possible to
specimen to minimize image blurring in the divergent x-r
beam. Therefore, small changes in the direction of the
fracted beam are not visible, and the image is considere
be the projection of the distribution on the exit face of t
crystal of the diffracted beam intensity. Contrast is then d
to changes in the wave-field propagation entailed by the
fects in the almost perfect single crystal, and usually
scribed by the dynamical theory of diffraction. Because th
effects are significant only in the plane of incidence, cons
eration is restricted to this plane.
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The situation is different at third-generation synchrotr
radiation sources, characterized by very small sizes of
electron beam producing the radiation. On beamline ID19
ESRF used in the present experiments, the divergence o
white x-ray beam is 1026 rad, and setting the film at a dis
tanced545 cm results in a geometrical blurring of only 0.4
mm. On the other hand, a rotation by 1024 rad of the dif-
fracting planes, or equivalently of the diffraction vector, r
sults in a shift in the image by 90mm, and both the displace
ments parallel and perpendicular to the scattering plane
effective.

Thus, an experimental arrangement in which a lo
divergence white x-ray beam is diffracted by the station
crystal, i.e., a Laue pattern, can provide a combination
~direct space! shape and position information about the d
mains and of~reciprocal-space-type! information about the
variation in lattice distortion, revealed through the splittin
of the Bragg-diffraction~topographic! images. The use of a
large crystal-film distance improves the sensitivity to th
splitting ~reciprocal space information!, while the image vis-
ibility ~direct space information! improves at smaller dis-
tances.

Although the overall view of the domain structure cou
be expected to show up better on images of the wh
sample, i.e., projection topographs,21 the complexity of the
situation prevailing in the fairly thick sample that was mos
investigated made section topography more informative
this approach,22 the beam is restricted to a blade shape b
slit, and the region sampled is, to a good approximation,
intersection of the crystal by the virtual blade. The splitti
component perpendicular to the slit image was measure
each case for several Bragg reflections, corresponding to
ferent wavelengths~Fig. 1!. The next subsection describe
the procedure used for analyzing the image splitting.

C. Analysis of the image separation

The position of a Laue spot on the film, set perpendicu
to the incident white beam, can be expressed as a functio
the diffraction vectorg as

y

d
522

gxgy

gx
22gy

22gz
2 ,

FIG. 1. Experimental setup for white beam section topograp
showing schematically the splitting inhkl reflections~due to the
presence of domains in the sample!. The inset shows the usual view
of an individual section image, whose sides correspond to the
and entrance sides of the sample.
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z

d
522

gxgz

gx
22gy

22gz
2 , ~4!

where thex axis is antiparallel to the direct beam, they and
z axis are film coordinates perpendicular to it, andd is the
crystal-to-film distance.

If two domains have a difference ing vector Dg they
produce images whose separation is

Dy

d
5

2gyg
2Dgx22gx~gx

21gy
22gz

2!Dgy24gxgygzDgz

~gx
22gy

22gz
2!2 ,

Dz

d
5

2gzg
2Dgx24gxgygzDgy22gx~gx

22gy
21gz

2!Dgz

~gx
22gy

22gz
2!2 .

~5!

On the other hand,Dg is a function of the tenso
Dui j 5D(]ui /]xj ) whereu is the displacement:23

Dgi52Duji gj . ~6!

The condition of no long-range stress from a~Nye! wall
implies that there are only three nonzero components
Dui j :14,15

Du1352De13
0 ,

Du2352De23
0 , ~7!

Du335
C112C12

C11
De33

0 ,

where thex3 axis is perpendicular to the wall,x1 andx2 are
in the wall and theCi j are the elastic constants.

The geometry of the sample in thex-y-z reference system
is known through the indexing of the Laue pattern, p
formed using the OrientExpress computer program.24 This is
equivalent to the knowledge ofgi for all the spots.

The most general procedure to analyze the image sep
tion proceeds as follows:

~1! The image separation on the film is measured, yield
a set of dataDy/d,Dz/d as a function of the spot’s indice
hkl.

~2! One of the allowed Nye type walls is chosen, whi
sets the reference system linked to the wall, i.e., thex1 , x2 ,
andx3 axes.

