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ABSTRACT

To understand whether the enhancement of thermal conductivity could take place at different types of phase transitions, we conduct thermal
measurements in SmBaMn, Qg single crystals which have both structural and magnetic phase transitions. In SmBaMn,Og, successive phase
transitions in charge, spin, and lattice degrees of freedoms take place at Tp; ~ 362 K, T¢p ~ 190 K, and Ty ~ 175 K. An enhancement of
thermal conductivity is only observed at the structural transition around T,,; while it is absent at the structural transition around T,,,. One
possible explanation is that the spin-phonon coupling in this material strongly modifies the phonon spectra and prevents the evolution of
soft-phonon modes around the antiferromagnetic transition Ty, which lies right below T,,,. Our study provides a way to look for enhanced

thermal conductivity in materials where multiple phase transitions coexist.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5096960

In solid-state materials, structural transitions are always accom-
panied by changes in other physical properties, such as electrical
conductivity, magnetic susceptibility, or thermal conductivity.
Enhancement of thermal conductivity across the metal-insulator tran-
sition has been reported recently in vVO,' VO, undergoes a first order
metal-to-insulator phase transition at around T, ~ 340K due to a
crystal structure and electronic structure change. The thermal conduc-
tivity is enhanced by 1 order of magnitude at the transition tempera-
ture T,, which is possibly due to the softening of certain phonon
modes at the structural phase transition.” It is necessary to further
address whether the enhancement of thermal conductivity could also
take place at other types of phase transitions and how the ordering
states in other degrees of freedom, such as magnetic ordering, could
possibly affect it.

Perovskite-type manganites, which have been extensively studied
due to their abundant properties originating from the interplay among
the charge, spin, orbital, and lattice degrees of freedom, could be one
platform to further study this topic.” The colossal magnetoresistance
(CMR) effect, i.e., the dramatic change of electrical resistivity under a
magnetic field, has attracted researchers’ attention due to its potential
applications in memory device heads and sensors.”” The ferroelectric-
ity driven by the charge-ordering state and the tilting of MnOg octahe-
dra in layered manganites is also widely studied because of its expected

application in electronic devices such as ferroelectric RAM and capaci-
tors.”” In this article, we focus on the A-site ordered double-perovskite
SmBaMn,Og. The A-site ordered SmBaMn,0Og compounds undergo a
two-step charge-orbital-order (COO) transition at T,.,; and T,y as
temperature decreases. This material has a first-order structural phase
transition at T,; = 380 K from the low-temperature tetragonal phase
to high-temperature orthorhombic phase.” X-ray scattering and elec-
tron diffraction reveal a long-range COO phase below Teor”'" The
stacking manner of ab plane change from AABB- to ABAB-type
around T,,, = 190 K is evidenced by X-ray scattering and Raman scat-
tering.'" At T, the space group changes from nonpolar Pnam to
polar P2,am, which suggests a ferroelectric transition due to the rear-
rangement of charge and orbitals at T.». Yamada et al. reported that
the antiferromagnetic (AFM) transition happens at Ty, = 175K, which
is just below To,."”

We conduct electrical transport, magnetic susceptibility, and
thermal transport measurements in SmBaMn,Oy single crystals. Both
electrical resistance and magnetic susceptibility show an abrupt change
accompanied by a narrow hysteresis loop at T,,; ~ 362 K. Another
anomaly takes place between 150 K and 210K (around T,,) which is
manifested by a much broader hysteresis loop. The total thermal con-
ductivity is enhanced by 3-4 times within the metal-insulator-transi-
tion (MIT) at T,,;, while no obvious enhancement is observed around
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T,02- The explanation on the absence of a thermal conductivity peak at
the structural transition at T, is further discussed in this article.

The SmBaMn,Oq single crystals being used in our experiments
are grown by the floating zone method.'” The single crystal is polished
into a bar shape for electrical and thermal transport measurement.
Sample 1 has a dimension of 0.6 x 0.65 x 3mm” [as shown in Fig.
1(a)]; sample 2 has a dimension of 0.45 x 0.6 x 2.5 mm’. Sample 3 is
cut from the same batch of sample 2, which has a mass of 4.15 mg and
is used for magnetization measurement. The crystal structure of
SmBaMn,0q at 300K is shown in Fig. 1(b), where SmO and BaO
layers stack alternatively along the crystal ¢ axis. All the measurements
are conducted in a Physical Properties Measurement System (PPMS)
DynaCool from Quantum Design.

