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Transport properties of the transverse charge-density-wave system Fe;0,BO;
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We study the transport properties of the charge-density-wave system Fe;O,BOs. ac conductivity measure-
ments for different frequencies are presented for temperatures above and below the structural transition. dc
conductivity, as a function of temperature and pressure, yields the variation of the transition temperature with
external pressure. Below this transition the conductivity is thermally activated in a wide range of temperature
and the gap obtained is strongly pressure dependent. The ac conductivity at sufficiently low temperatures
below the transition is ascribed to the excitation of local defects associated with domain walls and which are
characteristic of the one-dimensional nature of the Fe;0,BO; system.
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I. INTRODUCTION

In low-dimensional structures, such as ladders, we may
find distortions generating transverse charge-density waves
(CDW). This was recently observed' in the oxy-borate sys-
tem Fe;0,B0j5. This ludwigite has in its structure subunits in
the form of three leg ladders (3LL), which become unstable
with decreasing temperature. Each rung in the 3LL consists
of three Fe** ions with one extra electron spread along the
rung. The instability is such that the rungs dimerize in alter-
nate directions perpendicular to the axis of the ladder as
shown in Fig. 1. For the dimerized rungs, the electronic
charge density is greater between the nearest ions.> The
structural transition at T¢=~283 K is accompanied by a
change in the activation energy of the electrical resistivity.'
An important distinction between the Fe;0,BO; ludwigite
and the common Peierls systems is the existence of local
moments belonging to the Fe ions which interact with the
CDW; besides, the mechanism responsible for the CDW for-
mation is different from that of the Peierls distortion in one-
dimensional metals.”> Here we are dealing with an excitonic
instability due to the coupling between an empty band and a
fully occupied one.

Previous magnetic studies on Fe;0,BO; shows the onset
of magnetic order at Ty;=112 K, as seen by Mossbauer
spectroscopy,” and a transition to a weak ferromagnetic
phase at Ty,=70 K associated with a sharp peak in the ac
susceptibility.’ The maximum of the ac-susceptibility curve,
at Tyy», has a negligible frequency dependence implying that,
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in spite of some competition, this is indeed a magnetic phase
transition and not a progressive freezing of the magnetic mo-
ments.

The magnetic character of the ions involved in the charge-
density wave led Whangbo et al.® to suggest a magnetic
mechanism as the cause of the structural instability of
Fe;0,B0;. This material, in fact, presents a behavior similar
to both spin-Peierls (SP) and more conventional Peierls sys-
tems. The BCS ratio 2A/kgT is anomalous? in common with
the latter. In SP systems this is much closer to the mean-field
theoretical value of =3.52. In this paper, we will focus
mostly on the charge aspects of the problem where the itin-
erant electrons play the main role. We present ac-
conductivity measurements in single crystals of Fe;0,BO; at
different frequencies and temperatures with the electrical
field perpendicular to the 3LL direction (c axis). We find that
below the structural transition temperature 75 the frequency-
dependent conductivity may be described by a damped os-
cillator model whose characteristic frequency w,, however, is
too large to be reached in the present experiments.” A model
is suggested to explain this behavior. For temperatures much
below Ty the real part of the conductivity increases with
increasing frequency. Also the imaginary part of the conduc-
tivity varies linearly with frequency at the highest frequen-
cies. The ladder structure, the nature of the distorted phase,
and the geometry of the acexperiments suggest that the ob-
served behavior is due to oscillating charges that are associ-
ated with domain walls. We also present dc-conductivity
measurements on single crystals of the same compound, as a
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FIG. 1. Schematic structure of the 3LL in Fe;O,BO5 ludwigite
before and after the dimerization transition (from Ref. 3).

function of hydrostatic pressure, with the current parallel to
the 3LL direction. Our results show that the structural insta-
bility shifts to lower temperatures in the presence of the ap-
plied pressure but for high enough pressures it becomes very
wide. Below the transition temperature T's the dc conductiv-
ity is thermally activated with a gap that decreases with in-
creasing pressure.

