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Abstract. We report on systematic neutron powder diffraction measurements of the temperature
dependence of the crystal structure for the Fe3−xZnxO4 (x < 0.036) series. Time-of-flight data
were collected on the spallation source ISIS (RAL, UK) between 4.2 and 270 K for samples showing
different orders of the Verwey transition. The change of transition order is accompanied by the clear
difference in the characteristic low temperature rhombohedral distortion. Namely, this distortion
is independent of the dopant concentration for samples undergoing a first order Verwey transition,
while the distortion for samples showing second order transition is much smaller and gradually
diminishes with increasing Zn content. This distinct behaviour is linked to a change of atomic
ordering from a well defined configuration for the first order regime to a dynamically changed
arrangement for highly doped magnetite. This points to a close connection between the order of
the Verwey transition and crystal lattice properties.

1. Introduction

The Verwey transition in magnetite at 120 K is a spectacular first-order phase transformation
accompanied by the crystal symmetry change and an anomaly in several physical properties.
It has been the object of interest for over 60 years and the reader is referred to [1–3] for
representative literature reviews.

It is commonly believed that the transition is related to the iron cation valence instability.
Below the transition temperature the distribution of Fe2+ and Fe3+ ions in octahedral (o) sites
changes from dynamic disorder (electrons resonating on octahedral sites) to long-range order
(LRO): the electrons tend to freeze out on selected octahedral positions. The number and the
surroundings of the resonating electrons can be finely tuned by nonstoichiometry or doping with
Zn and Ti, thus providing a means for the study of interactions leading to the transition [4, 5].
Despite the fact that all three kinds of defect introduce different perturbation to the system the
properties of Fe3(1−δ)O4, Fe3−xTixO4 and Fe3−xZnxO4 are very similar. Specifically, as was
proved by heat capacity and resistivity studies, the nature of the Verwey transition changes
from first (I) to second (II) order when the degree of nonstoichiometry 3δ or concentrationx
exceeds∼0.012; the transition disappears altogether when 3δ = x > ∼0.036. For both the I
and II order transition regions a universal linearTV –3δ = x relation was found (see [2] and
references therein).

For highly nonstoichiometric magnetite∼0.012< 3δ < ∼0.036 it was even suggested
[6] that the system may not exhibit a true phase transition. Despite this doubt, in the following
text we will use working definition ‘first’- and ‘second’-order phase transitions to describe
abrupt and smooth change in physical properties.
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There is a long standing dispute as to the origin of the Verwey transition [7]. As pointed
out by Anderson [8] every tetrahedron formed by the nearest-neighbour (◦) sites of the spinel
structure should be occupied by two Fe2+ and two Fe3+ ions, due to the strong Coulomb inter-
action between electrons. This strong nearest-neighbour Coulomb repulsionU1 stabilizes the
short-range order (SRO), but additional interactions are required to stabilize LRO. The energy
U2 needed to do this could be only a small fraction of the energyU1; its origin is still a subject
of dispute. Several mechanisms were proposed as a possible source for these interactions.

In our recent heat capacity measurements [2, 9, 10] we have found a clear difference
between the data for first- and second-order samples. Namely, there is almost no shift in the
baselines with doping aboveTV , whereas belowTV the baselines of second-order specimens
are higher than those of first order (see figure 1(a)). An alternative way of looking at the data
is shown in figure 1(b), where the temperature dependence of the effective Debye temperature
θD is presented. Note that below the transitionθD is shifted upward by about 50 K for first-
order samples, as compared to the values extrapolated from high temperatures, and thatθD
for second-order samples passes smoothly through the transition. A similar shift in Debye
temperature for stoichiometric magnetite was also observed by Takaiet al [11].

Figure 1. (a)Cp/T againstT for Fe3−xZnxO4 exhibiting Verwey transitions of different order:
x = 0 and 0.0110—first order,x = 0.0280 andx = 0.036—second order; (b) characteristic Debye
temperature in the vicinity of the transition. Note that peaks were removed for clarity.

These differences were analysed in terms of various possible contributions to the heat
capacity and attributed to a change of lattice elastic properties atTV for first-order samples [9].
No such change is present in second-order specimens.

