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High-temperature terahertz absorption band in rare-earth gallium garnet
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In addition to the absorption due to known optical phonons, we found a temperature-dependent absorption
band at 2 THz in garnet-type Ho3Gas0,,, at temperatures in the range of 450-540 K. The optical and electrical
properties reveal that the absorption band at 2 THz is not produced by mechanisms related to soft phonons,
rattling phonons, impurities, or charge density waves, but rather to polaron conduction. Our analysis of the
scattering rates and optical mobility shows that electron transport via the intermediate polaron is significant
in this absorption band. Electrical measurements also support the existence of polarons in Ho3;GasO,. This
paper facilitates a method to investigate charge carrier transport from an optical point of view using terahertz
time-domain spectroscopy, which we demonstrate using Ho;GasO1,.
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I. INTRODUCTION

Terahertz time-domain spectroscopy (THz-TDS) is known
to be a powerful tool for investigating the low-energy physics
of inorganic materials [1,2], including electromagnons [3-5],
charge density waves (CDWs) [6-8], and soft phonon
modes [9,10]. These interesting optical properties in the THz
region of the electromagnetic spectrum have been observed
mainly at temperatures below 100 K [4-8]. The photon
energy of the THz region of the electromagnetic spectrum
is smaller than the thermal energy at room temperature (RT)
(1 THz corresponds to a thermal energy of approximately
40 K). It is not straightforward to clearly observe the optical
responses induced by THz pulses at temperatures above
300 K [11]. However, THz-TDS enables us to investigate
low-energy physics in inorganic materials at temperatures
above RT. We have previously reported THz-TDS analysis
of garnet-type Ho3GasO,, (HoGG) at RT. It was found that
HoGG exhibited an optical phonon mode at 2.6 THz, with
a very narrow spectral width [12]. Recently, we observed
a broad absorption band at 2 THz, on the low-energy side
of the lowest optical phonon mode at temperatures above
300 K. This absorption band was observed only over a
narrow range of temperatures within from 450 to 540 K,
and exhibited a peak at around 500 K. Similar behavior
has been also reported in the THz regime in ferroelectric
materials with soft mode phonons [9,10]. Soft mode phonons
have been reported from lattice instabilities following heating
to the Curie temperature [13]. In contrast, HoOGG exhibits
paraelectric behavior, which cannot be reasonably explained
for the absorption band at 2 THz on the basis of soft phonon
modes mechanisms applied for ferroelectric materials.

In this paper, we focus on the Debye temperature of
HoGG, 6p = 520K [14], which is close to the maximum
temperature of the absorption band at 2 THz. In particular, the
charge carrier transport around 6p, is characterized by hopping
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behavior, resulting in an increase in the mean-free path of
electrons in the host [15]. So far, there have only been a few
reports on carrier transport in rare-earth gallium garnets that
considered polaron transport [ 16—18]; however, we believe that
polaron conduction processes are important in producing the
absorption band at 2 THz because of the relationship between
the temperature dependence of the optical and electrical
properties, which is discussed in this paper. We report a
temperature-dependent absorption band at 2 THz, which is
attributed to polaron charge carrier transport in HoGG. The
absorption band was observed only at temperatures in the range
of 450-540 K. We provide a theoretical analysis of the origin
of carrier conduction in HoGG. It is not straightforward to
determine the origin of charge carrier transport in highly
insulating materials; however, THz-TDS allows us to obtain
information regarding charge carrier transport that cannot
be obtained using electrical measurements, and which is
demonstrated using a highly insulating garnet material HoGG.