II. EXPERIMENT
A. ac Conductivity

The samples used in this study were prepared as described
in Ref. 5. The conductivity versus frequency measure-
ments were performed in the frequency range 100 Hz-1
MHz on a prismatic single crystal of Fe;0,BO5; measuring
0.227 X 0.82 X 1.8 mm?®. The latter longer length corresponds
to the ¢ axis of the material. This crystal was placed inside a
parallel-plate circular capacitor with its largest faces in con-
tact with the capacitor plates whose diameter was 4.0 mm,
such that, the electric field is perpendicular to the ¢ axis. This
partially filled capacitor was inside a cryostat JANIS model
CCS-150. The module and argument ¢ of its total impedance
Z was measured as a function of frequency by a SOLAR-
TRON Impedance Analyzer, model 1260. The real and
imaginary parts of the sample conductivity, oy and o; are
shown in Fig. 2 and 3. Figure 4 shows some isotherms of
e(w)/ €, as a function of frequency where the dielectric con-
stant e(w)=(0;/ w).

B. dc Conductivity

The electrical resistivity measurements were performed in
a sintered diamond Bridgman anvil apparatus using a pyro-
phillite gasket and two steatite disks as the pressure medium.
The Cu-Be device that locked the anvils can be cycled be-
tween 4 K and 300 K in a sealed dewar. Pressure was cali-
brated against the various phase transitions of Bi under pres-
sure at room temperature and by a superconducting Pb
manometer at a low temperature. The overall uncertainty in
the quasihydrostatic pressure is estimated to be +15%. The
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FIG. 2. (Color online) Real part of the conductivity of the
Fe;0,BO; ludwigite as a function of frequency for several
temperatures.

pressure spread across the sintered diamond anvils was pre-
viously determined on Pb manometers to be of about 1.5-2
GPa depending on the applied pressure. The temperature was
determined using a calibrated carbon glass thermometer with
a maximum uncertainty (due mainly to temperature gradients
across the Cu-Be clamp) of 0.5 K. Four probes of electrical
resistivity measurements were made by using platinum wires
to make contact on the sample and using a Keithley 2182
nanovoltmeter combined with a Keithley 220 current source.
Special care was taken to avoid Joule heating of the highly
resistive samples. In Fig. 5, we show the logarithm of the
resistance as a function of inverse temperature. For different
pressures and in a large temperature range, the resistance is
thermally activated. We show in the inset the way in which
we obtain the transition temperatures (7) and the gap A. The
former are obtained as extrema in the plots of the derivative
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FIG. 3. (Color online) Imaginary part of the conductivity of the
Fe;0,BO; ludwigite as a function of frequency for different tem-
peratures. For temperatures below the structural transition tempera-
ture T and high frequencies o; presents a linear frequency depen-
dence, 07=3.27X 1074 +4.22 X 108 w.
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FIG. 4. (Color online) Real part of the dielectric constant of the
Fe;0,BO; ludwigite as a function of frequency for different
temperatures.

of the logarithm of the resistance with respect to inverse
temperature versus inverse temperature, while the pressure-
dependent gap corresponds to the plateau in these curves for
T <Ts. Unfortunately, for the higher pressures the peak de-
fining 7 is washed away as the transition becomes too
broad, and we can only determine A. In Fig. 6 we show the
evolution of these two parameters with pressure. We find that
for low applied pressures dTs/dP=~—1 K/kbar which is not
very different from values found in some CDW materials.?

III. DISCUSSION

The structural phase transition in Fe;0,BO; clearly ap-
pears in the dc-transport measurements as anomalies in the
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FIG. 5. (Color online) Logarithm of the electrical resistance as a
function of inverse temperature for different pressures. Inset: view
of the logarithmic derivative with respect to inverse temperature for
the first pressure showing the way for obtaining the gap A and the
transition temperature 7.
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FIG. 6. (Color online) Evolution of the gap A (A) and the tran-
sition temperature T (V) with pressure. The solid line corresponds
to a fit to both A and T using a power law, Ty A ox|P-—P|[%S.

