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Topological surface states and weak thermal phonon anharmonicity
of low-lying phonons in GeSh,Te,
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Recently, solid crystalline GeSb,Tes was found to host topological surface states and low lattice thermal
conductivity. In this work, we conducted comprehensive investigations on the electronic structures and lattice
dynamics of GeSb,Te,. By combining synchrotron-based and spin-resolved angle-resolved photoemission
spectroscopy and first-principles calculations, we observed distinctive topological surface states with significant
spin polarization near the Fermi level. Furthermore, our temperature-dependent Raman scattering measurements
revealed weak changes in linewidths of low-energy optical modes, indicating the weak temperature-dependent
phonon anharmonicity of those modes. This finding is further supported by our lattice thermal conductivity
calculation, which explains the minor variation in lattice thermal conduction in the high-temperature region. Our
study sheds light on the exotic electronic and lattice dynamics of GeSb,Te,, potentially leading to new insights

into its technological applications.

DOLI: 10.1103/PhysRevB.108.054311

I. INTRODUCTION

To date, most studies on GeSb,Tes have concentrated on
its phase change-related properties because its electrical re-
sistivity could drastically vary over six orders of magnitude
from the insulating amorphous phase to the metallic crys-
talline hexagonal phase [1-4]. However, hexagonal crystalline
GeSb,Te4 also hosts various fascinating physical properties.
For instance, it is theoretically predicted to be a topologi-
cal insulator [5,6], and the topological band structures have
been verified by angle-resolved photoemission spectroscopy
(ARPES), showing the surface Dirac cone located at 0.45 eV
above the Fermi level [7]. In addition, single crystalline
GeSb,Tey was reported to hold a low lattice thermal conduc-
tivity with values of 1.4 to 1.53 and 0.4 to 0.73 W m~! K~!
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along the ag-axis and c-axis, respectively, at room tempera-
ture, which exhibited a weak temperature dependence [8,9].
Such properties enable it to be a candidate thermoelectric
material.

From a canonical point of view, lattice thermal conductiv-
ity is expected to decay in the region of high temperatures
due to enhanced phonon-phonon scattering. In the case of
GeSb,Tey, lattice thermal conductivity is observed to ex-
hibit a weak variation as temperature increases from 300 to
773 K [8,9]. Therefore, it is desirable to elucidate how the
lattice vibrations of GeSb,Te4 evolve as a function of tem-
perature. Moreover, previous ARPES and theoretical studies
have primarily focused on exploring the Dirac cone electronic
structure [7,10]. However, due to the spontaneous formation
of cation vacancies in this material, the Dirac point is far
above the Fermi level in the real solid, leading to a shift of the
Fermi level to the valence band [11-13]. As a result, electronic
structures below the Fermi level have been the subject of
limited experimental investigation. In particular, a detailed
exploration of the band topology of the surface states below
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the Fermi level remains necessary for a greater understanding
of this material’s potential applications.

In the present study, we synthesized high-quality single
crystals of GeSb,Tes. The topological surface states were
clearly identified below the Fermi level of GeSb,Te4 by means
of ARPES and first-principles calculations. Such topological
surface states were further observed to exhibit significant spin
polarization by spin-resolved ARPES. Meanwhile, the weak
temperature dependence of lattice thermal conductivity of
GeSb,Te4 at high temperatures is primarily attributed to the
weak thermal variation of the phonon lifetime of the low-
energy phonons as revealed by both temperature-dependent
Raman scattering measurement and lattice thermal conductiv-
ity calculations.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

High-quality single crystals of GeSb,Tes were synthe-
sized using the Bridgman method, as described in detail in a
prior work [8]. Synchrotron-based ARPES experiments were
carried out at BL-13U, National Synchrotron Radiation Lab-
oratory with a VG-SCIENTA Omicron DA30L photoelectron
analyzer. A flat, shiny surface was achieved through in situ
cleavage under a base pressure greater than 7 x 107!! mbar.
The overall energy resolution was greater than 20 meV and
the angular resolution was 0.3 °. The chemical potential of
our samples was referenced by gold on sample holders.
Spin-resolved ARPES measurements were performed on a
multichannel very-low-energy electron diffraction spin po-
larimeter using a helium discharge lamp as the light source
[14]. Time-of-flight neutron powder diffraction experiments
were performed on a BL-09 SPICA powder diffractometer in
the Japan Proton Accelerator Research Complex (J-PARC).
Rietveld refinements were performed using the Z-Rietveld
software suite [15]. Temperature-dependent Raman spectra
from 113 to 723 K were collected by a LabRAM Horiba
HR Evolution spectrometer with an excitation wavelength of
532 nm. The laser power was maintained below 2 mW to
avoid local heating of the sample. Before the measurement,
the spectrometer was calibrated by measuring the 520.7 cm™!
line of a silicon single crystal. During the measurement at
more than room temperature, argon gas was loaded into the
sample chamber to avoid oxidation of the specimen. The
spectral resolution was greater than 1 cm™'. Low-temperature
(2 to 200 K) specific heat measurements were performed on a
quantum design physical property measurement system using
a standard thermal relaxation method.