The experimental setup for the electrical and thermal transport
measurement is similar to the setup in Ref. 1. A bar-shape
SmBaMn,Os single crystal is mounted vertically on a sapphire sub-
strate. A resistive heater is attached on top of the sample by the H74F
thermal epoxy to provide a thermal gradient inside the [001] plane of
the sample. In order to provide better electrical contact with the sam-
ple, we evaporate gold contacts on the front surface of the sample and
then attach four gold wires on the contacts with silver epoxy. These
four gold wires are used for four-probe resistance measurement as well
as thermal power measurement. Two type-E thermocouples are ther-
mally linked to the back side of the sample with the thermal joint com-
pound. The whole setup is mounted on top of a self-designed thermal
transport puck, which is compatible with the PPMS DynaCool system.

(a) Imm

FIG. 1. (a) A polished single crystal of SmBaMn,Ogs (sample 1) with the front sur-
face to be [001]. (b) Crystal structure of SmBaMn,0g at 300K.”
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Four-probe resistance measurement is conducted by the
Electrical Transport Option (ETO) of PPMS. The thermal power and
thermal conductivity are measured by a pulsed power technique.”"” A
periodic ac current (f=0.01 Hz) is applied through the resistive heater
by a Keithley 6221 DC and AC current source to generate a thermal
gradient across the sample. The thermal power is measured through
two of the electrical contacts by a Keithley 2182A nanovoltmeter. The
voltage across the two thermocouples is read by another Keithley
2182A nanovoltmeter, which could be used to calculate the tempera-
ture gradient across the sample. During the thermal transport mea-
surement, the sample temperature is swept with a speed of 0.1 K/min.
Magnetization is measured using the Vibrating Sample Magnetometer
(VSM) of PPMS. For the temperature dependent measurement, we
first cool the sample down to 100 K without applying any magnetic
field. Then, we apply a magnetic field of 3 T at 100 K and measure the
magnetization during warm up and cooldown.

Figure 2(a) shows the four-probe resistance measured in the
SmBaMn,Og sample 1 and sample 2. A slowly varying ac current is
applied inside the [001] plane of the sample. Sample 1 undergoes an
MIT at T., ~ 362K with a resistance increase of about 20 times
during cooldown. The resistance of sample 2 only increases about 10
times at T, ~ 354 K. Both samples show a steep change in resistance
with a thermal hysteresis loop at T, which is clear evidence of a
first-order phase transition.'” The difference between the transition
temperature T,,; during warm up and cooldown is around 6 K. The
difference in the transition temperature between sample 1 and 2 could
be caused by the valence distribution of Mn ions. The charge-ordering
is from the mixed valence of the two Mn ions, one is +3 and the other
one is +4. The charge ordering temperature is very sensitive to the
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FIG. 2. (a) Four-probe resistance R vs T in SmBaMn,Og sample 1 and 2. The cur-
rent is applied in the [001] plane. (b) Seebeck coefficient S vs T in SmBaMn,04
sample 2. The sample temperature was swept at a rate of 0.1K/min. (c)
Temperature dependence of magnetic susceptibility in SmBaMn,Og sample 3 taken
with H=3 T. (d) Measured total thermal conductivity r,; vs T in SmBaMn,0g sam-
ple 1 with a slower sweeping speed of temperature (~0.02 K/min) around Ty.
The inset figure is @ zoom in of kyy around T, which shows that the thermal
conductivity increases about 4 times across T, during cooling down. In (a)—(d),
red (magenta) curves denote warming up while blue (green) curves denote cooling
down.
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valence distribution, which means that a slight deviation from this
+3/44 valence combination could change or even eliminate the
charge ordering transition.'”'” The deviation of the valence from
+3/+4 is reflected by the inhomogeneous oxygen deficiency in the dif-
ferent parts of the as-grown crystals during the melting process. Upon
further cooling, another anomaly is observed between 150K and
210K (around T, =~ 190K) in resistance, which is consistent with
the observation in Ref. 12. The temperature dependent Seebeck coeffi-
cient changes sign at 330K and reaches an almost constant value of
—34 uV/K at T,,; when entering the metallic state [as shown in Fig.
2(b)]. The temperature dependent magnetic susceptibility shows a
steep change accompanied by a narrow hysteresis loop at T, [as
shown in Fig. 2(c)], while a much broader hysteresis loop is observed
between 160 K and 210K (around T,,). Nakajima et al. have reported
that the magnetization curve has a broad peak at around 250K in the
pulverized sample, which is assigned to the AFM transition.”'®
However, this peak is strongly suppressed in our measurement as well
as experiments of Yamada et al., which indicates a strong dependence
of sample properties on the system size.