logarithmic derivative of the conductivity. These anomalies
are pressure dependent and allow us to trace the behavior
with respect to pressure of the temperature of the structural
transition. On the other hand, the ac conductivities present
distinct behaviors at different temperatures that we now dis-
cuss. In the real part of the conductivity, the most interesting
feature besides some low frequency anomalies for T close to
T is the increase with frequency of og(w) especially at low
temperatures. In the imaginary part of the conductivity, this
behavior is accompanied by the appearance of a component
proportional to frequency which extends to lower frequen-
cies as T is reduced. In order to interpret these results, it is
important to consider the crystal structure of the ludwigites,
specifically the three leg ladders. Also we have to consider
the geometry of the experiments with the oscillating electric
field applied perpendicularly to the ladders.

The rise of og(w) with frequency at low temperatures is
clearly associated with the CDW formation below the struc-
tural phase transition. The CDW, shown in Fig. 1, has two
possible configurations which can be interchanged by a mir-
ror reflection through a plane perpendicular to the 3LL plane.
If the number of rungs is even, both configurations have the
same energy under a dc electrical field applied in the plane of
the 3LL and perpendicularly to the charge-density-wave di-
rection. However, if this number is odd (see Fig. 7), the
energies are different for each configuration. In a real mate-
rial these two configurations coexist separated by domain
walls, and it is much more favorable energetically for the
perpendicular electric field to act in these domain walls or
defects instead of acting in a whole domain, as shown in
Fig. 7.

The o and oy versus w isotherms at low temperatures
clearly exhibit anomalies with general features of the com-
plex conductivity of coherent oscillating charges.” Let us es-
timate the mass and the spring constant for the oscillator
generating these anomalies. The real and imaginary parts of
the complex conductivity, for charges moving as harmonic
oscillators, are
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FIG. 7. (Color online) Possible configurations of the dimerized
3 LL. The bold line is the short bond (see Fig. 1). On top we show
two configurations which are degenerate in the absence of a perpen-
dicular electric field. On the bottom we show a defect, which is
characterized by two adjacent distorted bonds. This is essentially a
domain wall between two degenerate configurations. Note that in
this case it is sufficient that one bond jumps for the system to move
from one configuration to another.
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For frequencies and temperatures, such that w/wy<<1 and
woTr<1[ =1/ (wér)], the imaginary part of the conductiv-
ity can be written as o(w) = (ne?/ mw(z))w. This increases lin-
early with a frequency with a coefficient that is essentially
temperature independent. In Fig. 3 we can observe this be-
havior, which sets in at lower frequencies as temperature
is decreased. The coefficient of the straight line in Fig. 3
yields (ne?/mw})=4.22x10° Q' m™'s. Notice that in
these equations »n is the number of oscillators per unit vol-
ume and m their mass. The spring constant K =mw(2). Another
useful relation valid for w/wy<<1 that involves oy is given
by [ox(®)-0k(0)])/ of(w)=w7k. Figure 8 shows that indeed
at low temperatures and high frequencies [og(w)
—0g(0)]/ o(w) is linear in frequency and the nearly constant
slope yields a temperature-independent relaxation time 7
~1071%s. The ac-conductivity results then imply the exis-
tence in Fe;0,BO; of oscillators with a characteristic fre-
quency w in the range 108—10'° Hz, such that, the condi-
tions w/wy<<1 and wy7r <1 are fulfilled. We associate these
oscillators with the defects or domain walls described above
and shown in Fig. 7. The numerical results obtained above
put some constraints on the mass of these defects. From Fig.
3, nezlmw3=4.22>< 1078 Q' m™'s. Since n is a fraction of
the total number N of Fe3* or of rungs in the ladders, this can
be written as n=cN where c is the concentration of defects.
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FIG. 8. (Color online) Ratio between real and imaginary parts of
conductivity. It can be seen that at high frequencies and low tem-
peratures this quantity increases linearly with frequency with a
weakly temperature dependent slope (see text).