~3! After suitable changes in coordinate system, the v
ues ofDgi are expressed as a function of only three para
eters:Du13, Du23, and Du33. If the particular twin under
consideration implies one of them to be zero~or some rela-
tion between them!, or if the selected spots are not sensiti
to some of them, a further reduction in the number of fr
parameters is obtained.

~4! The dataDy/d andDz/d can then be fitted with thes
three parameters using formulas~5! through a standard leas
squares procedure. Since the sign of the separation is us
undetermined, the fit was often performed on the separa
squared.

Two criteria determine whether the tentatively chos
twin is responsible for the observed images:
of

-

ra-

g

l-
-

e

lly
n

n

~i! The fit should account for the dependence on the s
position or indices, and it should not deviate too much fro
the experimental values.

~ii ! The values ofDu13, Du23, andDu33 obtained from
the fit can be compared to the published values of the lat
parameters, since they should fulfill formula~7! for the given
twin, the strain tensor being related to the lattice parame
as shown above.

Some of the spots should show no image splitting fo
given twin. This provides a selection rule allowing some
the twin possibilities to be disregarded without calculatio
It is emphasized that the condition that the walls produce
long-range stress is experimentally self-tested if the im
does not feature streaks.

III. SAMPLE AND EXPERIMENTAL SETUP

The samples were single-crystal plates of magnetite Fe3O4
grown from 99.99% Fe2O3 in a mixture of CO and CO2
gases by the Bridgman method, mechanochemically p
ished, with their main surface parallel to (110̄). Most of the
x-ray imaging results shown were obtained on a sample 0
mm thick and of size about 735 mm2 and, unless stated
explicitly, the discussion will center on this. However, a t
pographic investigation was also carried out on a specim
0.18 mm thick, while the Nomarski optical microscopy e
periments were performed on a sample 1.3 mm thick a
with surface about 4.434.6 mm2.

The x-ray-diffraction imaging experiments were pe
formed on the imaging and high-resolution diffraction bea
line ID 19 at the European Synchrotron Radiation Facil
~ESRF! in Grenoble, France. ID 19 uses the beam produ
by an 11-pole wiggler, 145 m from the sample position. T
sample was cooled in a helium closed-circuit refrigera
~‘‘Displex’’ ! or in an ILL-type ‘‘orange cryostat.’’ The tem-
perature in the Displex could not be measured accura
since the thermometer is placed on the cool finger and
white synchrotron radiation beam, in spite of filtering, deli
ers a sizeable heat load on the sample. A magnetic field o
to 400 mT could be applied. The diffraction spots we
monitored using two television cameras. One of them, wit
broad field of view, indicated the excitation of the reflectio
and the position of the beams, hence essentially gav
reciprocal-space view. The other was a high-sensitivity S
retec camera system with 40mm resolution, involving the
observation, via a mirror set at 45° to the diffracted x-r
beam, of the visible-light image provided by a thin scintill
tor. It allowed the development of the transition and t
changes produced by the magnetic field to be followed
real time. The pictures were recorded on Kodak SR rad
graphic film, usually placed at a distance of about 45
from the sample. Exposures times were between 1 and 3

As mentioned above, the projection topographs, made
illuminating the whole sample, provide an overall view
where it is however difficult to disentangle the effect of t
various domains in the sample. Therefore most of the inf
mation was obtained from section topographs, made with
white beam restricted by a slit 20 or 40mm in width, set
vertically, i.e., almost parallel to@110#. Then only a small
volume of the specimen is investigated at a time, and
displacements between images are readily related to the
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ference in distortion in the locally coexisting domains. T
component of this displacement perpendicular to the slit
age was measured.

Observations on the surface of a sample with the sa
(11̄0) orientation, but thickness 1.3 mm were performed
the low-temperature phase using a Nomarski interference
croscope. In this device, based on a quartz prism placed
tween a polarizer and an analyzer, the phase difference
tween reflected rays are converted into intensity variatio
Microsteps less than a nm high and rooflike deviation of
surface in adjacent domains, with slopes on the order
1024 rad, can be detected. The orientation of the magn
field, provided by an electromagnet and with maximum
tensity 420 mT, with respect to the sample could be chan
by rotating the cryostat around its axis. The Nomarski i
ages were monitored through a CCD camera and recorde
video tapes. Photographs were taken with a 35 mm cam

IV. EXPERIMENTAL RESULTS

The low-temperature phase was investigated in three
ferent situations: case I corresponds to cooling through
Verwey transition in zero field; case II to cooling in ze
field and application of a magnetic field in the low
temperature phase; case III to cooling in a magnetic fie
The field was applied along@001# to within 15°.

