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Muon spin spectroscopy evidence of a charge density wave in magnetite
below the Verwey transition

M. Bimbi, G. Allodi, and R. De Renzi
Dipartimento di Fisica and Unita CNISM di Parma, Universita degli Studi di Parma, Viale G.P. Usberti, 7A, 1-43100 Parma, Italy

C. Mazzoli
ESRF, 6 rue Jules Horowitz, 38043 Grenoble, France

H. Berger
Institut de Physique de la Matire Complexe, EPFL, CH-1015 Lausanne, Switzerland
(Received 26 November 2007; published 14 January 2008)

We present muon spectroscopy data on a Fe;O, single crystal, revealing different spin precession patterns in
five distinct temperature ranges. A careful analysis of the local field and its straightforward modeling obtains
surprisingly good agreement with experiments only if a very specific model of localized charges violating
Anderson condition, and a correlated muon local dynamics is implemented. Muon evidence for fluctuations
just above the Verwey temperature, precursor of the low temperature charge localized state, is provided.
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I. INTRODUCTION

The real nature of the charge ordered state in many tran-
sition metal oxides, notably manganites' and magnetite,”* is
still controversial. Do they correspond to distinct integer lo-
calized cation charges or to a much smaller charge dispro-
portionation? The issue is of course also relevant to the na-
ture of the carriers in the highly spin polarized metallic
regimes of these oxides, which are of great interest for po-
tential spintronic applications.

The half-metallic character of magnetite, i.e., the fact that
majority and minority-spin subbands are partially and com-
pletely filled, respectively, was recently pointed out’ and at-
tracted renewed interest® to this prototypic magnetic mate-
rial. In the original Verwey model,'® questioned recently,?!!
it is due to charge delocalization between equal fractions of
Fe?* and Fe** ions, occupying the octahedral B sublattice of
the inverse spinel structure, AB,QO,4, whereas Fe>* ions stably
occupy the tetrahedral A sublattice. The metal-insulator tran-
sition takes place at T, (above 120 K in good samples'?). A
and B also correspond to the ferrimagnetic sublattices (Fig.
1), hence all the B-site spins are fully aligned, with easy axis
along [111] above Ty. Below Ty, the spin is parallel along
[001]. The B sites form a pyrochlore network of corner-
sharing tetrahedra [henceforth, the B pyrochlore units
(chu)]'

Assuming, with Verwey, localized Fe?* and Fe2* at B sites
in the insulating state, Anderson!? noticed that the rather low
Ty implies a small activation energy. He proposed that in-
stantaneous local charge configurations, both above and be-
low Ty, must satisfy a condition of minimum local energy,
where each B, contains two Fe’* and two Fe?" ions.

However, both magnetic moments? (Table I) and localized
charges below Ty, do not correspond experimentally to those
expected of Fe** and Fe>*. Bond valence sums? and resonant
x-ray scattering'” indicate that the charge contrast among the
B-site cations cannot be more than 0.2¢. Joint refinement®!#
of x-ray and neutron diffraction data in the approximate
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P2/c symmetry relaxes the Anderson condition, supporting a
model (hereafter, the Wright model) with Fe>** and Fe?®*
ions on the B sites. It corresponds to a [001] charge density
wave (CDW), as shown in Fig. 7 of Ref. 14. The CDW is
composed of two types of B,: one with Fe?+/Fe>* occu-
pancy ratio of 1:3 and the second, shown in Fig. 1, with
occupancy ratio of 3:1. Direct evidence of a large symmetry
reduction below Ty comes also from NMR!®!7 which iden-
tifies 16 nonequivalent B cations. NMR also reveals a dis-
tinct spin reorientation transition,'® at Tp=~126 K, slightly
above Ty,.

Muon spin rotation (uSR) spectroscopy provides a broad-
band local magnetic probe, alternative to NMR. Implanted
muons end up in an interstitial site with a characteristic local
magnetic field and, like in NMR, the reduced symmetry of
the local environment may be detected directly from the spin
precessions. The present paper reports on zero field muon
data which were already partially published with a very pre-
liminary analysis,'® improved here to provide a full muon
site assignment. A rather detailed picture of charge localiza-
tion emerges, which fully supports the CDW model.