Using'® N=1.47X 10 m™3, ¢=1073 as estimated from elec-
tron paramagnetic resonance Fe®* line intensity observed for
120 K<T<?200 K (Ref.11) and taking w,~ 10' s~!, we ob-
tain m =~ 10° X m, where m, is the electron mass. On the other
hand, with wy,=10% s™' we get the unreasonable large value
m=~10°Xm,. Notice also that with the characteristic fre-
quency of order wy=10'" s~! the condition w,7z=< 1 required
above is satisfied for 7 of order 10'° s as obtained in Fig. 8.
Summing up our ac experiments are consistent with the ex-
istence of oscillating charges with a characteristic frequency
o~ 10'% s7! and relaxation times 7~ 7, ~ 107" s, which are
nearly temperature independent from 7' down to ~140 K.
These oscillators are identified with defects which are do-
main walls between the two degenerate configurations of the
transverse charge-density waves.

The dc measurements show that below the structural tran-
sition and down to the lowest temperatures of the measure-
ments (~140 K), the conductivity is thermally activated.
The structural transition, as well as the conductivity gap,
decrease with increasing pressure. We observe a pressure-
independent relation between the gap and the transition tem-
perature, 2A/kgTg=23, that is clearly nonmean field. Differ-
ent theories have been used to explain the smaller than
expected transition temperature, a feature that is characteris-
tic of all CDW materials.'” One possibility is that the mea-
sured CDW transition temperature is strongly diminished
from the mean-field value by 1-D fluctuations that are re-
duced at low applied pressures, while the gap is unaffected
as it develops locally. In such a case, we would naturally
expect to observe an increase of T at low pressures, due to
the improvement of the coupling between ladders induced by
pressure. Such a behavior has been observed in the one-
dimensional compounds TaS; and (TaSe,),I (Ref. 13). Our
observation of a monotonous decrease of T with pressure
would thus indicate that one-dimensional fluctuations are not
responsible for the reduction of T¢ with respect of the mean-
field value in Fe;0,BOj5. Therefore, the origin of this reduc-
tion should be the consequence of small fluctuations of the
nesting wave vector that connect the interacting portions of
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the Fermi surface®'# or by strong inelastic scattering as sug-

gested by Blawid and Millis.'> With regard to the first hy-
pothesis, we should note that the distortion wave vector
seems to be connecting two different bands, i.e., a hole
pocket on one band with an electron pocket of the other.
Impurities such as oxygen vacancies can alter band filling
locally, that will affect the actual distortion wave vector, and
could be at the origin of the Tg reduction and possibly, of the
discommensurations or domain walls detected in the ac-
conductivity measurements. Also pressure increases the in-
terladder interactions and facilitates the redistribution of
charge carriers between them through an augmented Fe-O
hybridization. Such a scenario has been proposed to explain
the pressure dependence of the resistivity of the two-leg lad-
der compound Sr,_,Ca,Cu,,0y4,."

The pressure dependence of the critical temperature T
shown in Fig. 6 is given by Tg=|P—P.]> which also de-
scribes the variation of the conductivity gap. The critical
pressure P-=29.2 GPa and the exponent y=0.6, which inci-
dentally is the same obtained for the charge-density-wave
material, '® TaS;. However, no metallic nor superconducting
state seems to be accessible in the present system for
Ts—0, as is the case in TaSs.

We have presented dc-conductivity and ac-conductivity
measurements in the charge-density-wave  material
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Fe;0,B05. This system contains subunits in the form of
three leg ladders which dimerize in alternate directions per-
pendicular to the axis of the ladder. We have shown that
the ac conductivity presents a characteristic frequency
wy~ 10'" Hz, which is associated with defects or domain
walls between symmetric charge-density-wave configura-
tions and are affected by the oscillating electric field. We
determined the effective mass of these defects that is ap-
proximately 10°—10* times the electron mass. This is slightly
above the Frohlich mass usually observed in conventional
CDW systems.7’9 Different from these, however, we have
found a large dielectric constant (in some cases larger than
1000) but in the direction perpendicular to the charge-
density wave. The temperature of the structural instability
and the gap in the conductivity decrease with pressure with
the same power law.
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