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Fe; 10Te was studied by scanning tunneling microscopy (STM) and dielectric response to elucidate the charge
fluctuation. The cleaved a-b surface was clearly imaged by UHV-STM at T = 8.3 K. From the line profiles, each Fe
site was thought to be equivalent suggesting no static charge order in the antiferromagnetic phase. The tem-
perature dependence of the dielectric permittivity was obtained by measuring the complex impedance. The
dielectric permittivity increased with decreasing temperature below the Neel temperature Ty. The temperature
dependence followed the Curie law, indicating the paraelectric state. It suggests charges fluctuate dynamically in
the antiferromagnetic state. We conclude that the dynamical charge fluctuation cooperates with the antiferro-

1. Introduction

Iron-based superconductors [1,2] have attracted much interest since
the superconductivity occurs with highly correlated electrons such as
high-T, cuprates and organic superconductors [3]. A typical electronic
phase diagram shows the competition between the superconducting
state and the antiferromagnetic order [4]. Such a situation has been
discussed by the Hubbard model [5-7] in which the transfer energy t and
onsite Coulomb interaction U are taken into account. A higher U/t
suppresses the superconductivity and causes the magnetic order. A
charge stripe structure has been observed in high-T, cuprates [8,9] and
organic conductors [10]. According to the extended Hubbard model
[11], such a charge ordered state is caused by the offsite Coulomb
interaction V. The offsite (long range) Coulomb interaction plays a role
as well in the onsite (short range) Coulomb interaction. The charge order
has been recognized as one of the ground states in a highly correlated
electron system. The extended Hubbard model explains that the super-
conductivity, antiferromagnetic order, and charge order segregate each
other [12]. On the other hand, the coexistence of the magnetic (spin)
and charge order has been rarely discussed.

A stripe structure due to the charge order was observed in the anti-
ferromagnetic phase of Fe;,,Te by STM [13-18]. The STM image was
explained by the charge disproportionation in Fe sites [13,14] with an
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antiferromagnetic order. It strongly suggests that both the antiferro-
magnetic and charge order cooperate and that the strength of U and V'is
thought to be comparable. We are interested in how to cooperate be-
tween the spin and charge order. FeX (X = S, Se, Te) [19] has the
simplest crystal structure among the iron-based superconductors. It has
a layered structure without a blocking layer in contrast to other
iron-based superconductors [1,2,20,21]. FeX is suitable to study
intrinsic electronic properties since it has only a single conducting layer.
Fe; xTe contains excess iron depending on the synthesis temperature. Its
electronic properties depend on the amount of excess iron x [22-24].
The strength of the antiferromagnetic order can be controlled by
changing x. In this study, we focused on Fe; ;9Te of which the Neel
temperature Ty is higher.

Experimentally, the charge order has been studied mainly by NMR
[25,26], infrared, and Raman spectroscopy [10,27] in organic conduc-
tors. The dielectric response has also been measured in organic con-
ductors [28]. The charge order transition was clearly observed in the
temperature dependence of the dielectric permittivity revealing that the
dielectric response is useful to study the charge fluctuation. Dielectric
permittivity was measured in Fe;,,Te at room temperature [29]. The
antiferromagnetic state of Fe; ,,Te has not been studied by the dielectric
response.

STM, which can observe the charge distribution in real space with
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atomic resolution, is also a powerful tool to study the charge order. The
charge order was directly imaged in high-T. cuprates [9,30]. The charge
disproportionation in the metallic phase was studied in organic con-
ductors [31,32].

We performed STM and dielectric measurement to elucidate the
charge fluctuation in the antiferromagnetic order on Fe; 19Te. In this
manuscript, we report the results of the STM and dielectric response and
discuss the cooperation of the charge and spin fluctuation.

2. Experimental

Single crystalline samples of Fe; joTe were grown by chemical vapor
transport using iodine as the transport agent. Fe and Te were placed in
an evacuated quartz tube with a small amount of iodine. The quartz tube
was heated at 600 °C for one week. The magnetic susceptibility was
measured with a SQUID magnetometer for several flakes of single
crystals, which were wrapped by Al foil, while applying a magnetic field
of 1 T. The DC resistance and complex impedance were measured in a
four-probe configuration with applying current or voltage in the a-di-
rection. An LCR meter HP4274A was used for the complex impedance
measurement. A single crystalline sample with dimensions of about 1 x
1 x 0.1 mm® was used for transport measurements. In the DC mea-
surement, the voltage was measured with a constant current of 0.1-0.5
mA. The complex impedance was measured by applying an AC voltage
with an amplitude of 0.06 V for various frequencies of 0.1 k —100 kHz. A
low temperature ultrahigh vacuum STM (UNISOKU) was used for STM
study. The sample for STM measurement was cleaved at T = 80 K in an
ultrahigh vacuum. The topographic images were taken at T = 8.3 K.