Figure 2 shows a section topograph taken at room t
perature, in the magnetically saturated state. Many nonm
netic defects are observed, making the observation of s
domains in the low-temperature phase difficult.

Several well-separated images appear when the sa
goes through the transition in zero field~case I, Fig. 3!.
Seven are visible in some spots. An essential point in un
eling the splitting is the fact that the lower parts of some
these images are correlated: imageC could be obtained from
imageD just by applying a translation while imagesA andB
are complementary: thus, a careful analysis of them indica
to us that following the coordinate parallel to the slit, t
existence of a black spot inA coincides with a white space i
B. The lower part of the sample shows some streaks betw

FIG. 2. White beam vertical section topograph at room tempe

ture in the magnetically saturated state. Reflection 111̄1,
l50.34 Å, absorption factormt'1.5.
-
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the main images corresponding to distorted regions. Thi
taken to indicate that the domain arrangement is not com
ible from the elastic point of view, at least at some level
the structure. A hierarchy of domains appears, with doma
well separated in Bragg angle and domains less separa
The latter induce a broad image, which is in fact relat
neither to the slit width nor to the crystal thickness, and
due to the dispersion in Bragg angle. No spatial informati
apart from the correlation between the images, could be
tracted, even with images taken at smaller crystal to fi
distances. Setting the film parallel to the incident beam
order to increase the section image size, did not resul
improved legibility either, because the images were seve
broken up. The reasons of the bad image visibility are~i! the
intrinsic defects and~ii ! the very probable presence of ve
small domains~,5 mm! giving the already mentioned hig
image width. The main features~existence of several wel
separated images and streaks! are reproducible in differen
runs, but the volume distribution in the sample is not. N
changes were observed down to 30 K in the main images
least as seen on the Sofretec camera.

If a field is applied to the sample after cooling in ze
field ~case II! an abrupt change in domain arrangement
curs for a field between 80 and 225 mT, with the exact va
being irreproducible. This corresponds to axis switching, i
the change of thec axis from one of the cube edges~@100# or
@010#! to that parallel to the magnetic field,@001#. The num-
ber of domains is decreased and better defined images
obtained~Fig. 4!. Further variations in field~from 1400 to
2400 mT! or in temperature~down to 4.2 K!, induced no
further domain change, at least as seen on the display f
the Sofretec camera. The domain structure in this cas
highly nonreproducible, as the examples of Figs. 4~a! and
4~b! show.

In case III, a 300 mT field was applied during coolin
and increased to 400 mT during the coexistence of the h
and low-temperature phases. As in case II, field or temp
ture ~down to 4.2 K! variations did not change the appea
ance of the images on the Sofretec camera once the trans
was passed. The observed images are angularly less s
rated than in the previous cases. There are always four
ages, which can be grouped into two couples: 1-2 and
~Fig. 5!. Images 3 and 4 are only distinguishable on hi

-

FIG. 3. White beam vertical section topograph in case I~cooling

in zero field!. Reflection 335̄, l50.25 Å, mt'0.5, T'30 K.
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1190 PRB 59C. MEDRANO et al.
Bragg angle reflections. Images 1 and 2 seem to be co
just translated, of each other, and so do images 3 and 4.
volume distribution changes from one experiment to anoth
In Figs. 5~a! and 5~b! the four images cover the whol
sample, while in Fig. 5~c!, corresponding to a different run
couple 1-2 is in the upper part of the sample and couple
in the lower one.