II. EXPERIMENTAL

Ho3GasO1; polycrystalline samples were synthesized using
a solid-state reaction technique. Ho,O3 and Ga,O; powders
were mixed with stoichiometric compositions, and then
pressed at 50 MPa in vacuum to form pellet samples. These
pellets were sintered at 1200 °C for 10 h in air (at a cooling rate
of 100 °C/h), reground, and then sintered again under the same
conditions. The sintered pellets were polished by lapping to
obtain a mirror plane for THz-TDS. All samples were 318 um
thick. X-ray diffraction (XRD) analysis revealed that all sam-
ples had a single phase with a garnet structure. The mean grain
size in the samples was approximately 1 um, as determined
using scanning electron microscopy (SEM) (JEM-2100F,
JOEL Ltd.). Temperature-dependent THz-TDS measurements
were carried out using a transmittance-type THz-TDS system
(TAS7500SP, Advantest Ltd.). A conventional ceramic heater
with a custom-made sample holder formed of aluminum with
a l-cm-diameter hole was used. The temperature-dependent
electrical resistivity was measured using interdigitated Ohmic
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Pt electrodes (see the inset of Fig. 5). Energy dispersive x-ray
spectroscopy (EDS) (JEM-2100F, JEOL Ltd.) was used to
analyze the atomic composition.

III. RESULTS AND DISCUSSION
A. Complex dielectric function spectra

Figure 1 shows the complex dielectric function & obtained
from the THz-TDS at different temperatures. The complex
dielectric function & can be expressed using Lorentzian
functions and a modified Debye model
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where &g, £ 1s the permittivity constant in the static and high
frequency limits, respectively; €2; is the oscillation strength;
foj(wo;/2m) and T'; are the resonance THz frequency and the
scattering rate of the jth resonant mode [19], respectively;
w is the angular frequency, and 7 is the mean relaxation
time; « indicates the distribution of relaxation times [20].
The three Lorentzian functions of the second term in Eq. (1)
were used to perform spectral decompositions of an absorption
band at 2 THz, lowest optical phonon mode at around
2.58 THz (phonon A) and background absorption based on
16 other phonon modes [21], respectively. In the third term,
we employed a Cole-Cole relaxation model. It is known that
rare-earth garnets show dielectric relaxations in the microwave
range [20,22-23]. The increased Re [e;] and Im [e;] of real
and imaginary parts in low frequency below 1 THz was
attributed to dielectric relaxation-related phenomena, which
can be expressed using a Cole-Cole relaxation model.
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FIG. 1. (Color online) (a)Real part &’(w) and (b) imaginary &”(w)
parts of complex dielectric functions in HoGG at 77, 300, 500, and
600 K. Red and black circles represent the experimental data in (a)
and (b), respectively. Black and yellow lines indicate the parameter
fits by Eq. (1) in (a) and (b), respectively. Blue and orange dotted
lines are components of phonon A and background absorption in (b),
respectively. Green dotted line shows a component of the dielectric re-
laxation in (b). Red dotted line shows a component of absorption band
at 2 THz in (b).
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TABLE 1. Fitted parameters related to the optical loss spectra in
HoGG.

Parameters Fitted value
YGiph—A 0.73
W, (meV) 980
qef (€V) 22
o 2.96
m* (m; ') 85.5

The results of parameter fits to the dielectric loss (Im [&,])
are shown in Figs. 1(a) and 1(b). Im [¢;] provided four kinds
of absorption components, which could be also fitted to the
permittivity, Re [¢;]. The mean grain size in the polycrystalline
HoGG samples was about 1 pm, which is significantly smaller
than an incident wavelength of the THz radiation, so that
the scattering component is not expected to be dominant
in the whole temperatures, resulting in negligible contribution
to the optical losses. The resonance frequencies foph—4.
associated with optical phonon A, gradually decreased with
an increase of temperature, which obeyed the Griineisen
approximation as follows [24]:

a
Wp = Wo|T=0 EXP |:_3VG (a_ - 1)}» (2)
)

where wo 7= is the resonance frequency at 0 K, and y is the
Griineisen constant. Values of ygpn—4 in HoGG, associated
with optical phonon A, were determined as 0.73 [see Table I],
which was close to those of Dys;FesO;, [24] and Re3AlsOq;
(Re: rare-earth ions) [25]. Temperature-dependent I'pp_4 and
Qph—4 in HoGG were also similar to those in Dy3FesOy, [24]
[Figs. 2(b) and 2(c)]. On the other hand, the background
absorption obeyed the Bose-Einstein statistics, as can be
expressed by the following equation [26]:

