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Abstract

CrossMark

The oxyborate Fe;0,BO3 presents a charge density wave (CDW) transition close to room
temperature. As we show here, this is associated with a well defined anomaly in the specific
heat. Below this transition, when applying in a single crystal of Fe;0,B0O3 a DC voltage above
a temperature dependent threshold, a high current is liberated in this material. We study the
conduction in single crystals of Fe;0,BO3 with voltage applied parallel and perpendicular to
the crystallographic c axis direction. The observed currents are attributed to the depinning of
charge ordered domains above a threshold voltage Vp, that gives rise to a collective conduction
due to coherent domains. Compliance limited DC data shows that above a lower threshold
voltage depinning is smooth and follows a power law scaling. Similar depinning with power

law scaling is also revealed in the AC conductivity.

Keywords: charge density wave, structural phase transition, non-linear conductance,

charge ordering, oxyborates, transition metal oxides

(Some figures may appear in colour only in the online journal)

1. Introduction

The problem of one-dimensional electronic systems of free
electrons interacting with lattice distortions has been much
studied [1-4]. Under certain conditions these linear chain
compounds develop a charge density wave modulation below
the Peierls transition associated with the formation of an elec-
tron-phonon condensate. The observation of a contribution to
the total conductivity due to this condensate below the trans-
ition puts in evidence the pinning mechanisms responsible for
avoiding this phenomenon. In order to overcome the pinning
potential, a threshold electric field needs to be applied for
depinning the CDW and to allow the contribution of the con-
densate to conduction. A summary of the experimental work,
dealing with the application of DC and AC signals in CDW

1361-648X/17/205401+5$33.00

systems can be found in Griiner’s review [3]. A more recent
review of the field is found in [4].

Fe;0,BO; has the ludwigite M;M’O,BO; chemical
formula, M and M’ being transition metal ions (see figure 1).
The ludwigites belong to the family of oxyborates and are
characterized by the presence of low dimensional units in the
form of three legged ladders (3LL) along the c-axis of their
crystalline structure [5, 6]. Fe;0,BO; presents a unique struc-
tural transition concomitant with the charge ordering (CO) of
an itinerant electron in the rungs of the ladders [6-8]. This
transition, associated with the formation of a transverse CDW,
i.e. with the atomic displacements transverse to the direction
of the ladders (figure 1), was identified by the first time around
283K by x-ray diffraction [6]. Subsequently, the doubling of
the c-axis lattice parameter could already be observed, by the

© 2017 IOP Publishing Ltd  Printed in the UK
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Figure 1. (A) The schematic structure of Fe;0,BO; ludwigites
projected along the ¢ axis together with the oxygen polyhedra
centered on the Fe ions. The two subunits in the form of

three legged ladders are shown. The numbers indicate the
crystallographic sites and the lines the unit cell. The boron ions
have trigonal coordination. The 4 — 2 — 4 ladder before (B) and
after (C) the dimerization transition are also shown. This figure was
generated by Vesta software [9].

same technique, at 290K [7]. Mdossbauer spectroscopy has
seen the charge-order transition around 300K [10].

In a recent article [11], some of us have proposed that the
negative differential resistance (NDR) phenomenon observed
by applying DC current in single crystals of Fe;0,BO3 is a
consequence of the depinning of charge ordered domains.

In this work, specific heat results in Fe;0,BO; in the room
temperature range are presented providing the first thermo-
dynamic evidence for the CDW transition in this material.
Conductance measurements with application of DC and AC
voltage are also shown. The effects of application of DC voltage
are much more dramatic than those seen by the application of
current [11]. In a single crystal of Fe;0,BOs; when voltage is
applied, above a certain temperature dependent threshold, a high
current is liberated, sufficient to melt the contacts and obliging to
restart the measurements with another sample. We use different
approaches to circumvent this problem and study the conduction
in single crystals of Fe;0,BO3 with voltage applied parallel and
perpendicular to the crystallographic c-axis direction.