The temperature dependent total thermal conductivity between
2K and 380K of sample 1 is shown in Fig. 2(d). The thermal conduc-
tivity increases about 50% from a low-temperature insulating state to a
high-temperature metallic state at T,,;. The inset of Fig. 2(d) shows
that the thermal conductivity is enhanced by 3-4 times within the
MIT during cooldown, while the enhancement during warm-up is
much weaker. Between 150 K and 210K, another anomaly which is
accompanied by a hysteresis loop is observed on the thermal conduc-
tivity. Figure 3(a) shows the zoom-in of the total thermal conductivity
between 2K and 300 K. Recently, the enhancement of thermal con-
ductivity within the MIT of oxides has been reported in the VO, single
crystals, which is claimed to be related to the soft phonons at the
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FIG. 3. (a) Measured total thermal conductivity x vs T in SmBaMn,Og sample 1
below 300K. (b) Total thermal conductivity r vs T in SmBaMn,Og sample 1 with
different heater currents. The temperature sweeping speed is 0.1 K/min around
Teo1- (c) Total thermal conductivity x¢ vs T in SmBaMn,0g sample 1 with different
heater currents. The temperature sweeping speed is 0.02 K/min around Tgy. (d)
Total thermal conductivity i vs T in SmBaMn,Og sample 2 with different heater
currents. The temperature sweeping speed is 0.1 K/min around Te,.
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structural transition." Although the phase transitions at T.,; and T.,,
are both accompanied by structural transitions in SmBaMn,Og, no
obvious enhancement of thermal conductivity is observed around
T,02. Instead, the thermal conductivity shows a dip around T,,, before
entering the AFM state.

We vary the temperature sweeping speed as well as the heater
current to further study the thermal conductivity peak within the
MIT. Figures 3(b) and 3(c) show the total thermal conductivity mea-
sured in sample 1 with a temperature sweeping speed of 0.1 K/min
(0.02 K/min). The thermal conductivity peak is more prominent with
a slower sweeping speed of temperature because a faster sweeping
speed of temperature will smear out the enhancement effect that only
happens in a very narrow temperature range. The total thermal con-
ductivity shows a nonmonotonic dependence on the heater current,
which is in contrast to the monotonic behavior observed in the VO,
single crystals." Furthermore, the thermal conductivity shows compa-
rable enhancement during both warm up and cooldown in VO,, while
it only shows obvious enhancement during cooldown in SmBaMn,O.
Figure 3(d) shows the total thermal conductivity measured in sample
2 with a temperature sweeping speed of 0.1 K/min. The thermal
conductivity peak in sample 2 is lower than that in sample 1.

First of all, we ask if thermal conductivity peaks observed at the
structural transition T,,; ~ 362K arise from the latent heat. Latent
heat is released at the first-order structural transition. This heat leads
to a sudden rise in the overall temperature, which changes the overall
trend in the thermocouple voltage raw data. As we explained in the
method part, we take the difference of this voltage signal between the
“sample heater on” and “sample heater off” to infer the thermal con-
ductivity, which actually excludes the effect of the latent heat because
the latent heat affects both data of sample heater on and sample heater
off. More importantly, we may estimate the latent heat releasing power
across T,,; by assuming that the latent heat released at the transition is
on the same order of magnitude as VO, '’ For the most significant
peak observed in sample 1 [Fig. 3(c)], we find that the latent heat
releasing power is only less than 1% of that of the sample heater. As a
result, we do not think that the latent heat is the main driving force of
the sharp peak in the thermal conductivity.