~ exp(hw/kpT)
exp(hw/kgT) — 1’

where kp is the Boltzmann constant. Figure 2(d) shows the
temperature dependence of integrated intensity of background
absorption normalized to that at 77 K, showing that the
background absorption could be well fitted to Eq. (3) [orange
dotted lines in Fig. 1(b)]. Furthermore, in a Cole-Cole
relaxation model of Eq. (2), t is expressed as a function of
temperature by the following equation [20]:

T = t9exp(E, /kgT), 4)

3

where 79 and E, is the Debye relaxation time and the activation
energy, respectively. As shown in Fig. 2(e), temperature-
dependent 7 could be explained on the basis of Arrhenius
law [green dotted lines in Fig. 1(b)]. The parameter fits to the
optical phonons and dielectric relaxation were successfully
extracted from the absorption component at 2 THz [red dotted
lines in Fig. 1(b)].

B. Absorption band at 2 THz

Figure 3(a) shows oscillation strength €2 of the absorption
band at 2 THz as a function of temperature. A value of €2
showed a peak structure of 0.70 in the vicinity of 500 K and
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FIG. 2. Temperature dependence of (a) resonance frequency
Joph—a, (b) scattering rate I'p,_4, and (c) oscillation strength 2,4
for optical phonon A. A black square indicates experimental data for
optical phonon A. Black line in (a) is a parameter fit to the Griineisen
approximation. (d) Temperature dependence of normalized phonon
number in background absorption. Black line shows a parameter fit to
the Bose-Einstein statistics. (¢) Temperature dependence of relaxation
time 7. Black line shows a parameter fit to the Arrhenius law.

then decreased down to 0.35 at 600 K. A value of resonant
frequency fp was shifted to high frequency with increasing
temperature [Fig. 3(b)]. These temperature-dependent behav-
iors were different from those of optical phonon A. Figure 4(a)
shows a scattering rate I' as a function of temperature,
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FIG. 3. Temperature dependence of (a) oscillation strength €2,

and (b) oscillation frequency f; of absorption band at 2 THz. The
black line in (a) shows a third-order spline interpolation.
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FIG. 4. (Color online) Temperature dependence of scattering rate
I" of absorption band at 2 THz. The green dotted line in (a) shows a
parameter fit to a CDW model, which is proportional to a square of
temperature. The red and blue dotted lines in (a) show parameter
fits for an acoustic phonon scattering rate I',. and LO phonon
scattering rate I'Lo. The brown line shows the sum of I',. and I' .
(b) Temperature dependence of the optical mobility fip. The black
line shows a parameter fit to a polaron conduction model for the
mobility, which was assumed that a polaron mass is constant in whole
temperature range.

revealing that I" gradually increased with an increase of
temperature. In particular, a value of I' involves important
information related to charge transport, which was fitted using
the following equation related the polaron conduction [27]:

Lo(T) & Tae(T) + Y Ty o(T), (5)

where I',.(T) and I'Lo(7T') indicate the acoustic phonons and
longitudinal optical (LO) phonons, respectively, which can be
described by the following expressions:

olw

2 *
3y em

2\/ 2]'[C,'ih4

s (T m* \ % 20,0, hawg 7
Lol = (mp> Fl) exp( kﬂ)’ @
where h is the Dirac constant; c;;(=8294.5 kg/mmz) [28] is
the elastic constant; w; (=68.1 THz) is the frequency of the
LO phonon modes; e4.,(=22 €V) is the electron deformation
potential; m , (:0.02m*a;‘) is the polaron mass, which consists
of the dimensionless electron-phonon coupling constant ¢« and
effective mass (m*). The function f(«y) in Eq. (8) is given in
Ref. [29]. It was found that temperature-dependent I" could
be fitted using 'y by assuming oy = 2.96 and m™* = 85.5m,
[Fig. 4(a)]. Here, I' was mainly characterized by the acoustic
phonon at low temperatures below 450 K [red line in Fig. 4(a)].
In contrast, the LO phonon dominated the scattering rate at
high temperatures above 450 K [blue line in Fig. 4(a)]. The
increased scattering rate indicated an electron-LO phonon
coupling for polaron formation. In particular, og is one
of the critical parameters describing polaron formations in
various materials such as semiconductors and ionic solids. The
theoretical analysis of temperature-dependent scattering rates
should shed light on the nature of polaron. From the results