We describe experimental method and results in Sec. II,
the site assignment strategy assisted by calculations of lattice
sums is presented in Sec. III and discussed in Sec. I'V.

FIG. 1. (Color online) Spinel unit with A and B Fe ions and the
T>Ty spin structure (left); low charge B, (right) from Ref. 14
with red O, blue Fe*>*, and green Fe*>°.
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TABLE 1. Magnetic moments, in up, from Ref. 2 (cubic
cell).

Temperature Fe, Fep S direction
T>Ty -4.20 3.97 [111]
T<Ty —4.44 4.17 [100]

II. EXPERIMENTAL RESULTS
A. Methods

We performed uSR experiments in zero applied magnetic
field on a high quality single crystal at the Paul Scherrer
Institut, on the GPS and Dolly spectrometers. This large
crystal (cut as a platelet, roughly 5X4 X 1 mm?) displays a
Verwey transition around 7y,=121 K, confirmed by the uSR
analysis which detects T,,=120.9(4). Superconducting quan-
tum interference device magnetometry on a fragment of our
sample showed Ty=122(1) K.

The Verwey transition temperature qualifies our sample as
state of the art, although it has been pointed!? out that in very
best samples, and depending upon the details of thermal his-
tory, the Verwey transition may reach up to 125 K, very
close to the reorientation transition 7x=126 K, determined!®
with NMR. However, large shifts of the transition tempera-
tures are recorded when stress is applied to the sample and
even with the establishing of thermal gradients. The cooling
of our large uSR single crystal was quite rapid (15 min from
RT to 10 K), hence we cannot exclude that parts of our
sample developed a narrow distribution of Verwey tempera-
tures, of which the lowest bound is T,=120.9(4) K.

Different geometries were employed, but the cubic sym-
metry of the 7> Ty phase makes them equivalent for the
detection of precessing muon spin components in unmagne-
tized samples, both above and below Ty,. The time dependent
asymmetry of the muon decay in a given set of detectors
mirrors the spin precessions and it is fitted to a sum of re-
laxing oscillating components,

A(r) = %AOE fjcos(2myB ,;t)exp(— t20'J2»/2), (1)
j

where y=135.5 MHz/T is the muon magnetogyric ratio, A,
the total initial muon asymmetry, and B,;,0;/2my, respec-
tively, the local field intensity and its second moment for
each transverse muon fraction f;. Additional nonprecessing
terms account for local field components parallel to the ini-
tial muon spin direction, which, in cubic and pseudocubic
symmetries, amount to an initial asymmetry of 4,/3.

Experiments'®?’ with previous generation facilities and
much lower statistics measured only one precession fre-
quency yB, above Ty and none below. We detect here up to
three frequencies both above and below T,. Their identifica-
tion is guided by a fast Fourier transform (FFT) of the time
domain asymmetries, which may be repeated with different
apodization windows to isolate components with diverse re-
laxation rates. The FFT is applied also to the residues of the
fit, to ensure that all terms have been correctly fitted, until a
reduced x><1.1 is obtained.
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FIG. 2. (Color online) Comparison between fitted features
(panel a, equivalent to Fig. 5) and the color map of the fast Fourier
transform amplitudes of the muon asymmetries versus temperature
(panel b); each FFT spectrum is normalized to its maximum.

B. Results

Figure 2(b) shows a color map of the FFT amplitude ver-
sus temperature and frequency. This figure, where spectra at
each temperature are normalized to their maximum ampli-
tude, provides a qualitative picture, revealing up to three
components. The precession frequencies in this plot are pro-
portional to field intensities, but the amplitudes are only in-
dicative, since when both slow and fast relaxing components
are present, the apodization enhances one over the other,
depending on its time window. The three lowest temperature
components are, for instance, more evident in the FFT spec-
trum shown separately in Fig. 3. The higher-frequency ones,
barely visible in Fig. 2, disappear from the color plot above
10 K, which is due to a lower statistics of these data sets and
to the discreteness of the color coding.