It is obvious that the lattice must be taken into account while describing the Verwey
transition since this transformation is accompanied by a crystal symmetry change. In fact,
some authors [12–14] have suggested an intimate connection between the Verwey transition
and crystal lattice properties. In particular Honig and Spatek [14] proposed a microscopic
model in which this transformation is driven by a change in the highly correlated electron
system associated with local lattice deformations. Our heat capacity observations indicate
that the change of the phase transition order may also be driven by the lattice dynamics.
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We believe that one way to further highlight this problem and to supplement our heat capacity
observations is to look at differences in the structures for slightly doped magnetite exhibiting the
Verwey transition of different order at temperatures below and above the transition. Structure
measurements were performed on the high resolution powder diffractometer (HRPD) at the
pulsed spallation neutron source ISIS located at Rutherford Appleton Laboratory, UK.

Below, we first provide a short overview of the magnetite structure and describe the
sample preparation procedure and diffraction measurements. The subsequent sections contain
the presentation of the results and the discussion.

The crystalline structure of magnetite above the Verwey transition is well known to be
the cubic inverse spinel represented by(Fe3+)[Fe2+,Fe3+]O4, where parentheses ( ) denote
tetrahedral (t) lattice site and brackets [ ], octahedral (o) lattice sites (figure 2(a)). The smallest
cell of the spinel structure with cubic symmetry contains 32 oxygen ions that form an f.c.c.
lattice belonging to theFd3m space group. This structure holds also for the high-temperature
phase of Zn and Ti doped magnetite. The crystal structure of magnetite below the Verwey
transition was found to be monoclinic (space groupCc) [15, 16], with the exception of the
magnetoelectric effect measurements [17, 18] that suggested the breaking of the ac mirror
plane symmetry, implying triclinic symmetry. However, it should be emphasized that all direct
crystal structure measurements point to monoclinic structure as indicated by the characteristic
features of the observed diffraction pattern [19]:

(i) a rhombohedral distortion of the cubic unit cell,
(ii) a doubling of the cell along thec-axis,

(iii) the existence ofc-glide.
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Figure 2. (a) High temperature spinel structure of magnetite; (b) relation between monoclinic
(solid) and rhombohedrally distorted (dashed) unit cells.

The basis vectorsaM , bM andcM of the monoclinic unit cell roughly coincide with [11̄0],
[110] and [001] directions of the original cubic lattice, as shown in figure 2(b). The monoclinic
cM -axis is actually tilted∼0.20◦ away from the vertical towards the−aM -direction (see again
figure 2(b)), due to rhombohedral elongation along the [1̄11] or [1̄11̄] axes. The displacements
of atoms comparing to cubic symmetry is reported to be of the order of 0.1 Å.

Although the low-temperature symmetry of magnetite is known there is a controversy
about the particular prevailing cationic order. The original Verwey pattern [20] has been
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disproved by neutron [15] and electron diffraction [16] as well as by NMR studies [21], but
none of ten possible arrangements was experimentally proved (see e.g. [16] for the detailed
discussion of those ten models).

The structural studies of Fe3O4 were not extended to nonstoichiometric or low-level doped
magnetite, but it is tempting to interpret the Verwey transition and the striking similarities in
physical properties of Fe3(1−δ)O4, Fe3−xTixO4 and Fe3−xZnxO4 (x < 0.04) belowTV as
indicating the same change of structure as in pure magnetite. The present studies were in part
designed to check this assumption.

2. Experimental details

In view of the small atomic displacements mentioned above our project required very high-
precision measurements on very well characterized samples. Single-crystalline zinc ferrites,
Fe3−xZnxO4 with small doping levelsx, were grown from the melt by the cold crucible
technique (skull melter) [22], at Purdue University, USA. The crystals were then subjected to
subsolidus annealing under CO/CO2 gas mixtures to establish the appropriate metal/oxygen
ratio [23]. The actual composition and sample uniformity were checked using a microprobe
electron analyser.