Tu(T) = (kpT)?, (6)
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of parameter fits, we could obtain «s and m* that satisfied
the following conditions: a5 < 6 and mo < m* < m,, [15],
providing the heavy polaron mass (m, = 131my).

Another feature concerning the scattering rate is the
mobility (fop) in terms of charge transport, originating from
the scattering rate by the following expression: op = e/m*I’
[Fig. 4(b)]. This parameter is determined not only by the
scattering rate, but also by the effective mass m*. Herein, we
used a static value of m™ (85.5 m() obtained by the parameter
fitting based on Eq. (5) within the measurement temperatures.
Temperature dependence of pp could be understood by the
following equation with activation energy Ey of 147 meV [29]:

Hopt OX €Xp [é—’;] ®)
where fop gradually decreased with increasing temperature,
suggesting that the mobility is limited by the interaction of
the carriers with LO phonons at the high temperatures. This
is related to the lattice distortions around carriers, which
gives rise to large polarons that are based on the Coulomb
interactions between the distorted host lattices and carriers
in the self-induced potential well. It is said that optical
absorptions by large polarons are located in high frequency
above the LO phonons. In rare-earth garnets, the frequency
of lowest transverse optical (TO) phonon is close to that of
the lowest LO phonon [12,25], indicating that the absorption
band at 2 THz observed in a frequency below the lowest
TO phonon invariably exists in a frequency below the LO
phonon. In addition, large polarons lead to the Drude-like
optical response because of the coherent charge motions,
resulting in the formation of asymmetric spectral features.
In addition, the small o (~1077 cm?/V.s) in HoGG is very
far apart from the mobility expected for the large polaron
theory [30-32]. Therefore, the large polaron theory does not
allow us to understand the absorption band at 2 THz.

On the other hand, optical absorptions by small polarons
are derived from the interband transitions within the polaron
potential well [33]. An incident light to a sample excites the
carriers into a high energy state within the well from a ground
state, which also forms an absorption band. In particular, a
resonant frequency of an absorption band is dependent on the
electron-phonon coupling constant («g) [33,34]. The small o
in HoOGG may allow us to observe an absorption band in the
THz range in terms of small polarons. At present, we think that
the absorption band at 2 THz in HoGG is related to polarons
with small or intermediate polarons.

The intermediate polarons have been studied on the theoret-
ical simulations. Thus far, some perovskites and metal oxides
are referred to as intermediate polarons, where the radius of
the polaron is of intermediate size. It is reported that values of
o, in intermediate polarons are in the range from 3 to 4 [35,36],
which was close to that of « (=2.96) in HoGG.

C. Electrical transport

We studied electrical properties in order to investigate
the further physical state of intermediate polarons in HoGG.
Electrical resistivity p was measured at temperatures in the
range 350 to 610 K. Interdigitated electrodes were used to
detect electrical response of the sample (inset of Fig. 5).
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FIG. 5. (Color online) Temperature dependence of the electrical
resistivity p. The blue, green, and red lines show fits to thermally
activated tunnel hopping, polaron conduction, and residual scattering
models, respectively. The inset shows the interdigitated electrodes
used in the electrical measurements; the geometry of these electrodes
is described by a = 0.5mm, » = 0.1 mm, ¢ = 0.1 mm, d = 0.1 mm,
and e = 9 mm.