2. Experimental

Single crystals of Fe;0,BO3; were grown, and confirmed as
single phase, by x-ray spectra as described in [12]. They grow
as needles having the longest size parallel to the ¢ axis with
typical dimensions (0.5 mm X 0.2mm x 0.2 mm). For the
transport studies, they were mounted inside a Janis CCS-150
closed cycle cryostat, after being carefully assembled on a sheet
of mica attached to an aluminum sample holder. For the elec-
trical contacts in the opposite sides of the samples, gold wires
(0.025mm) were used, connected to the sample with silver
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Figure 2. Specific heat as a function of temperature of Fe;0,BO3
in zero magnetic field and for an applied magnetic field of 9 T. The
maximum at 292 K is associated with the CO transition.

conductive paint. Due to the very small size of the samples,
a two contacts measurement was done, but as the minimal
resistance was around 10 ) and contacts resistance below
1 €2, this was not a real problem. For the same reason it was
only possible to measure along the crystallographic c-axis and
perpendicular to it. DC voltage was applied and current mea-
sured using a Keithley 2430 source-meter. Impedance measure-
ments were performed using a Solartron 1260 A Impedance
Analyser, applying AC voltage (rms) from 0.5V to 3V, the limit
rms voltage of the equipment. Specific heat measurements as a
function of temperature and magnetic field were performed in a
Quantum Design PPMS employing nine crystalline needles put
together in the puck with a total mass of 2.6 mg.

3. Results and discussion

3.1 Specific heat results

Figure 2 shows specific heat results as a function of temper-
ature near the CDW or CO transition in zero magnetic field
and for an applied magnetic field of 9 7. Notice that the
peak and its temperature, Too = 292 K, are insensitive to
the applied magnetic field confirming the charge ordering or
structural character of this transition. The temperature of the
peak is close but does not coincide with those obtained by
other techniques [6, 7, 10]. This is a characteristic feature of
critical phenomena in low dimensional systems, in which a
substantial amount of short range order is built in the system
in the vicinity of the phase transition. In [11], resistivity mea-
surements along the c-axis direction show an anomaly at
around 304 K, when a very low current is applied.

3.2. Transport measurements

In order to avoid melting the contacts, as mentioned above, we
show in figure 3 the resistance of our Fe ludwigite sample as
a function of an applied DC voltage, with the current limited
by adding a resistor in series with the sample. As can be seen,
when the resistor is very large and strongly limits the current
in the sample, the resistance is independent of the applied
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Figure 3. Sample resistance versus DC voltage applied at 295K for
the series combination of the single crystal of Fe30,BOj3 (in c¢ axis)
and a resistor of: 2.2 M, 9.9 k€, 458 2 and 217 €.

voltage. When a smaller resistor (9.9 k() is used, there is
a linear decrease in the sample resistance with voltage. For
much smaller resistors, the nonlinear behavior with voltage
shows up and the resistance of the sample drops to very low
values as the voltage increases.

In figure 4, DC voltage is applied to a Fe;0,BO; single
crystal perpendicular to its c-axis at 295K. A current com-
pliance limits the current to 0.3 A. A sharp increase in the
current occurs around Vp =2.6V (see figure 4) and the
compliance current set in the equipment is attained (dotted
lines). Decreasing the current, the transition to a low current
state takes place around 1.7V. The same data is seen cycling
the voltage two more times. Similar behavior is found when
the cycles are delayed for 30s (not shown). The hysteretic
behavior of the I x V curve suggests some kind of discon-
tinuous or first-order-like transition at V.

Measurements performed perpendicular to the c-axis
in a second sample, applying DC voltage in smaller steps,
have identified two distinct voltage thresholds. The first one
(V1) shows the change from linear to nonlinear behavior.
The second (Vpp) is related to the sharp increase in cur-
rent described in figure 4. In figure 5, Vy; and Vp, values
are given respectively in panel a and b for temperatures
between 200 K and 300 K. In figure 6 the first threshold, Vi,
is shown at 300K (a) and 260K (b). For comparison, we
notice that two threshold voltages have also been observed
below 40K in the CDW system K 30MoOj3 [13]. The first
threshold also marked the change from linear to nonlinear
behavior of the V-I curve. The second, in that case much less
temperature dependent, marks a sharp increase in current by
several orders of magnitude observed for an applied voltage
around 5V.