The bulk electronic structures calculations were performed
in the framework of density functional theory (DFT) using
the projector augmented wave method [16] as implemented
in the Vienna ab initio Simulation Package [17]. The general-
ized gradient approximation of Perdew-Burke-Ernzerhof [18]
type was adopted for the exchange-correlation functional. The
cutoff energy was set to 450 eV and the Brillouin zone inte-
gration was performed on a Monkhorst-Pack k-point mesh of
10 x 10 x 10. Experimentally determined lattice parameters
at T = 20 K were used with relaxed atomic positions. The
spin-orbit coupling effect is included in our first-principles
calculations. The tight binding model based on maximally
localized Wannier functions [19,20] was constructed to

reproduce the spectral functions with the selection of ger-
manium s and p, antimony p, and tellurium p orbitals. The
surface states were calculated with surface Green function
methods [21,22] as implemented in WANNIERTOOLS [23].
The parity analysis was performed using IRVSP code [24].

To obtain the lattice vibrational properties, the conven-
tional unit cell was fully relaxed until the force was less
than 2 x 107 eV/A. The DFT-D3 with the Becke-Johnson
damping function was adopted for the van der Waals inter-
action [25]. The cutoff energy was set to 450 eV and the
Brillouin zone integration was performed on a Monkhorst-
Pack k-point mesh of 10 x 10 x 6. The fully relaxed lattice
parameters are a = b = 4.249 A and ¢ = 40.163 A, which
agrees well with our experimental data (¢ = b = 4.218 A
and ¢ = 40.875 A at T = 20 K). The phonon dispersion and
heat capacity were then acquired with PHONOPY [26] using
a4 x 4 x 1 supercell containing 336 atoms. To compute
lattice thermal conductivity further, third-order interatomic
force constants were extracted with a 4 x 4 x 1 supercell, a
2 x 2 x 1 k-point, and a 450-eV cutoff energy. According to
a previous study on Ge,Sb,Tes by Mukhopadhyay et al. [27],
we consider the interaction up to the fifth nearest neighbor-
ing atoms. Lattice thermal conductivity and phonon lifetime
ware calculated by solving the phonon Boltzmann transport
equation using the ShengBTE package [28].

III. RESULTS AND DISCUSSIONS

GeSb,Tey crystallizes in a layered rhombohedral crystal
structure of space group R3 m (No. 166), with seven alternat-
ing anion and cation layers stacking together along the c-axis.
In early days, Agaev and Talybov proposed that the atoms
stack in the sequence of Sb-Te-Te-Ge-Te-Te-Sb [see Fig. 1(a)]
[29], then Kooi and De Hosson [30] suggested an alternative
stacking of Te-Sb-Te-Ge-Te-Sb-Te [see Fig. 1(b)], which has
been widely adopted. To determine the atomic distributions in
our samples, we conducted neutron powder diffraction mea-
surements on GeSb,Te,. Before conducting the experiments,
the high quality of the sample was preliminarily examined
by core-level spectroscopy measurements with sharp peaks
of tellurium 4d, antimony 4d, and germanium 3d core levels
[Fig. 1(c)]. Figures 1(e) and 1(g) display the Rietveld refine-
ments of the neutron powder diffraction patterns collected at
T =20 K using the Agaev and Kooi models, respectively.
Both the Agaev and Kooi models yield a good fit, with re-
liability factors Ry, = 3.5% and 3.34%, respectively. These
results underscore the challenges of resolving the atomic se-
quence in GeSb,Te4 by means of neutron powder diffraction.
Figures 1(f) and 1(h) show the calculated bulk electronic
structures along high-symmetry directions using the Kooi and
Agaev models, respectively. The high-symmetry points of the
Brillouin zone are illustrated in Fig. 1(d). Interestingly, the
aforementioned two kinds of atomic sequences present dis-
tinct electronic structures. As seen in Fig. 1(f), the calculated
electronic structures of the Agaev sequence exhibit a metallic
feature, while the bulk bands of the Kooi sequence shown in
Fig. 1(h) host semiconducting characteristics with a narrow
bandgap at the Z-point. Although high-resolution transmis-
sion microscopy can also reveal its atomic distribution [12],
it turns out that electronic structures provide an alternative

054311-2



TOPOLOGICAL SURFACE STATES AND WEAK THERMAL ...

PHYSICAL REVIEW B 108, 054311 (2023)

(@) (b) (c) () (2)
@ ’é\ O Observed
g Te = - Calculated Agaev model Kooi model
=] a “ = — Difference
=S e < S 3 | Bra ositions

%o 5| SN ¥ £ =
> <t >

T W Ge R

3 2] Q « 17}

oo Alee |8
° 8 < < =] L TN
g = A = N
— —

| 1 1 1 1
-45 -40 -30

e~ D

1
1
!
1
1
1
1
1
1
L

Z F rz

FIG. 1. (a) and (b) Crystal structure of the crystalline phase of GeSb,Te, with the Agaev sequence and Kooi sequence, respectively. (c)
Core-level photoemission spectrum of crystalline GeSb,Te,. (d) Bulk Brillouin zone of GeSb,Te,. (e) Rietveld refinements of the neutron
diffraction data and (f) calculated bulk band structures along high-symmetry directions using the Agaev model. (g) and (h) Same as panels (e)
and (f), but using the Kooi model. The neutron powder diffraction patterns shown in Fig. 1 are at T = 20 K.

way to identify the atomic distribution in the septuple layer
of GeSb,Tey.