A thorough analysis was performed for case III. The la
of streaks between the main images in this case indicate
elastically good domain arrangement~Nye walls!. Thus the
approach outlined in Sec. II can be used to study the f
images in Figs. 5~a! and 5~b!. They are taken to correspon
to monoclinic twins since they are well separated, and i
assumed that all the domains involved have thec axis close
to @001# since the magnetic field was applied along this
rection. The results of the analysis, performed as outline
Sec. II C, of the separation between these four images,
cept between images 3 and 4, are summarized in Tab
with the indication of the twin assignment for the observ
images.

A clear graphical view of the validity of the fit can b

FIG. 4. White beam vertical section topograph in case II~appli-
cation of magnetic fieldi @001# after cooling in zero field!: ~a!
Reflection 004, l50.45 Å, mt'2.5, T'30 K; ~b! 206, l
50.35 Å, mt'1, T5110 K. ~a! and~b! correspond to two differen
runs.
s,
he
r.
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obtained. At the largest crystal-to-film distance~45 cm!, only
one Laue circle,kkl in the axis convention used, was re
corded. The ratiok/ l determines the spot position, hence t
image separation can be represented as a function ofk/ l ~Fig.
6!. A very good agreement is found. Couple 3-4 is not se
rated on thekkl circle and only the images corresponding
large Bragg angle spots, recorded with the film close to
sample, show visible image separation. The calculati
show that only one of the monoclinic twins fulfills thes
conditions. It is the twin 3-4~001!.

These large Bragg angle spots also reveal an inte
structure~Fig. 7!. In spite of the existence of four separate
images, the standard view of a section topograph as des
ing the defect distribution along the depth of the sam
~spatial information! can be applied within each individua
image. Bands are observed at 42°~after correction for pro-
jection effects! from the vertical direction, which is very
close to@110#. Figures 7~a!, 7~b!, and 7~c! correspond to the
same spot but with different crystal-film distances. The se
bands seems to be less tight at higher distances. In addi

FIG. 5. White beam vertical section topograph in case III~cool-
ing through the Verwey transition in magnetic fieldi @001#!. ~a!
Reflection 222,l50.47 Å, mt'2.5, T5110 K, B5300 mT; ~b!

Reflection 5̄9̄3, l50.3 Å, mt'1, T5110 K, B5300 mT; ~c! Re-
flection 862,l50.23 Å, mt'1, T5110 K, B50. ~a! and ~b! cor-
respond to the same run.
rs
tween
al,
TABLE I. Twins associated with the images of Figs. 5~a! and 5~b! and relations between the paramete
obtained from the fits to the experiment and those found in the literature. Strictly, the walls allowed be
1–3 and 2–4 are not~101! type but are~euv

0 ,0,euw
0 ! type. However, since the distortion is close to trigon

euv
0 >euw

0 .

Domains Wall Twin
Fit shown
in figures

Lattice parameter from present
fit, T5110 K

Lattice parameter from
Yoshida and Iida~Ref. 3!

(T5100 K)

1-2 ~001! 1-2 ~001! Fig. 6~a! Db~deg!50.22~2!° 0.23°

1-3 ~101! 1-3 ~101! Fig. 6~b!
1

2

a2b

a
1
&Db

4
50.0036~2! 0.003

2-4 (101̄) 2-4 (101̄) Fig. 6~c!
1

2

a2b

a
1
&Db

4
50.0030~2! 0.003
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couple 1-2 shows striations parallel tog @see the magnified
view in Fig. 7~d! where a white arrow points to one of them#,
corresponding to a further small splitting in each imag
which is also better observed at higher distances. Striat

FIG. 6. Fitted values~fit! to the measured image separati
~exp! as a function ofk/ l . Figure 5~a! corresponds to the exper
ment where these results were obtained. Lines joining the fi
points are guides to the eye.
,
ns

in couple 3-4 are only visible on images recorded with t
film parallel to the direct beam, a setting which is more se
sitive to misorientations~Fig. 8!.

Observations of the surface of a slightly thicker crys
~1.3 mm! with the same orientation by Nomarski microsco
provide direct information on the corrugation of the surfac
A typical result is shown in Fig. 9. Alternatively dark an
light bands, green on the originals, roughly parallel to@001#,
are observed. In addition, fine striations parallel to@110# are
seen in the dark bands.