In figure 7(a), we show I x (V-V3)/Vp for Vi S VL 0.9V,
and temperatures in the range 300 K to 260 K. The data satisfy
the equation [16],

n
(V) = C(w) + I (1)
Vi

| (A)

Cycle 1: -3V to 3V

0.2 . f * Cycle 2: -4V to 4V
. + Cycle 3: -5V to 5V
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Figure 4. Current limited by a compliance of +0.3 A (dashed lines)
for a DC voltage applied perpendicular to the c-axis of Fe30,BO3
single crystal at 295 K. First, from —3V to 3V (open red squares),
second, from —4V to 4V (blue stars) and third, from —5V to 5V
(green crosses). The sharp increase in the current that defines Vi

is also indicated.

showing scaling behavior. This implies a cooperative nature of
the depinning process, as in a dynamical critical phenomenon
involving many degrees of freedom. Here [ is the ohmic cur-
rent and the first term is due to the CDW current, which for
a rigid displacement of the CDW(CO) is proportional to the
velocity v [3] of the condensate. The smooth rise of the current
I with the difference V — V7| indicates a continuous transition
characterized by a critical exponent 7 different from the dis-
continuous behavior near V. The best fitting for the 300K
data yields n = 1.56 (full line in figure 7(a)). In figure 7(b), a
similar plot has been done for the data taken at 295K with a
delay of 30s between cycles. The excellent reproducibility of
data can be observed. The solid line is the best fit (first cycle)
with equation 1 yielding n = 1.65.

For conventional CDW systems, Fisher [15] estimated
the velocity v of the condensate using a mean field approach
and predicted that v oc (V — Vp1)7 with the exponent 1 = 3/2.
Notice that we consider that the transition in Fe;0,BO3 close
to 292K can be classified indistinctly as CO or CDW?. In fact
CO and CDW are in some way similar phenomena, CDW
having the amplitude of modulation weak, and CO having it
relatively large and commensurate with the lattice [16]. Then,
from the theoretical point of view we expect that in analyzing
the depinning, theories formulated for CDW can be applied to
our system. This is also the case of the behavior close to the
second threshold V7, shown in figure 4, which is in qualitative
agreement with the model of depinning with stress overshoot
[17]. For a value of stress overshoot higher than a critical one,
depinning occurs by a finite jump in the average velocity 7
and is accompanied by hysteresis, both features characteristic
of first-order like phase transitions, as we observe. It is impor-
tant to remark that for several cycles, as shown in figure 4, the
behavior is reproducible.

31t is shown in [8] that a 3LL with (1/3) band filling is unstable to a stag-
gered CDW as a half-filled linear chain is to a conventional CDW.
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Figure 5. Voltage thresholds versus temperature observed for a
DC voltage applied perpendicular to the c-axis of Fe;0,BOj3 single
crystal. (a) Vy; marks the change from linear to nonlinear behavior;
(b) V» marks the sudden increase in current shown in figure 4.
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Figure 6. The / versus V data showing the first threshold V7, at (a)
300K; (b) 260 K. Arrows indicate V7.