Neutron diffraction measurements were carried out on stoichiometric magnetite (Fe3O4)
and four zinc ferrite (Fe3−xZnxO4) samples. Since the HRPD technique requires∼1 cm3

of a powder sample two to four individual single crystals of appropriate composition were
pulverized (grain size 10–30µm) to match this need. Such a procedure resulted in unavoidable
Zn inhomogeneities, much larger than those encountered in individual single crystals.
Stoichiometric magnetite and the sample with the mean compositionx = 0.0072± 0.0020
fall within the first-order transition range, while specimens withx = 0.0185± 0.0025,
x = 0.0250±0.0025 andx = 0.0360±0.0030 show transitions of the second order. The last
one falls very close to the composition boundary beyond which no anomaly is encountered.

HRPD is a time-of-flight instrument (t-o-f) that provides very high resolution (up to
1d/d = 4 × 10−4), constant over a wided-spacing range. It permits the observation of
subtle symmetry changes in phase transition studies, and lattice parameter determinations,
along with the potential for accurate structure refinements. In our case we have focused on
the observation of the rhombohedral distortion and its changes at the transition. More precise
structure refinements and the observation of subtle phenomena characteristic of monoclinic
symmetry (such as (ii) and (iii) mentioned above) would require much longer data collection
times. Our measurements were thus designed to investigate differences in the low-temperature
lattice distortion between samples showing first- and second-order Verwey transitions.

The powder samples were mounted in rectangular vanadium sample holder supplied with
two rhodium–iron thermometers, and a heater. The temperatures of the samples were stabilized
by the temperature controller to within±0.2 K.

The t-o-f diffraction data were collected by the fixed angle back scattering detectors.
The t-o-f range used was 20–130 ms corresponding tod-spacing of 0.6–2.6 Å. Under
these experimental settings the diffraction data have an approximately constant resolution of
1d/d = 8× 10−4. A more detailed description of the apparatus is presented elsewhere [24].

The temperature was scanned at intervals of 10 K (1 or 2 K in the region close to the
transition). To cover the wide temperature range we have normally chosen short counting
times of 10 min, sufficient for the evaluation of lattice parameters. To check for superlattice
peaks we performed a 24 h run for Fe3O4 at 4.2 K and 3 h runs at selected temperatures below
and aboveTV for all other samples.
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3. Results and discussion

Full profile Rietveld [25] refinements (modified for the t-o-f technique) were performed on all
the data. For each sample at temperatures aboveTV the best fit was obtained assuming cubic
Fd3m symmetry, in full agreement with the data reported for pure magnetite.

Low-temperature (belowTV ) diffraction patterns for first-order samples (Fe3O4 and
x = 0.0072) showed a clear splitting of〈hhh〉 (with the intensity ratio 3:1) and〈hh0〉
(intensity ratio 1:1) cubic reflections which rapidly coalesce at the transition (see figure 3
for thex = 0.0072 data). This is again in agreement with literature reports concerning the
rhombohedral elongation of the original cubic cell along the〈111〉 direction. An attempt was
made to refine the patterns based on the reported monoclinic symmetry. This, however, was
only successful for the 24 h run for Fe3O4; for all other measurements the procedure did not
converge, probably as a result of insufficient measuring time. For such short time spans, the
intensity of some reflections characteristic of the monoclinic structure was of the order of
the background signal. For example the〈401

2〉 peak that should result from the doubling of
the unit cubic cell in the [001] direction was visible only after at least 3 h ofdata collection (see
figure 4). Consequently, we refined the low-temperature structure based on rhombohedral face
centringR3̄m symmetry up to the transition temperature. The relation between this and the
monoclinic structure is marked in figure 2(b); one can calculate monoclinic lattice parameters
aM , bM , cM and the angleβM from the corresponding rhombohedral parametersar andγr ,
using the formulas:

aM =
√

2ar(1 + cosγr)
1/2

bM =
√

2ar(1− cosγr)
1/2

cM = 2ar
cosβM =

√
2 cosγr(1 + cosγr)

1/2.

Figure 3. Temperature dependence of〈440〉 and 〈444〉 peak splitting for the Fe3−xZnxO4,
x = 0.0072 sample.

