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Specific heat of Fe3O2BO3: Evidence for a Wigner glass phase
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We report specific-heat measurements for the homometallic Fe oxyborate Fe3O2BO3. This material has a
charge ordering crossover atTco'220 K as shown by the transport measurements. BelowTco we find a large
linear temperature-dependent contribution to the specific heat that we identify as due to the excitations of a
Wigner glass phase. At lower temperatures we observe two large anomalies associated with magnetic transi-
tions. The lowest temperature specific heat is dominated by two-dimensional antiferromagnetic magnons.
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Charge ordering is an important phenomenom occurr
in Fe oxides with valence fluctuations. It is due
Mott1—the suggestion that charge ordering in magnetite
the Verwey transition could be described as a Wigner cr
tallization. The interest on this phenomenom goes bey
the Fe oxides. It also plays a role in manganites2 and copper
oxides.3 An understanding of the nature of charge orde
states, their excitations, effects of disorder, dimensiona
and the interplay between long-range Coulomb interacti
and the coupling of electrons to the lattice will be certainly
step forward in the study of condensed-matter systems.

In this paper we report specific-heat results in the vale
fluctuating Fe oxyborate Fe3O2BO3 which presents a charg
ordering crossover atTco'220 K as evidenced by transpo
measurements. The temperature dependence of the sp
heat in the charge ordered regime belowTco provides evi-
dence for a Wigner glass phase in this material.

The magnetic and transport properties of Fe3O2BO3 lud-
wigite below room temperature have recently been th
oughly investigated.4 An antiferromagnetic transition ha
been observed atTN5112 K which however does not in
volve all the Fe ions of the material but essentially the Fe31

ions. Only belowTw570 K does the remaining fraction o
paramagnetic Fe ions, mostly Fe21, order in a weak ferro-
magnetic state. This ferromagnetic state, however, dis
pears below approximatelyTr540 K. Below this tempera-
ture all of the sample is in an antiferromagnetic state.
these investigations the first magnetic transition at 112 K
not show up in the ac susceptibility and dc magnetizat
measurements and could only be detected through M¨ss-
bauer spectroscopy. Reference 4 pointed out the similar
between the present Fe oxyborate and another Fe ox
namely, hematite, which also presents a reentrant weak
romagnetic state.

The transport properties of Fe3O2BO3 could be described
by activated behavior, with two characteristic energi
D1 /kB560 K andD2 /kB51300 K, above and belowTco
'220 K, respectively. Then the crossover temperatureTco
is associated with a rise of the barrier for electron hopping
more than one order of magnitude. A rather similar behav
in the transport properties was observed in a closely rela
compound, the Fe warwickite Fe2OBO3,5 where a change in
PRB 610163-1829/2000/61~2!/850~4!/$15.00
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activation energy occurs atTco5317 K. In this case the
transition atTco has been identified as the localization
electrons due to electrostatic repulsion inWigner nanocrys-
tals. The nature of the charge ordered regime in the pres
system belowTco is one of the main points we try to clarify
here using specific-heat measurements.

Before we present the specific-heat results let us bri
discuss the structure and charge organization in the ludw
ites, as this will turn out to be important to interpret the
These materials, with chemical formula 2MO•M 8BO3, have
a crystalline structure which consists of an assembling
subunits in the form ofwalls, with four nonequivalent octa-
hedral sites, instead of two as in the warwickites, which
preferentially occupied by divalent or trivalent metallic ion
M andM 8, respectively~see Fig. 1!. In the ludwigite unit cell
~orthorhombic! there are four chemical formulas and cons
quently 12 iron ions occupying four different crystallo
graphic sites. The charge balance requires two ions Fe21 and
one Fe31 per chemical formula. In this way there are eig
extra electrons available per unit cell to be distributed ove

FIG. 1. Structure of the ludwigites showing theab plane, per-
pendicular to thec axis. Notice the subunits in the form of wall
that assemble to form the three-dimensional~3D! structure. The
four different crystallographic sites occupied by metals and tha
andb edges of the unit cell are indicated.
R850 ©2000 The American Physical Society
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background of 12 Fe31 ions. The sites 1 and 2 appear twic
whereas there are four sites 3 and 4 in a unit cell. The sit
and 4 are definitely divalent6 so they trap six of the eigh
electrons available. The remaining two electrons are eve
distributed among the two triads of sites 3-2-3, one in ea
present in the unit cell. As the distanced23 between sites 2
and 3 is very short~see Table I!, a strongd-d overlap in the
ab plane exits within each triad. The sites 2 and 3 have
samec coordinate so that each set of columns 3-2-3 form
stripe of a rectangular lattice. On the other hand, the dista
between ions along thec-axis is 3.05 Å~the c edge of the
unit cell!,6 which is just at the limit for directd-d overlap. In
the present case of an homometallic ludwigite withM5M 8
5Fe, there is no positional disorder and the electrons m
delocalize within the two-dimensional structures~the walls!.
This is in contrast with the heterometallic ludwigites (M
ÞM 8) which, due to intrinsic disorder and the low dime
sionality of the structure, have a much higher resistivity~in
fact infinite within the range of our multimeter!.7,8

The Fe3O2BO3 sample used in the experiments was p
pared as described in Ref. 4. Specific-heat measurem
were done from 28 to 238 K with an automated quasiad
batic pulse technique. The absolute accuracy of the d
checked against a cooper sample, is better than 3%.
measured sample had a mass of approximately 0.4 g, an
addenda correction is less then 2%.