The chemical composition of the present sample was determined as
Fe1.10+0.01Te by the inductively coupled plasma-atomic emission spec-
troscopy (ICP-AES) using an ICPE-9000 (SHIMADZU). The lattice pa-
rameters were determined as a = b = 3.828 A and ¢ = 6.287 A by X-ray
diffraction for single crystals at room temperature. The chemical
composition and lattice parameters were consistent with those of pre-
vious reports [23,24].

3. Results and discussion

Fig. 1 shows the temperature dependence of the magnetic suscepti-
bility x of Fe; 19Te applying the magnetic field of 1 T. From T = 300 K to
70 K, y increased linearly with the decrease in temperature. y decreased
sharply at T = 70 K and increased down to T = 4 K. The rapid drop
corresponded to the antiferromagnetic transition. The Neel temperature
Ty of the sample was estimated at Ty = 70 K, which is consistent with the
reported Ty of Fep 11Te [24].

Fig. 2(a) shows the topographic STM image of Fe; 19Te with the bias
voltage of 1 V and the tunneling current of 0.05 nA at T = 8.3 K. Periodic
bright spots were observed as a square lattice. The spots corresponded to
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Fig. 1. Temperature dependence of the magnetic susceptibility y, applying
magnetic fields of 1 T.
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the Te sites at the outermost surface. The observed square lattice, of
which the lattice spacing was 3.8 A, was consistent with the crystal
structure of Fe;,Te [23,24]. There were a considerable number of
obscure spots neighboring the Te sites. The spots were considered to be
excess iron sites [33]. The concentration of obscure spots, which was
estimated at about 0.09 per Te site, was almost consistent with the
chemical composition of the present sample Fe; 19Te. The Fe sites were
located at the midpoint between the nearest neighboring Te sites. Fig. 2
(b) shows the line profiles along the red and green line, which are par-
allel to the a or b direction, in Fig. 2(a). The red and green line profiles
show the Te and Fe sites, respectively. The red line profile shows a
periodicity of 3.8 A, which was consistent with the lattice parameters of
a =b = 3.828 A. The green line profile, which corresponds to the Fe site,
shows the lattice periodicity as the red one. This result means that each
Fe site was equivalent in contrast to the STM result in Fe; ,, Te [13-18],
which had two-fold lattice periodicity at the Fe site originating from the
charge order. A definite charge modulation was not found in the Fe; 1¢Te
by the present STM measurement.

In order to study the charge fluctuation from another point of view,
we performed DC resistance and AC impedance measurements. Fig. 3
shows the temperature dependence of the DC resistance for various
currents I = 0.1, 0.2, 0.3, 0.4, and 0.5 mA. Resistance curves were
essentially the same irrespective of the current. In the whole tempera-
ture range, plots for different currents overlapped suggesting ohmic
behavior. It assures that DC resistance was measured without the Joule
heating. Above T > 70 K, the resistance slightly increased as the tem-
perature decreased. The resistance decreased rapidly at T = 70 K, which
corresponded to Ty. Below Ty, the DC resistance decreased as T
decreased. The temperature dependence is similar to previous report for
FeLHTe [24].

In AC measurements, the temperature dependence of the real part of
the impedance was essentially the same as that of DC resistance. It as-
sures that AC impedance was measured without the Joule heating. Fig. 4
shows the temperature dependence of the normalized dielectric
permittivity of Fe; 19Te measured at various frequencies from 1 k to 10
kHz. Since the thickness of the sample was too thin to measure accu-
rately, we do not refer to the absolute value of dielectric permittivity.
Here, we define the normalized dielectric permittivity ey, which is
normalized by at T = 70 K for f = 10 kHz. Each color corresponds to the
frequency from 1 k to 10 kHz. Above Ty, ey was almost constantly
exhibiting metallic behavior. An anomaly was found at Ty = 70 K. At Ty,
ey jumped and increased continuously as T decreased below Ty. The
temperature dependence below Ty is reminiscent of the paraelectric
state.

In order to discuss the paraelectric behavior, we plotted the inverse
of ey. Fig. 5 shows the temperature dependence of 1/ey. We found the
linear temperature dependence of 1/ey changing the slope at about T =
50 K. As shown in Fig. 5, 1/ey depended linearly on the temperature at T
< 50 K. Each line in Fig. 5 represents the T-linear curve obtained by the
least-squares fitting. The linear behavior of 1/ey corresponded to the
Curie low ex(T) = C/T, indicating the paraelectric state where C' is
proportional to the Curie constant. Therefore, the anomaly at Ty cor-
responded to the metal-paraelectric transition. The paraelectric state
appeared with the antiferromagnetic order. This suggests some relation
between the spin and charge degrees of freedom. Paraelectricity is
regarded as a dynamical charge disproportionation. On the other hand,
STM can detect a static charger disproportionation i.e. the charge or-
dered state. The observed paraelectric response was not inconsistent
with the STM result, in which a clear charge modulation was not
observed in contrast to the case of Fe; 14Te [13,14]. The charge order
transition has been observed as the paraelectric-ferroelectric transition
by the dielectric response in organic conductors, which are a typical
material exhibiting the charge order [28]. It is noteworthy that the
observed en(T) is similar to that above the charge order transition
temperature T¢o for organic conductors.