Amplitude (arb. units)

0 50 100 150 200
Frequency (MHz)

FIG. 3. FFT amplitudes at 7=5 K, with Gaussian apodization
(0=8.0%x10° s71).
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FIG. 4. (Color online) Muon asymmetry in zero external field at
selected temperatures, with best fit.

Figure 4 displays the time dependence of a six represen-
tative muon asymmetries, between 1.6 and 300 K, together
with the best fit precession patterns according to Eq. (1),
obtained by the described procedure. The temperature behav-
ior of the local field intensities B,,; from the best fit is shown
in Fig. 5. The fitted frequencies of this figure agree very well
with the pattern from the FFT, as it may be seen by compar-
ing Figs. 2(a) and 2(b).

We identify five distinct temperature intervals from the
behavior of the internal fields depicted in Fig. 5,

(i) For T>Ty=250K, SI[111], only one field, B,
~(.42 T, is detected; the best fit has two components: one
with fast (red diamonds) and one with slow relaxations (blue
squares).

(ii) For Ty=160 K<T<Ty, Sl[111], two fields are de-
tected, B,,; =0.36 T (green triangles) and B,,~0.43 T (blue
squares), with f,/f,=3; red diamonds correspond again to
the same field B M2z0.43 T, but with faster relaxation.

(iii) For TR<T<T,, a third extra field B3 is detected,
decreasing with temperature from roughly (B, +3B,,)/4 to-
ward an extrapolated value of 0.25 T, with fractions f3/(f;

+f5)=1.
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FIG. 5. (Color online) Temperature dependence of the detected
local muon fields B,,; the inset is a blow-up for 7> Ty,
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(iv) A sharp change takes place around TR=126(1) K,
where, following the spin reorientation'® from SI[111] (T
>Tpg) to SI[001] (T<Tg), B, and B, collapse into B,
=0.435 T, while B 3 still survives.

(v) For T<T,, three fields are detected, B,’m B;’L2
~(0.75 T and B;/L3 ~1.06 T, with comparable fractions =1/3
and large relaxation rates o < o, < 3.

In order to understand this diverse behavior, we must ad-
dress the issue of muon localization and site assignment,
which was already attempted in earlier uSR work.!%20 A
unique muon interstitial site assignment justifies all the fea-
tures [(i)—(v)]. We concentrate here just on the field intensi-
ties and fractions, whereas finer details, such as relaxations,
will be published elsewhere.?!

II1. SITE ASSIGNMENT

We describe below the calculation enabling our site as-
signment. Its identification is first independently obtained
from a simple electrostatic point-charge calculation, based on
the notion that muons bind to oxygen'%?? as a light hydrogen
isotope, with bond lengths approximately equal to r
=1.1 A. We therefore search for the minima of the electro-
static energy for a positive charge constrained on a sphere
centered on oxygen ions. We then check that the local mag-
netic field in the close vicinity of these minima agrees with
the measured fields. Since the point-charge model is very
crude, the aim of the electrostatic determination of the muon
minima is to catch the symmetry of the full potential, i.e., to
identify the approximate positions, and, more importantly,
the degeneracy of the minima, seeking approximate agree-
ment with experimental field values (within 10%).

The full calculations of the electrostatic potential ¢,(r)
and dipolar field B, are performed over Lorentz spheres of
radius ;=40 A, which grants a relative numerical accuracy
of better than 0.02 and 3 X 107*, respectively. However, we
verified that values of ¢,(r) within a few percent of those
from the full sums are obtained considering just the asym-
metric subunit shown in Fig. 1 (left). The minima are iden-
tified in this simplified calculation, which allows a much
finer scan of the potential ¢,(r) over the sphere S(r,) cen-
tered on a single oxygen, labeled O in Fig. 1. Minima around
other O ions are then obtained by crystal symmetry opera-
tions. Magnetic dipolar fields are finally calculated in each
magnetically nonequivalent site with the full lattice sums.
Within the required accuracy of 10%, the above approxima-
tions disregard the small distortion of the low temperature
phase, and dipolar sums are performed always in the cubic
lattice. We further ignore the small lattice linear thermal
expansion? (=107* at room temperature).