The specific-heat results are shown in Fig. 2. First,
note that the magnetic transitions atTN5112 K and Tw
570 K are clearly visible in these measurements. This c
firms the true thermodynamic character of the antiferrom
netic transition atTN5112 K which was not observed pre
viously in the macroscopic magnetic measurements. Also
note a small shoulder in the specific-heat curve at appr

TABLE I. Distances between ions in the Fe ludwigite accordi
to Ref. 6. See Fig. 1 for the specification of the sites.

d31 d32 d34 d41 dAA ( c̄)

3.101 2.787 3.192 3.374 3.073

FIG. 2. Specific heat of the homometallic Fe ludwigi
Fe3O2BO3 , C/T as a function of temperature. The dotted line is
reference line to evidence the constant behavior ofC/T.
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mately Tr'40 K, the temperature at which the reentra
weak ferromagnetism disappears as indicated by the van
ing of the magnetization and of a hysteresis loop.4 More
remarkable, however, in this curve are the power-law beh
iors exhibited by the specific heat at certain temperat
ranges. First, as shown in Fig. 3, below approximatelyTr
540 K the plot ofC/T versusT is linear indicating aT2

behavior of the specific heat. Second, aboveTN5112 K up
to nearly the highest measured temperature, the specific
is clearly linear in temperature. Furthermore,this linear con-
tribution extrapolates to zero for T50.

We shall discuss first the low-temperatureT2 behavior in
the antiferromagnetic phase, belowTr540 K. As we show
below and anticipate now, this contribution is due to tw
dimensional antiferromagnetic magnons with dispersion
lation, \vk5AD21Dk2, propagating within the walls. This
T2 temperature dependence arises forkBT@D, whereD is
the spin-wave gap. ForkBT!D, the specific heat should b
thermally activated, i.e., proportional to exp@2D/kBT#, due to
the gap in the magnon spectrum. Notice that indeed theT2

term extrapolates to zero for a finite temperature as expe
from the existence of this activated contribution at low te
peratures. Such a gap, arising from anisotropic interaction
in fact necessary to stabilize a long-range antiferromagn
state in two dimensions.

For kBT@D, we may take\vk'ADk. The total energy
per mole associated with these spin-waves is given by9

E

N
5

1

N (
kW

\vk

eb\vk21
.

Replacing the sum by an integral in the two-dimensio
kW space, we obtain

E

N
5

~kBT!3

2pD~N/A!
E

0

ADkmax/kBT dyy2

ey21
,

where (N/A) is the number of magnetic ions per unit ar
within the two-dimensional subunits or walls. Taking the u
per limit as infinity, we get for the specific heat:

CV5
]~E/N!

]T
'

7.2kB
3

2pD~N/A!
T2[aT2.

FIG. 3. Low-temperature specific heat,C/T versus T, of
Fe3O2BO3.The straight line indicates theT2 behavior and its incli-
nation is used to obtain the spin-wave stiffness.
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The constanta can be obtained from the experiment
results in Fig. 3 and turns out to bea516.1 mJ/mol K3. Us-
ing

D5
7.2kB

3

2pa~N/A!

with (N/A)53.031029 mole/cm2, we obtain for the spin-
wave stiffness,D560.8310246erg2 cm2. On the other hand
taking AD5zJSa ~Ref. 9! with S55/2, z53, a53.0
31028 cm, we get an estimate for the exchange coupl
within the walls, which is,J50.29310215 erg or J/kB
52.1 K. Just to have an idea of the significance of this
merical result we can compare it with the value ofJ/kB
55.25 K for the two-dimensional antiferromagnet CrC3
(TN516.8 K).9 We have neglected in the calculation abo
details of the arrangement of the magnetic ions in the wa
as the different distances between these ions along thec and
a, b axis. Also we considered a single value for the sp
namely S55/2. Consequently this value for the couplin
constantJ corresponds to an average estimate.

We now turn to discuss the origin of the huge line
temperature-dependent contribution which dominates
specific heat above'112 K. Writing CV5gT, it turns out
from the experiments thatg5773 mJ/mol K2, an enormous
contribution with an order of magnitude typical of strong
correlated metals like heavy fermions.10 In our search for an
explanation for the origin of such term in a nonmetallic sy
tem, it is natural to associate it with the magnetic Fe io
since this contribution vanishes at a temperature close toTN ,
at which some of these ions order magnetically. The entr
associated with the linear term, calculated from the spec
heat curve fromT1'112 K to T2'190 K, which is the
temperature range of this term, corresponds toS
'60.3 J/mol K. This is larger than the sum of the magne
entropies associated with the Fe21, S(Fe21)
52.NakB ln@2(211)#526.7 J/mol K, and that due to th
Fe31,S(Fe31)5NakB ln@5/2(5/211)#514.9 J/mol K. Con-
sequently, the linear term of the specific heat must invo
additional degrees of freedom, such as structural excitat
and/or electron tunneling.