The frequency dependence of C, which is proportional to the Curie
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Fig. 2. (A) STM topographic image of the a-b plane at T = 8.3 K. (b) Line profiles along the red and green lines in (a). (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Temperature dependence of DC resistivity for current I = 0.1, 0.2, 0.3,
0.4, and 0.5 mA.
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Fig. 4. Temperature dependence of the normalized dielectric permittivity ey
forf=1Kk, 2k, 4kand 10 kHz.

constant, also suggests a precursor of the charge order. As shown in
Fig. 5, the slope of 1/ex(T) depended on the frequency. The slope
increased with the increase in frequency. Correspondingly, C' decreased
with the increase in frequency. Similar behavior has been reported in
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Fig. 5. Temperature dependence of 1/¢ey for f =1k, 2k, 4 k, and 10 kHz. The
solid lines represent the Curie law.

organic conductors (TMTTF)2AsFg [34] and (TMTTF)2SbFg [35], which
are typical charge order materials. These materials undergo the
paraelectric-ferroelectric transition at T¢o. Above Tco, £(T) followed the
Curie law. In addition, the Curie constant decreased with the increase in
frequency. The reason is still unclear. However, such a
frequency-dependent Curie constant definitely characterizes the charge
order transition. Therefore, we think that the observed paraelectric state
in Fey 19Te is a precursor of the charge order.

The frequency dependent &(T) was also reported in the organic
conductor k-(BEDT-TTF),Cuz(CN)3 [36], which is a dimer type organic
conductor with a half-filled conduction band. Paraelectric ¢(T) showed a
frequency dependence regarded as a relaxor. In this case, Tpax, Where
&(T) showed its maximum, varied depending on the frequency with the
same Curie constant. On the other hand, the Curie constant depended on
frequency in the present case of FejjgTe. Moreover, the dielectric
response appeared without magnetic order in x-(BEDT-TTF)3Cuy(CN)3
in contrast to the case of FejjgTe where the Curie-like dielectric
response appeared in the antiferromagnetic phase. In «-(BED-
T-TTF)2Cuy(CN)s3, the intradimer Coulomb repulsion was substantially
large. The charge disproportionation occurred within the dimer with s =
1/2 spin per dimer. As a result, both spin and charge correlations exist.
Such a situation is partially similar to the case of Fe; 19Te. However, the
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present result of the frequency-dependent Curie constant differs from
the relaxor like behavior in k-(BEDT-TTF)2Cu2(CN)3. Another model is
needed to explain the frequency-dependent Curie constant in Fe; j¢Te.

The twinned microstructure was reported in the antiferromagnetic
phase by STM [16,17]. The twinned microstructure might be a possible
origin of the observed paraelectric behavior. If there is some relationship
between charge and spin degrees of freedom, the antiferromagnetic state
with twinned microstructure might bring about the paraelectric fluctu-
ation rather than ferroelectric order.

The present result indicates that the charge fluctuation exists in the
antiferromagnetic state. It is of great interest that both the spin and
charge degrees of freedom play an important role. In general, the
magnetic (spin) and charge order originate from the onsite (short range)
and offsite (long rage) Coulomb interaction, respectively. The charge
order is understood to gain the long range Coulomb interaction similar
to the Wigner crystal [37]. These highly correlated electron systems are
described by the extended Hubbard model [11,12], where both the
onsite and offsite Coulomb interactions are taken into account, as well as
the transfer energy. The coexistence of the antiferromagnetic and charge
order is discussed in a one-dimensional system [11]. On the other hand,
either the spin or charge order has been observed in a two-dimensional
system. The present and previous results [13,14] in Fej,,Te suggest that
both spin and charge fluctuations play a role in the two-dimensional
system. Some mechanism is needed to explain our finding of the coex-
istence of the antiferromagnetic and charge fluctuation in Fe; ,Te.

4. Conclusions

Fe;.10Te was studied by STM and dielectric response to elucidate the
charge fluctuation in the antiferromagnetic state. The temperature
dependence of the magnetic susceptibility clearly showed the antifer-
romagnetic transition at Ty = 70 K. STM images taken below Ty showed
no clear charge modulation in contrast to the previous study on Fej 14Te.
The temperature dependence of the dielectric permittivity showed a
clear metal-paraelectric transition at Ty. Below Ty, the dielectric
permittivity followed the Curie law, indicating the charge fluctuation
with the antiferromagnetic order. We conclude that charges fluctuate
dynamically in the antiferromagnetic state. Both the charge and spin
degrees of freedom cooperate in Fej jqTe.
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