The minima of the electrostatic potential ¢, constrained
on the sphere S(r,) centered on oxygen are shown in Fig.
6(3). Three equivalent minima (labeled a, b, and c¢) are con-
nected by a low potential path, separated by shallow barriers.
They form a network in the lattice, as shown in Fig. 6(4).

For an unmagnetized sample in zero external field, the
total local magnetic induction at a specific muon site** is

B,LL=Bd+Bhf+BL7 (2)

where B, is given by dipolar sums within a Lorentz sphere,
with the known magnetic moments (Table I), B is the con-
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FIG. 6. (Color online) [(1) and (2)] White balls are u sites (a,b,c) around a sphere S (color gradient) of radius 1.1 A, centered on oxygen
(red), on which ¢,(r) is calculated; Fe, and Fep (yellow). Spin orientation distinguishes (2) three times as frequent as (1). (3) Map of the
electrostatic potential ¢, on S, showing three equivalent minima (a,b,c) with low valleys in between. (4) Muon site network seen from

[011]-O ions lie in the (011) plane.

tribution from the Lorentz countersphere [BL(T)=%M(T),
with M(0) equal to domain magnetization, B;(0)=0.21 T],
and By, an a priori unknown hyperfine contribution, also
parallel to the domain magnetization M, originating from an
isotropic coupling® to the unpaired spins of neighbor Fe
ions. The coupling is mediated by the O ion to which the
muon binds, and the contact contribution from the o oxygen-
muon bond is largely dominant. Therefore, the hyperfine
field and the Lorentz field both lie in the direction of the
domain magnetization.

The three muon sites around each oxygen are crystallo-
graphically equivalent, hence they experience the same hy-
perfine field, but the electron magnetic moment direction
breaks the symmetry, yielding distinct dipolar fields.

IV. DISCUSSION
A. Above Ty

We can now discuss our experimental results, starting
from high temperatures, 7> Ty, where one value of |B,| is

detected. As it was already recognized by Boekema et al.,'® a
single value implies that the muon must be hopping among
all equivalent sites. Indeed, since the spin orientation at the B
site, S1I[111], distinguishes two families of O ions, as shown
in Figs. 6(1) and 6(2), six large distinct local fields (j=1,2
and a=a,b,c) are predicted and no value of the hyperfine
field B can reconcile all of them with the experiment with-
out invoking muon hopping, as we show below in detail.

Direct inspection reveals that dipolar sums (for their ten-
sorial nature) yield three different results (a, b, and c) for (1)
muon sites where the domain magnetization M lies along the
[111] direction parallel to the O—A bond [Fig. 6(1)] and three
more for (2) muon sites where S lies along the other three
[111] directions [Fig. 6(2)]. Hence, the latter are three times
as frequent and for the total field intensity B,,, we obtain two
triplets of distinct values, with expected amplitudes in the
ratio of 1:3.

At high temperature, B,=B; +B,=B), lies along one of
the four {111} directions, with equal components B,; / \/@ in
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the three Cartesian {100} directions. In order to justify a
single experimental value B,, of the total field intensity, one
must seek for a single simultaneous solution Bj,; of six sec-
ond degree equations,

BhL

3 BhLE By +(BY)*- B, =0, (3)

l—x\«.

for a=a,b,c and j=1,2. Since the values of BY are all
above 1 T and B"’ have very different orientations, there is
no such common solution (some of the equations do not even
allow for a real solution), i.e., the single experimental value
observed for 7> Ty cannot be justified by a localized muon
picture.

Muons must therefore undergo fast diffusion above T
and precess around the much smaller time-averaged field.
The average over all the eight distinct 1 and 2 sites vanishes
altogether because of the cubic symmetry and the single ex-
perimental field corresponds therefore simply to B,=B,
+B,;=B,, for all muons, whence we obtain B;,,~0.21 T.