Notice that one-dimensional phonons may give rise t
linear temperature-dependent specific heat,Cph(T!uD)
5p2NakB(T/uD). The Debye temperatureuD can be deter-
mined from the coefficientgammaof the linear term of the
specific-heat data and we getuD5106 K. We are faced
however, with the difficulty that such a small Debye tem
perature required to yield the large specific-heat contribu
is, on the other hand, incompatible with the conditionT
!uD necessary for the expression above to hold. Ind
since the linear term extends up toT2'190 K, we needuD
to be very large.

We are confronted with the same difficulty if we try t
attribute the linear specific-heat term to small polaron11

The order of magnitude of the coefficientg shows that we
should be dealing with a strong coupling limit in which ca
the electron-phonon interaction can be dealt rigorously us
the Lang-Firsov transformation.11 The main effect of this
interaction in this limit can be represented by a renormali
tion of the electron mass, i.e.,
g
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where the parametera is related to the strength of th
electron-phonon coupling.11 However, in this case the cohe
ence temperature, below which the system shows Fe
liquid behavior, is also reduced by the same factor such
the linear behavior of the specific heat should manifest o
at very low temperatures. The case of heavy fermions, wh
present large quasiparticle masses, is very illustrative of
situation. In these systems large linear terms in the spe
heat are observed but only below very small cohere
temperatures.10

The essential ingredient to explain the large linear term
Fe3O2BO3 is disorder. The columns corresponding to diffe
ent metal sites are not occupied by ions with a single vale
but contain both Fe21 and Fe31 in different proportions.4 At
high enough temperatures,T@Tco5220 K, the extra elec-
trons can delocalize over the Fe31 background but at lowT
they eventually freeze in random positions, due to elec
static forces and/or electron-lattice coupling, giving rise to
Wigner glass. A plausible source for the linear term of t
specific heat we observe is due to tunneling states wh
involve strongly coupled electronic, structural, and also m
netic degrees of freedom. The latter should be involv
since, when the system orders magnetically, tunneling is
hibited and the linear contribution vanishes. In fact, the
tahedra containing the Fe21 ions are highly distorted6 as
compared to those containing the Fe31 ions so that when an
electron tunnels between different octahedra it is accom
nied by a large lattice distortion. Besides, the tunneling pr
ability depends on the orientation of the spins in the init
and final states.12 The required distribution of the energ
splittings13 of the tunneling excitations, which should b
constant in the energy scale ofkBT2, arises ultimately from
the random positions of the electrons in the different oxyg
octahedra belowTco . The large energy scale of the tunnelin
states, compared with that of ordinary glasses,13 is due to the
fact that the interactions here have a Coulomb compon
and are not purely elastic. We expect the glassy state to f
along stripes of triads 3-2-3, since sites 1 and 4 are es
tially occupied by divalent ions. The tunneling states con
quently are associated with excitations on the triads 3-2
where electron tunneling is allowed even at low temperatu
due to the smalld23 distance.

Note that for the Fe warwickite there is an exact equip
tition of divalent and trivalent iron ions over the two catio
sites.5 In this case the transition atTco is a true transition,
accompanied by a lattice distortion and is associated with
formation of a Wigner crystal of the extra electrons on the
sites along the ribbons.5 For the present system there is n
exact charge equipartition over the four nonequivalent oc
hedral sites belowTco .6,4 Also there is no lattice distortion a
Tco , as evidenced by the similar x-ray results at room te
perature and 90 K.4 Then, while in the warwickite Fe2OBO3
Wigner nanocrystals are formed atTco ,5 in the ludwigite the
transition atTco is a glass transition. The excitations of th
Wigner glass give rise to the linear temperature-depend
specific heat we observe. This glass phase is
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compromise between the charge ordering found in the
warwickite and the complete charge segregation obser
for example, in the Mn warwickite.14

The density of tunneling statesn0 can be obtained from
the expressionCV5(p2/12)n0kB

2T ~Ref. 13! and is given by
n054.9431045 J21 mol21 which is much larger than that o
glasses.13 We deal here with a nondilute system of tunneli
excitations such that these modes represent tunneling
tween local minima in the configuration space of the wh
system.
ys
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We have measured the specific heat of the ludwigite s
tem Fe3O2BO3. At low temperatures the magnetic system
ordered in a two-dimensional antiferromagnetic state.
have obtained the stiffness of the magnon excitations in
long-range ordered state. Below approximately 200 K
Wigner glass is formed whose excitations are tunnel
states which give rise to a linear temperature-dependent
cific heat.
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