Topography experiments were also performed on a th
ner sample~0.18 mm!, with the same orientation, (110̄). In
this case, the crystal is too thin to obtain good section
ages. Therefore, the whole sample was illuminated, resul
in projection topographs. Important differences appeared
the low-temperature behavior:~i! The lack of well separated
images,~ii ! domains were observed after cooling in ze
field but no clear contrast was obtained when a field w
applied during the transition~case III!, the only appreciable
effect being the loss of visibility of the intrinsic sample d
fects.

V. DISCUSSION

We have identified several monoclinic twins in case I
Images 1 and 2 correspond to MFD’s whosea andb axis are
the same, the difference being the angleDb; they are sepa-
rated by a wall along~001!. So do images 3 and 4. Betwee
the MFD’s corresponding to images 1 and 3, thea and b
axes are interchanged, and they are separated by a~101!
wall. A similar relation is found between MFD’s 2 and 4.

The resulting domain configuration is complicated. Cu
by planes~110!, ~001!, and (11̄0) are represented in Fig. 10
where periodicity is assumed for simplicity. Because the
main images overlap heavily, it is not easy to determine th
size from direct observation. It is however possible to det
mine the order of magnitude of the two distances,s and h,
which characterize this model,s being the typical distance
between~001! walls andh the typical perpendicular distanc
between~101! or (101̄) walls.

The vertical section topographs correspond to a virtual

d

e

FIG. 7. White beam vertical section topographs in case III~reflection 13̄9, T520 K, B5300 mT, l50.33 Å, mt'1!. Three different

crystal-film distances,d: ~a! d58.5 cm;~b! d514 cm; ~c! d542 cm. In~d! a magnified view of~b! is shown. The white arrow indicates on
streak parallel to theg vector.
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1192 PRB 59C. MEDRANO et al.
plane close to~001!, the deviation being the small rotation o
the sample performed with respect to the orientation wh
the surface would be perpendicular to the incident beam
order to set several reflections in the Bragg position. Ifs was
big enough, the section topographs should show only
images, 1-3 or 2-4@Fig. 10~b!#. The fact that all of them are
observed simultaneously shows that the beam actu
crosses all four kinds of MFD’s. This could be caused by
sample rotation (v'6°) that makes the beam cross a regi
of width t sin v'80mm along@001#. Therefore,s is smaller
than 80mm. In addition, we observe that MFD’s separat

FIG. 8. White beam vertical section topograph obtained with

film parallel to the direct beam. Reflection 13̄̄9̄, T5110 K, B
5300 mT, l50.4 Å, mt'2. ~a! couple 1-2 ~superimposed im-
ages!; ~b! couple 3-4~superimposed images!.

FIG. 9. Surface photography obtained by Nomarski interfere

microscopy~T580 K, cooling in 420 mT fieldi @001#!. (11̄0)
sample, 4.634.4 mm2, 1.3 mm thick.
re
in

o

lly
e

by ~001! walls give two images which are the replica of ea
other. This indicates that the beam intersects them at
same depth inside the sample. Otherwise, their images w
appear as different and complementary in some degree,
intensity in image 1~3! would correspond to lack of intensit
in image 2 ~4!. For this condition to be true, it would b
enough ifs was smaller than the slit width~20 mm!.

The traces of~101! and (101̄) walls on~001! plane are the
same and make an angle of 45° with the@110# direction@Fig.
10~b!#. This value is very close to the measured angle of 4
for the bands in Fig. 7~a!. We associate these bands wi
MFD’s 1-3 ~or 2-4! intersected along the thickness. Th
bandwidth is related toh. From Fig. 7 h is variable but
around 100mm when taking the projection effects into a
count.

The misorientation between the four domains be
known, it was possible to simulate the image correspond
to three different crystal-film distances. The simulations fo
periodic domain structure withs52 mm andh5100mm are
well reminiscent of the experimental results~Fig. 11!, the
band visibility increasing for the largest distances.

The observations by Nomarski microscopy are consis
with the above model. Thes dimension being small, the
intersection of the interface between couples 1-2 and
with the sample surface is a zigzag@Fig. 10~c!#, on average
parallel to@001#. Thus, the alternatively dark and light band
~Fig. 9! correspond to the two couples of monoclinic d
mains. On the other hand, calculations show that the sur
plane should have the same orientation over domains 1
2, whereas it is expected to change over domains 3 an
taking on a rooflike shape. Therefore, we can assign the
striations in the dark bands to domains 3 and 4, while

e

e

FIG. 10. Domain model for case III sections by planes~110! ~a!;

~001! ~b!, and (11̄0) ~c!.