Electrostatic calculations support the possibility of a fast
muon motion among equivalent sites which would produce
this average: a, b, and c sites correspond to shallow minima,
connected by a potential valley, visible in Fig. 6(3). This
justifies tunneling among the minima, as well as higher tem-
perature hopping to a nearby oxygen. Unconstrained fast
hopping above 250 K takes place also in other transition
metal oxides, such as orthoferrites,”> cuprates,”® and
manganites.?

The same value of B, agrees with the experiment also for
T1<T<Ty, if one assumes that now muon diffusion is re-
stricted to fast tunneling among local a, b, and ¢ minima.
This assumption, quite natural in view of the shallow barriers
of Fig. 6(3), yields two average fields B ;=2 ;) B ,a)> J
=1,2, with moduli B,;=0.36 T and B, —0 43 T and frac-
tions in the ratio f5,/ fl 3, asitis 1ndeed observed in Fig. 5
(squares and triangles).

The merging of B, and B, into B;u below Ty, where
spin reorient, is also justified by the same assumptions, since
for SI[100] (T<Tg), all oxygen ions in the magnetic cell
become equivalent, yielding the same dipolar field values in
the three minima a, b, and ¢, with vanishing local average by
cubic symmetry Hence, local tunneling predicts the average
field B 1—BhL for all muons, in agreement with observation
(squares in Fig. 5).

Precisely, this field value, Bl’ﬂthL, is detected also be-
low Ty, down to 7=0. The same quantity may also be com-
puted from (3B ,,+B,,;)/4 for T <T<Ty and directly from
B, for T>Ty. We plot By, versus temperature in Fig. 7,
together with a fit to the power law B(T)=B,(1-T/Ty)?. By
imposing?’ Ty=858 K, we obtain B,=0.447 T and 8=0.22
(the last parameter may be inaccurate, since T/ Ty is limited
to 0.34). The overall agreement firmly establishes our site
assignment and dipolar calculations, validating the simple
electrostatic criterion and the two-stage muon diffusion.

Finally, let us go back to the spin reorientation at Tp,
around which a third field, B3, is observed, with a strong
temperature dependence. Its smooth decrease toward 0.2 T
for T— Ty must arise from fast fluctuations among two dis-
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FIG. 7. (Color online) The sum B),; =B/ + B (solid circles) with
best fit to a power law (see text).

tinct local field configurations, with temperature dependent
relative probabilities. We tentatively identify the two con-
figurations as due to different local spin orientations. Indeed
for a muon inside a [001] domain bubble, the dipolar field
vanishes. A static bubble within a larger [111] domain would
also determine a cancellation of the Lorentz field, since a
roughly equal but opposite term is provided by the bound-
aries of the bubble itself. Hence, the local field predicted by
Eq. (2) would be B,3=B,,~0.21 T. If the [001] bubble is
fast fluctuating in a [111] background, the muons may expe-
rience a temperature dependent average between the two
static values: 0.21 T and B, (or B,,).

This simple model, therefore, brings forward the follow-
ing picture: below Ty;=150 K, tiny bubbles of [001] spin
orientation diffuse on a time scale I'"' <20 ns, much shorter
that the muon precession period. They are also characterized
by a short coherence length £ (the bubble radius). If I'~!
increases as Ty is approached, it shifts the weight in the
muon average field B3 toward B, This situation may well
survive also below Ty, where a similar picture applies with
exchanged roles: small bubbles of [111] inside a [001] do-
main also provide the cancellation of B;.

B. Below Ty,

Let us consider now the range 7<<T)y, where the minima
of the electrostatic potential ¢,(r) may become nonequiva-
lent, depending on the local charge configuration (LCC) of
the nearest B, (Fig. 1). Therefore, in agreement with higher
temperature findings, we assume that muons either tunnel
among equivalent minima or reside at nonequivalent one.