In the second-order regime, only the sample with lowest Zn concentration,x = 0.0185,
showed a splitting of the〈hh0〉 and〈hhh〉 low-temperature reflections. Two other samples,
x = 0.0250 andx = 0.0360, show broadening of the relevant〈hhh〉 and〈hh0〉 reflections,
instead of splitting. The temperature dependence of full width at half maximum of the
reflection, representing this broadening, is presented in figure 5 forx = 0.0250 and agrees
with the occurrence of a continuous phase transition (in contrast to the temperature dependence
of peak splitting forx = 0.0072, also shown in figure 5, in accordance with a first-order phase
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Figure 4. 〈401
2 〉 satellite of〈400〉 peak reflecting doubling of the cubicc-axis for the Fe3−xZnxO4,

x = 0.0072 sample.

Figure 5. Comparison of〈440〉 reflection change at the transition for second-order sample (full
width at half maximum FWHM change) with that observed in first-order samples (peak splitting).

transition). This time, even after 3 h measuring time we could not observe a〈401
2〉 peak (inset

in figure 4). It would probably require much longer measuring time since for second-order
samples the intensities of the superlattice peaks are smaller [6].

Again, we refined the low-temperature structure based on the rhombohedral face centring
R3̄msymmetry up to transition temperature. For high temperatures (aboveTV ) cubic symmetry
was used for refinement.

The results of this refinement for all the samples are shown in figure 6 where the
temperature dependence of the lattice parameters is presented; for first-order samplesa changes
abruptly atT = TV , in contrast to second order, where lattice parameters pass smoothly through
the transition region.

The most straightforward comparison of two regimes is displayed in figure 7, where〈440〉
reflections atT = 4.2 K for all samples are shown. The splitting of the〈440〉 reflections
is almost identical for both first-order samples and much larger than that in the second-order
regime where it gradually diminishes with increasing Zn concentration. The same trend is also
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Figure 6. Temperature dependence of rhombohedral and cubic lattice parameters;◦—x = 0,
�—x = 0.0072,4—x = 0.0185, —x = 0.0250,5—x = 0.0360. The inset shows lattice
parameters against Zn concentration for selected temperature below (4.2 K) and above (170 K) the
transition.

Figure 7. Comparison of〈440〉 peak for first- and second-order samples atT = 4.2 K.

present in the〈444〉 reflections. This feature is even better recognized in figure 8, where theβM
against Zn concentration at 4.2 K is presented. Apparently, we observe two distinct regimes,
indicating that doped magnetite falls within two structurally different classes of materials.

The rhombohedral distortionβM remains constant for all temperatures belowTV as
presented in theβM–T plot (figure 9). The data for first-order specimens nearly overlap and fall
much above those for second-order samples. The inset shows a fit ofβM ∼ (1−T/TV )α power
law in the vicinity of the transition. Within the fitting error, we found the same exponentα ∼= 1.3
for first-order samples, while two different values ofα = 0.55 andα = 0.3 were encountered
for second-order samples with Zn contentx = 0.0185 andx = 0.0250 respectively.
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Figure 8. Monoclinic angleβM against Zn concentration atT = 4.2 K. The inset shows variation
of Verwey transition temperature against sample composition for Fe3−xZnxO4, Fe3−xTixO4 and
Fe3(1−δ)O4.

Figure 9. Temperature dependence of monoclinic angleβM for first- and second-order samples;◦—x = 0,�—x = 0.0072,4—x = 0.0185, —x = 0.0250,5—x = 0.0360. The inset shows
a fit of theβM ∼ (1− T/TV )α power law in the vicinity of the transition.

The results of our measurements suggest that the lattice change under doping and/or
temperature is different for first- and second-order samples. As stated in the introduction,
the same behaviour has already been reported for Verwey temperatureTV dependence on
composition and/or nonstoichiometry parameter (see inset in figure 8), and for heat capacity
baselines (figure 1). Based on these results one notes that first- and second-order samples fall
within two distinct universality classes. On the other hand, the compositional dependence of
the lattice parameters at temperatures both below and aboveTV (inset in figure 6) does not
show any clear evidence of the transition or of the two regimes discussed above. This may
mean that the electrostatic energy (Madelung energy) change at the Verwey transition is very
subtle.