FIG. 11. Simulations of the images in Fig. 7 for three differe
crystal-film distances,d ~s52 mm, h5100mm!: ~a! d58.5 cm;~b!
d514 cm; ~c! d542 cm.
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other band~couple 1-2! does not show any internal contras
A picture of the monoclinic twins in the field-coole

sample~case III! thus emerges. This domain configuration
favorable from the elastic, the magnetostatic, and the e
trostatic point of view:

~i! From the elastic point of view, the differences in latti
distortion between the four kinds of MFD’s obtained fro
formulas~2!, ~3!, and~7! fulfill the equality:

D
]ui

]xj
~122!5D

]ui

]xj
~123!1D

]ui

]xj
~324!

1D
]ui

]xj
~422!, ~8!

where the numbers between brackets indicate the coup
domains the difference in lattice distortion refers to. Strict
the compatibility conditions discussed above@formulas ~1!
and ~7!# are valid for two domains. Equation~8! means that
compatibility between two domains is not broken by t
presence of the others domains, i.e., that the junctions
Nye junctions25 or that the whole structure has no stress
This is consistent with the fact that no streaks, which wo
reveal distortions with long-range variations, are visible.
would not be true for just any set of walls between these f
MFD’s.

~ii ! The normal component of the electric polarization c
be conserved across the wall. Let6@Pu ,Pv ,Pw# be the po-
larization in MFD 1, the6 being due to the inversion opera
tion of the high-symmetry phase, which changes the sign
P without altering the strain tensor. In MFD 2 we obta
after the application of the corresponding symmetry ope
tion a polarization6@2Pu ,2Pv ,Pw#. Taking the1 sign in
both MFD’s, the normal component of the polarization
conserved through the~001! wall. Similar reasoning applies
for all the walls. It is thus possible to follow a closed circu
through the four kinds of MFD’s like 1-2-3-4-1 without elec
tric charges appearing on any of the walls. Actually a uniq
polarization sense cannot be associated to each MFD,
there exists the possibility of having 180° ferroelectric d
mains, invisible by x-ray topography, inside a MFD. A pi
ture of this conceivable situation is shown in Fig. 12 with t

FIG. 12. Section by~110! plane showing the junction betwee
MFD’s 1, 2, 3, and 4. In~a! only one sign of the electric polariza
tion P is associated to each MFD; in~b! the possibility of 180°
ferroelectric walls ~invisible by x-ray topography! inside each
MFD. For the sake of simplicity,P is assumed to be along th
monoclinica axis.
c-
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re
.

d
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r
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-

e
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simplifying assumption thatP is along thea axis, whereas
this is only the direction of the largest component.26,27

~iii ! The magnetization is slightly tilted to thea axis.1 In
MFD 1 it has the form@Mu ,Mu ,Mw#. For the experiments
performed under a magnetic field only one sign is allow
due to the applied magnetic field. As before, there are
magnetic poles at the walls. However, the canting of
magnetization from thec axis gives rise to poles on th
sample surfaces. Figure 13 shows the pole distribution, c
sisting of alternating1 and 2 magnetic charges. Thus, th
fine division into domains (s,20mm) could be an attemp
to decrease the magnetostatic energy.

The above plausibility arguments do not purport to be
rigorous proof that the observed structure corresponds
minimum free energy. It should be stressed that our exp
ment is not sensitive to ferroelectric domains having op
site polarization and that defects usually play an import
role in determining the domain configuration.

An a priori equivalent configuration fulfills the same ela
tic, electrostatic, and magnetostatic conditions, but has
been observed. In this configuration domains 1 and 2
separated by~001! walls, and so are domains 3 and 4. T
difference from the previous situation is the fact that d

FIG. 13. Magnetic poles due to the tilting of the magnetizati
to the monoclinica axis. ~a! 1-2 couple giving rise to poles on th
side surface of the sample;~b! 3-4 couple giving rise to poles on th
main surface of the sample.