As shown in Fig. 5, three kinds of conduction mechanism
were observed: (i) thermally activated tunnel hopping pr, (ii)
polaron conduction pg, and (iii) residual scattering ps. These
conduction mechanisms can be expressed as follows [15,37]:

P10 AE
= Pro 22, 9
Pr = " exXp (kBT) ©
Wp
= ——, 10
PH = PHO EXP (kBT> (10)
ps = ,Osngy 1D

where AE is the energy barrier for tunnel hopping; W, is the
activation energy; the terms pro, pHo, and pso are empirical
constants for the three conduction processes. The tunnel
hopping conduction was dominant at temperatures below
450 K (blue line in Fig. 5), whereas at temperatures above
540 K, residual scattering conduction appeared to be the most
important transport mechanism (orange line in Fig. 5). The
polaron conduction was only activated with a W, of 980 meV
at temperature in the range 450 to 540 K (green line in Fig. 5),
which was close to the theoretical calculation of intermediate
polaron conduction in terms of weak electron-phonon coupling
(os & 3.16) and low carrier density [37]. Furthermore, an
experimental W, of 0.98 eV was different from a theoretical
W, of 1.67 eV, originating from ¢, (Tables I and II). Here, ¢,
is sensitive to the route of sample preparation. It is reported
that ¢, is larger in a polycrystalline sample than in a single
crystal samples [12].

Correlation between polaronradius (r;) and interatomic dis-
tance in conduction path plays an important role in determining
a polaron type in a material. The conduction path in HoGG
is related to Ga>* and O*~ ions because electron carriers are
generated from oxygen vacancies, as has been reported for
(Gd, Sc)3Gas0y; [16]. The 4s orbital as a conduction path of
Ga ions are much broader than the 3d orbital, which permits
the hybridized orbital of Ga** and 0%~ [38]. The interatomic
distance between Ga>* and 02~ is 0.62 A, which is comparable
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TABLEII. Polaron-related parameters for HoOGG and YIG. Here, N is the number of sites per unit volume, &y (=12.1) is the radio frequency
(RF) relative permittivity, and €., (=3.4) is the visible light frequency relative permittivity [40,41].

Parameters

Lattice constant (RT), ag (A)
Debye temperature, 6 (K)
Elastic constant, c;; (kg/mm?)
Polaron dielectric constant, ¢,
&p = Excbo/[€0 — €]
Polaron radius, r), (A)

r, = [m/6N1'3/2
Polaron binding energy, W, (eV)
W, = ez/[Snsoe[,rp]
Frequency of LO phonon, w, (THz)
Wy = 2wk 39 D / h
Polaron mass, m, (m; ")

m, = 0.02m*o?

HoGG (this paper) YIG (Ref. [39])
12.282 (Ref. [39]) 12.376
520 (Ref. [15]) 600

8294.5 (Ref. [28]) 7810 (Ref. [28])

4.729 (Refs. [40,41]) 7.900
0.910 0.919
1.67 0.993
68.1 78.5
922 43300

to the polaron radius r,(=0.910 A) (Table II). The close value
of the polaron radius and the conduction path produce the
intermediate polaron conduction. In contrast, carrier transport
in Y3FesO; (YIG) is clearly derived from a small polaron
because the interatomic distance of conduction path between
Fe ions is 5.7 A, which is larger than a polaron radius (r,) of
0.919 A (Table II) [39].

The temperature range, in which small polaron conduction
was electrically identified, was consistent with that observed
at the absorption band at 2 THz. The oscillation strength
of the absorption band was enhanced in temperature range
450 to 540 K. This indicated that small polaron conduction
of carriers in the host was related to the appearance of the
absorption band at 2 THz. The density of state of a carrier
trapped in the well expands with an elevation of temperature,
leading to the increment of the transition probability. Hopping
processes of the self-trapped carriers starts around the Debye
temperature (fp = 520 K) [15]. Therefore, the absorption band
at 2 THz appeared at around 450 K and then increased
up to 500 K [Fig. 3(a)]. However, the oscillation strength
gradually decreased in the temperature range from 500 to 600
K [Fig. 3(a)], which may be due to the residual scattering [37]
from the result of electrical measurements. In general, the
polaron conduction at high temperatures is limited by the
residual scattering for reduction in the polaron conduction.
As its origin, we consider the residual scattering as follows.
There are some reports that polaron conduction is reduced
at a specific temperature, which is related to a relaxed
excitation state (RES) of carriers [42,43]. Trapped carriers
produce polaron conduction with increasing temperature.
However, existence of point defects forms short potentials
in material different from the polaron mechanism [44]. As
a consequence, thermally activated carriers are retrapped,
resulting in that the polaron conduction was reduced with
increasing temperature [44]. Our HoGG sample is polycrys-
talline with many defects and boundaries, which was different
from ideal bulk crystals. Hereafter, we will be required to
investigate single HoGG crystals from optical and electrical
viewpoints. Experimental comparison between polycrystalline
and bulk crystal samples will clarify polaron-related optical
and electrical characteristics.