Now what is the origin of the thermal conductivity peak at T,;?
We note that the thermal conductivity peak at the MIT in the VO, sin-
gle crystal can likely be explained by a soft optical phonon mode which
has been observed by neutron scattering.'” VO, undergoes a first order
MIT at around 340K from the insulating monoclinic phase to the
metallic rutile phase as temperature increases. Generally, at the struc-
tural transition, acoustic phonon modes soften because of the instabil-
ity of the lattice structure. The decrease of the phonon energy is
overcompensated by a large increase in phonon population and its
group velocity, which strongly enhances the thermal conductivity at
the structural transition. In SmBaMn,Og, the thermal conductivity
peak at T,; can likely be explained with the same scenario.

The absence of such enhancement around T,,, may come from
the adjacency between the structural transition at T, ~ 190K and
the AFM ordering at Ty ~ 175 K. First-principles calculations suggest
strong spin-phonon coupling in perovskite-type manganites like
SrMnO; and Sr;_,Ba,MnO; '~ ' As the Ba concentration increases,
one optical phonon mode rapidly softens at room temperature while
other phonon modes remain unchanged. The infrared optical and
inelastic x-ray scattering spectra confirm that only the soft phonon
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modes show remarkable variation with AFM transition for all doping
levels while other phonon modes are almost temperature independent.
As temperature decreases, the continuous softening of this optical
phonon is suppressed by the onset of the AFM phase. The soft phonon
mode first hardens below Ty and then resoftens at a much lower
temperature. Furthermore, the soft-phonon-mode frequency is even
modified above Ty because of the strong AFM fluctuation near Ty,
which also results in the disappearance of the thermal conductivity
peak at T.»”" This nonmonotonic temperature dependence of
soft-phonon-mode frequency can be explained by considering the
spin-phonon coupling

Wy = 0f + (S - Sj), 1)

where @y is a phonon frequency without magnetism, A is a coupling
constant, and (S; - ;) is the nearest-neighbor spin correlation func-
tion.”””” By fitting the theoretical model with the infrared spectra data,
the spin-phonon coupling constant in Sr; _,Ba,MnO; (x=10.3) is 500
times stronger than that in EuTiO;. We also observe that the total
thermal conductivity of SmBaMn,0O4 shows a dip at T, = 175K
(200K) during cooling down (warming up) and starts to increase as
the temperature becomes lower. This is similar to the observations in
other magnetic materials or CMR manganites, where di/dT changes
sign upon entering a Ferromagnetic (FM) or AFM transition.”" **
These features can also be attributed to the strong spin-phonon cou-
pling in these systems, where the critical scattering of thermal phonons
on spin fluctuations leads to a dip on x.””** In order to fully under-
stand the thermal conductivity behavior in SmBaMn,Og, other mea-
surement methods, as well as first-principles calculation, are needed to
illustrate the phonon spectra.

SmBaMn,Og single crystals have a MIT above room temperature
at T,y ~ 362K. Such a high T, value is very attractive from the
aspect of device application.'® The huge thermal conductivity peak
provides a path to efficiently conduct the heat out of the device, which
suggests a possible way to achieve thermal management in such kinds
of materials. The soft-phonon modes in this material suggest a poten-
tial application in temperature-tunable thermal switches.”

In summary, we conduct electrical transport, magnetic suscepti-
bility, and thermal transport measurements in SmBaMn,Oy single
crystals. Both electrical resistance and magnetic susceptibility show an
abrupt change accompanied by a narrow hysteresis loop at T,
~362K. Upon further cooling down, another anomaly takes place
between 150K and 210K (around T,y,) which is manifested by a
much broader hysteresis loop. The total thermal conductivity is
enhanced by 3-4 times within the MIT at T,,;, while no obvious peak
is observed around T,,. The enhancement of thermal conductivity
within the structural transition at T, is likely due to the phonon soft-
ening. Around Ty, the spin-phonon coupling in this material strongly
modifies the phonon spectra and prevents the evolution of soft-
phonon modes. The hardening of soft-phonon modes around Ty
could cause the absence of the thermal conductivity peak around T,
which lies right above Ty.
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