FIG. 14. The nonobserved MFD configuration equivalent~a pri-
ori! to the observed one~Fig. 10!. Sections by planes~110! ~a!;

~001! ~b!, and (11̄0) ~c!.
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1194 PRB 59C. MEDRANO et al.
mains 1 and 4 are adjacent and separated by~011! walls;
domains 2 and 3 are adjacent too, being separated by (0)̄
walls ~Fig. 14!.

Until now only ferroelastic monoclinic twins have bee
considered. They can explain the distinctly split section
pographic images. However, they cannot explain the s
structure visible in some of the images, e.g., the striation
Fig. 7~d! because monoclinic twins would give rise to we
separated images. Since, for the spot shown in this figure
striations are only visible in one of the monoclinic coupl
~1-2!, they do not correspond to parasitic contrast from d
on the slits28 nor to intrinsic defects in the sample. Tw
possibilities are left: the presence of antiphase boundarie
of strictly triclinic twins. At the end of Sec. II A, it was
argued that antiphase boundaries should not be obse
Furthermore, the visibility of the streaks increases with
crystal to film distance and this points to the effect of
misorientation~difference in diffraction vectorg!. Therefore,
we conclude that this substructure corresponds to tricl
symmetry. The striations follow the projection of the diffra
tion vectorg on the film. A geometrical reasoning indicate
that the corresponding triclinic walls are perpendicular to
surface. In the twin classification used in this paper, t
triclinic walls are possible inside MFD’s 1 and 2: (110̄) and
(Dg,Dg,&Da). The second one is perpendicular to the s
face. Inside the images of domains 3 and 4, striations
only visible when the film is set parallel to the direct bea
and again they follow the projection of the diffraction vect
on the film. Two triclinic walls are allowed,~110! and
(Dg,2Dg,&Da). The first one is perpendicular to the su
face. Domains separated by triclinic walls are related by
ac mirror, which would still be a symmetry operation
monoclinic symmetry was retained.

Assuming that~110! triclinic walls are present in MFD’s
3 and 4 and that image separations can be measured do
0.1 mm, the fact that the triclinic twins do not give separa
images sets a limit Da,0.0007 rad ~0.04°!. For
(Dg,Dg,&Da) walls inside MFD’s 1 and 2, calculation
show that the corresponding twins should be invisible on
images corresponding to spots on thekkl circle of the Laue
diagram, and have low visibility for other observed spo
However, this fact seems to be in contradiction with t
easier observation of striations in couple 1-2.
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The lack of quantitative data about the triclinic domain
makes a deeper analysis difficult. The existence of~110!
walls in couple 3-4~W wall! and (Dg,Dg,&Da) in couple
1-2 ~W8 wall! is not accounted for at the present stage. T
use of monochromatic beam x-ray imaging, with better cry
tals, should provide more information on the triclinic twins

Some tentative explanations can be put forward on
results obtained from a thinner sample~0.18 mm!. The lack
of well separated images probably indicates the presenc
strictly triclinic twins. The fact that, in case III, no clea
contrast was observed could be due to the existence of v
small domains~,5 mm! or to walls parallel to the surface
The latter are difficult to detect by projection topograph
and they could conceal the intrinsic crystal defects.

VI. CONCLUSIONS

A method to analyze the image separation as a function
the spot position in a set of white-beam x-ray topograp
~Laue pattern! has been developed. This method, applied to
set of section topographs, allows the identification of t
twins in a sample, under the assumption that they are se
rated by Nye walls. In conjunction with the spatial informa
tion contained in the images, this approach made it poss
to unravel the monoclinic domain structure obtained af
passing the Verwey transition in a magnetic field parallel
@001#. It is favorable from the elastic, magnetostatic, an
electrostatic points of view. Additional smaller distortion
are detected. They cannot be associated with monocl
twins, hence indicate that the true symmetry of magnetite
the low-temperature phase is triclinic. The thorough char
terization of the corresponding triclinic twins requires a mo
sensitive technique, like monochromatic beam topograp
as well as excellent crystals. Thein situ application of an
electric field should provide welcome insight on the ferr
electric aspects of this problem.
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