The conjecture that the energy difference between possible atomic arrangements in
magnetite may be minute has already been recognized in the past. At high temperatures



Powder neutron diffraction of Fe3−xZnxO4 2757

carriers oscillate rapidly between energetically possible arrangements that satisfy the Anderson
condition, leading to a strong short-range order. The entropy of this state is high. When the
stoichiometric system cools down some stable, although still unknown, atomic pattern develops
atTV . Attempts were made to calculate this proper ionic order from electron correlation energy
considerations [16, 26]. When only Coulomb repulsion between first- and second-nearest
neighbours is taken into account [26] the most stable structure, though not realized in practice,
is the Verwey original pattern, but the other configurations are very close to it in the energy
scale [16, 26, 13], i.e. almost degenerate. Clearly, any small additional interaction may lift this
Coulomb degeneracy and stabilize the proper charge order. Several authors suggest that this
degeneracy is removed by electron–lattice interactions; our heat capacity and neutron results
strongly support this conjecture. It was shown, however, that the electron hopping on the
B sublattice (band structure effects) can also stabilize structures other than that proposed by
Verwey (e.g. Mizoguchi structure as in [26]) to such an extent that electron–phonon coupling
is not necessary for stabilization. Namely, a small change in the hopping (transfer) integral
can force a different charge order to appear. As a consequence, we believe that whatever
other interactions beyond Coulomb and electron–lattice are important, the system is close to
an instability, characteristic for all strongly correlated systems. Consequently, the change of
atomic distances, as achieved by doping beyond the 0.012 Zn concentration, may force the
system to another low-temperature charge arrangement.

This other arrangement, occurring in second order, is either one of the stable arrangements
listed in [16] and possibly still changing with further doping, or is a dynamic state where mobile
electrons travel across different octahedral sites, preserving at the same time the monoclinic
symmetry of the lattice, in contrast to the fully disordered state aboveTV . To some extent
this resembles the model proposed in [6], that in second-order nonstoichiometric magnetite
the system breaks into domains, i.e. the LRO is missing belowTV .

The Verwey transition then represents a transformation from a highly degenerate high
temperature state to either a well defined low-T ionic arrangement, as for first-order materials,
or to a state with dynamically changing collection of atomic arrangements. In the first case
the entropy change is considerable: two free energy curves for the low- and high-T regimes
intersect, and the transition is first order. On the other hand, the much smaller entropy change
for x > 0.012 may lead to a transition of second order.

Any atomic arrangement, stable or dynamic, is reflected in electronic properties,
e.g. transport characteristics. Since, due to strong electron–lattice interactions, the carriers in
magnetite are not bare electrons but small polarons [27, 28], the effective Coulomb interaction
potential between these carriers depends on the lattice vibration spectrum [27]. Specific heat
data show that for first-order Verwey transition this spectrum changes rapidly atTV , which
may result in a sudden increase of Coulomb repulsion: the system settles in an insulating, well
characterized ionic state. For second-order samples, however, the dynamical atomic order,
with a vibration spectrum similar to that at highT , does not lead to a pronounced change in
Coulomb interactions: the boot-strap process possibly present in first-order materials does not
take place.

This explanation would suggest that transport properties should also show distinct
behaviour for first- and second-order samples. This is, in fact, what was observed, see
e.g. [29]; but we also showed [29] that the composition dependence of the resistivity drop,
1ρ, at the transition changes smoothly acrossx = 0.012 both for doped (Ti and Zn) and
nonstoichiometric samples. So, either the factor that governs this drop is not the one that
determines the change of transition order, or this effect is more subtle and cannot be explained
by such a simple considerations as above. In fact, transport effects involve hopping integrals,
besides Coulomb repulsion energy [27] that may also change atTV .
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In summary, the present results show that there is a clear difference in lattice properties
between first- and second-order samples below the transition temperature. In particular, the
lattice distortion that develops at the transition is much larger for first- than for second-order
samples. Moreover, it is nearly independent of the dopant concentration forx < 0.012, while
it gradually diminishes with increasing Zn content in the second-order regime. Certainly, in the
compositional range 0< x < 0.036, Fe3−xZnxO4 forms two structurally different classes of
materials. This observation, together with our heat capacity data, points to a close connection
between the Verwey transition and crystal lattice properties. In our interpretation we suggest
that for the first-order regime one unique atomic and charge ordering develops belowTV ,
whereas in second order a dynamically changing arrangement is encountered. This may also
explain the change of the transition character with doping.
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