We map the electrostatic potential ¢,(r) on S(r,) for two
different models: that originally due to Verwey, respecting
Anderson condition, with localized Fe3* and Fe?* and that
suggested by Wright er al.,> with localized charges Fe*?>* and
Fe*2%, violating Anderson condition. The potential is evalu-
ated on the small cluster of Fig. 1, which allows a finer scan
in each LCC for both models. Note that, in view of the
inherent approximations of a point-charge model, we are not
trying to get a perfect correspondence between our calcula-
tions and the experimental data, and any attempt to deter-
mine fine details, such as the precise charge unbalance on
each ion, would be beyond our scope. However, the approxi-
mate local field values and their muon fractions are already
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TABLE II. Total field intensity, in T, at 7=0 K for Verwey and
Wright models (see text) for each LCC on B sites, labeled by three
nn. Fe valences (in bold). Overline indicates average among three
sites and asterisk between two sites only.

Model Local charge configurations
Verwey 223 232 322
Fields (T) 1.14 0.70" 1.85 098"
Wright 2424 2.6 242424
Fields (T) 111 071" 0.45
Expt. Fields (T) 1.09(3) 0.80(1) 0.447(5)

sufficiently stringent constraints on our sums to validate
classes of charge models.

Table II summarizes our findings for the two models, la-
beling each field value by the LCC of the B sites, nearest
neighbor to the muon. If we disregard the finer details, due to
slightly different muon site locations and different magnetic
moments (Table I) in the two models, we recognize that the
static values of B,,; group around two values, B,
=1.80(5) T and B;=1.10(5) T, where the quoted deviation
accounts for the difference between models. The latter value
agrees with B, but the former (twice as frequent in the
Verwey model) is never observed.

The condition for local muon tunneling is the presence of
degenerate electrostatic potential minima. Figure 8 shows
that in the Verwey model, the a,b muon minima are always
degenerate (they are closest to a Fe’* and a Fe’* ions),
whereas the absolute minimum is for the muon closest to two
Fe* ions. Since there is no correlation between the direction
of M|I[001] (it may be along £, ¥, or %) and the vector joining
the muon to the Fe3* ion, the values listed in Table II are
obtained by all permutations of a pairwise average, and by
the residual static value, which, in turn, is equal either to B,
or to Bj.

In the Wright model, muons must stop in the charge
troughs of the charge density wave, i.e., around O, or O, in
the basal plane of the cube shown in Fig. 1 (right). The
former yields three equivalent muon minima, since its three
nearest neighbor (nn) B ions are all Fe>*, hence locally tun-
neling muons. The latter yields an absolute minimum, with
local field Bs, and a double-well tunneling muon where the
average of the two differently oriented B, fields yields
0.71 T (Table II). The essential feature of a CDW along the
c axis is the perfect correlation that it provides between the
direction of the O—Fe*® bond seen by the muon and that of
the magnetic moments: they are all parallel to (001). This
correlation grants the agreement with muon experiments and
it is totally lost in the Verwey model.

PHYSICAL REVIEW B 77, 045115 (2008)

A
X

FIG. 8. (Color online) Muon sites (white) and Fep ions in the
Verwey model below Ty; the spin, along [001], may lie nearly par-
allel to %, y, or Z.

V. CONCLUSIONS

In conclusion, we determine the muon location in Fe;O4
and we detect a muon motion partially correlated with charge
localization. Our data show that there is a one-third fraction
of muons still performing local tunneling around a fixed oxy-
gen below Ty. Although this evidence does not provide full
details about the local charge configurations, it implies that
the charge of the second nearest neighbor ions to muon must
be equal to nearly one-third of the muon sites. This statement
is a direct violation of the Anderson condition. We also show
that our findings are naturally reconciled with the structural
model of Wright et al.’> Since the two evidences are quite
independent, one from k-space data and the other from
r-space data, we provide strong support for the existence of a
CDW below T,. We further confirm a spin reorientation tran-
sition below 126 K, from SI[111] to SI[111], precursor to
the Verwey transition, and around it, we deduce an inhomo-
geneous, dynamic phase separation in fractions of the
sample.
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