D. Other mechanisms

In Secs. III B and III C, the relationship between the optical
and electrical properties indicates that the absorption band
at 2 THz is related to intermediate polarons. Herein, we
discuss other possibilities for explaining the formation of the
absorption band at 2 THz. Absorption bands different from the
usual optical phonons have been reported in the THz range for
soft mode phonons [9,10], rattling phonons [45,46], resonant
impurity modes [47], and CDWs [5-8].

(i) Soft mode phonons originate from a ferroelectric
transition followed by structural changes [13]. Ho3GasO;
is paraelectric at RT and shows no ferroelectric transition.
Using high-temperature XRD, we confirmed that no structural
transition occurred at 500 K. Furthermore, it has been reported
that a resonant peak derived from the soft phonon mode
shifts to lower frequencies as the temperature increases and
disappears at the Curie temperature [9]. This behavior was not
observed for the temperature dependence of the absorption
band at 2 THz. Therefore, a soft phonon mode does not
contribute significantly to the absorption band at 2 THz.

(i) A rattling phonon mode has been observed with
cagelike lattice structures [45]. This phonon mode exhibits
a specific temperature dependence, i.e., the scattering rate
I' decreases with increasing temperature [46]; however, the
scattering rate of the absorption band at 2 THz in HoGG
increased monotonically with increasing temperature. We
therefore conclude that a rattling phonon mode does not
account for the absorption band at 2 THz.

(iii)) A resonant impurity mode provides a sharp phonon
peak caused by doping with extrinsic impurities [47]. The
absorption band at 2 THz was characterized by a broad
lineshape. Furthermore, SEM-EDS measurements reveal that
extrinsic impurities in the samples were not present within the
resolution of the instrument. Therefore, it can be concluded
that resonant impurity modes are not related to the absorption
band at 2 THz.

(iv) A CDW results from the collective motion of electrons
in low-dimensional strongly correlated materials [6—8], pro-
viding an absorption band at THz frequencies. The scattering
rate of an absorption peak due to CDW is typically proportional
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to the square of temperature; however, the temperature-
dependence of the scattering rate I" in our HoGG samples
[see Fig. 4(a)] cannot be fitted by the square of temperature.
From the above points, other mechanisms, such as soft
phonons, rattling phonons, resonant impurities, and CDWs,
are excluded as the origin of the absorption band at 2 THz.
With all things considered, it is thought that the physical
origin of the absorption band at 2 THz was related to an
intermediate polaron conduction caused by electron carriers
in HoGG, which was only operated at the high temperatures.

IV. CONCLUSION

We found the specific temperature-dependent absorption
band at 2 THz in HoGG in temperature range from 450 to
540 K in addition to the contributions from optical phonons.
The parameter fitting to the experimental dielectric function
spectra indicated that the absorption band was related to the
intermediate polaron conduction of carriers in the host. The

PHYSICAL REVIEW B 91, 085118 (2015)

existence of intermediate polaron conduction in HoGG was
also discussed with the results of electrical measurements. This
consistency between the optical and electrical measurements
excluded other mechanisms resulting in formation of the
absorption bands in the THz range, such as soft mode phonons,
rattling phonons, impurities, and CDW modes. From the above
points, it was suggested that the absorption band at 2 THz
was related to intermediate polaron conduction in HoGG as
identified using a THz-TDS technique.
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