The depinning of the CO domains was also studied by
applying AC signals in the direction parallel to the crystal-
lographic c-axis. In this direction the resistivity is lower, and
a more extended range could be accessed, within the limited
range of the Solartron Analyzer. In figure 8 the real part of
resistivity is shown as a function of frequency (log scale) for
several applied rms signals, at fixed temperatures of 295K
and 255 K. Both, the resistivity and its frequency dependence
decrease with the increase of the AC signal, pointing towards
a more conductive state. Besides, when the DC conductivity
(ope) is subtracted from the data, for the higher values of rms
voltage, a clear characteristic frequency is observed, ranging
in a nonlinear way from 5.4 x 10* Hz at 295K to 1.6 x 10* Hz
at 255 K. Above this frequency, the behavior of the AC conduc-
tivity (o) changes inflection and shows power law scaling. We
assume that this frequency plays the same role as the threshold
voltage V7 in the DC data of figure 7 and associate it with a
pinning frequency wp. In the inset of figure 9 we have plotted
log(o(w) — opc) versus log(w/wp), for temperatures in the
range 295K to 270 K. A power law scaling is clearly observed
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Figure 7. (a) I versus (V- Vqp)/ Vpy for Vi < V< 0.9Vy; at 300K,
280K and 260 K. The solid line is the fitting of equation 1 at 300K
with 7 = 1.56 and I, = 3.72 mA. (b) At 295K for three different
cycles with a delay of 30s (not shown in figure 4). The solid line is
the best fitting with 7 = 1.65 and Iy = 4.47 mA.
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Figure 8. Real part of AC resistivity as a function of frequency
(log scale) for several applied rms signals as the temperature is
decreased at (a) 295K and (b) 255K.

above the pinning frequency. In figure 9, the data is plotted for
(w/wp) = 1. The full line shows the best fit to the data at 270K
using a power law with n = 1.63. It is interesting to note the
similarity of the 1) values in the data of figures 7 and 9. In [14],
in a combination of a DC plus AC techniques applied at 125K
in a very small and high purity sample of NbSes, an arche-
typical CDW material, a value of n = 1.23 £ 0.07 has been
found, in a plot of Icpw versus (V — Vp)/Vr. The important fact
seen in the AC conductivity is that the scaling is associated
with (w/wp), with the pinning frequency appearing very natu-
rally as a scaling frequency in the log x log plot. Both, DC
and AC scaling behavior are observed only between 300K and
approximately 255K. As this range of temperatures is close
to the charge order transition temperature, there is a complete
screening of the density fluctuations involved in transport by
normal carriers.
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4. Conclusions

In this work we presented specific heat results on the lud-
wigite Fe;0,B0O3, near room temperature. They provide the
first thermodynamic evidence for the CDW transition in this
system. We also carried out a systematic study of the trans-
port properties of this ludwigite near this transition showing
unambiguous evidence of a CDW contribution to its electric
conduction. Different methods were used to obtain the trans-
port properties by the application of DC voltage in single
crystals of Fe;0,BOj3. In this system current must be limited
if voltage is applied above a certain temperature dependent
threshold, to avoid a huge current that melts the contacts and
sometimes burns the sample. By setting a current compliance
of 0.3 A, we could identify in the data with voltage applied
perpendicular to the c axis two threshold voltages. In the range
Vri < V< 0.9V, depinning is smooth and characterized by a
power law scaling behavior, with the critical exponent 7 = 3/2.
At the upper threshold Vp,, the current jumps discontinuously
to the value set by the compliance. It presents hysteresis in
the I x V curve, as in a first order transition. The behavior of
our system close to Vy; and Vp; is not unique and has been
observed in conventional CDW systems. Theoretically, they
can be described by pinning of domains by impurities and
stress overshoot depinning, respectively. The stress overshoot
depinning theory [17] is non dissipative, and the similarity
of the I x V curve with it, reinforces our conviction that the
huge current liberated without current compliance is due to
the strongly coupled electron plus lattice distortion system,
i.e. to conduction by depinned charge ordered domains. In
the present case, the application of voltage above Vp, leads to

large currents without compliance, and to stress overshoot like
behavior with compliance. In the current controlled situation
seen in [11] this limit is not reached and the dynamics is still
dissipative as also seen here for V< V< 0.9V,

Finally, for rms AC voltage applied in the c-axis direction,
we observed depinning with power law scaling in w/wp. When
the DC component is subtracted from the AC conductivity
this is described by an exponent very similar to that obtained
for the DC data. The characteristic depinning frequencies in
the temperature range investigated are weakly temperature
dependent and of order 10* Hz.
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