ARPES is a powerful technique for directly probing elec-
tronic band structures in crystalline solids. In this regard,
we have performed systematic ARPES measurements on sin-
gle crystalline GeSb,Tes. The Fermi surface mapping of
GeSb, Tes measured at an incident photon energy of 20 eV is
depicted in Fig. 2(a). It is composed of a circular-like pocket
centered at the T'-point and sixfold petal-like pockets along
the I'-M direction. When moving toward the binding energy
of 0.1 eV, the circular-like pocket evolves into a hexagon
with a strong spectral weight [see Fig. 2(d)]. To compare the
ARPES contours at constant energies with calculations, the
calculated ones using the Kooi and Agaev models are depicted
in Figs. 2(b), 2(c), 2(e), and 2(f). Here, it should be men-
tioned that the calculated Fermi level was shifted downward
by 0.4 eV to have greater comparison with the experiments.
The calculated contours show excellent agreement with the
experimental data when the Kooi model is adopted. This un-
ambiguously proves that the atomic distributions of crystalline
GeSb, Te4 conform to the sequence proposed by Kooi.

Figure 2(g) illustrates the photoemission intensity plots
taken along the I'-M direction. In fact, according to previous
studies, a Dirac cone will appear at 0.45 eV above the Fermi
level [7] [see our calculation in Fig. 2(h)]. Unfortunately, such
a Dirac cone cannot be detected by our ARPES measurement,
which is also not the scope of this work. Notably, double
M-shaped bands with a strong spectral weight are evident,
with the band top located at ~ 0.1 eV below the Fermi level.
To determine the dimensionality of the M-shaped bands, we
performed energy-dependent ARPES measurements along the
[-M direction. The M-shaped bands do not show evident vari-
ation as a function of incident photon energies, which supports
their two-dimensional nature (see Supplemental Material
Fig. S1 [31]). Furthermore, a comparison between the band

calculations of bulk (see Supplemental Material Fig. S2 [31])
and tellurium-terminated surface projection [see Figs. 2(h)
and 2(i)] clearly shows that the M-shaped bands match well
with the calculation of tellurium-terminated surface states,
demonstrating the surface origin of those bands. Moreover, it
is intriguing to know whether such M-shaped surface bands
possess a topological nature. Given that the nonmagnetic
property with time-reversal symmetry in GeSb,Te4, and the
M-shaped surface bands lie between bulk band 38 [purple
band in Fig. 1(h)] and band 36 [red band in Fig. 1(h)], we
therefore employed the Fu-Kane method [32] to elucidate
the nature of the topology for occupied bulk band 36. As
illustrated in Table I, our parity analysis shows that band
36 hosts a topological nontrivial property with topological
invariant Z, = 1, which indicates the topological nontrivial
characteristic of the M-shaped surface states.

Topological surface states can exhibit helical spin textures.
Figure 3(a) shows the spin-resolved ARPES spectra along
the T'-M direction for the spin direction perpendicular to the
momentum (y spin polarization). It is evident that the upper
M-shaped bands show the spin spectral weight with striking
contrast on both sides. Such a characteristic can be better

TABLE I. Calculated parity at eight time-reversal invariant mo-
menta points and the Z, invariant for occupied bands 36 and 38. Here,
it should be noted that three F and I" points are equivalent due to
the crystalline symmetry of GeSb,Te,. we thus show the calculated
parity values at the I', F, L, and Z points.

Occupied Parity (prod.) Invariant
band Sr Sr 5, 5, Z
38 _ B _ N 1
36 ¥ B B ~ 1
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FIG. 2. (a) and (d) Experimental contour mapping of constant energies at the Fermi level and a binding energy of 0.1 eV, measured at
T = 25 K with an incident photon energy of 20 eV. (b) and (e) Theoretical calculated contour mapping with constant energies at the Fermi
level and a binding energy of 0.1 eV using the Kooi sequence. (c) and (f) Same as panels (b) and (e), but using the Agaev sequence. (g)
Experimental ARPES intensity along the M-T-M direction. (h) Calculated bulk bands with tellurium termination surface states along the
M-T'-M direction using the Kooi sequence. (i) Calculated bulk bands with tellurium termination surface states along the M-I"-M direction

using the Agaev sequence.

visualized in the momentum distribution curves of the spin po-
larization at a binding energy of 0.2 eV, as shown in Fig. 3(b).
The spin polarization reaches a maximum value of 60%.
Figure 3(c) presents the calculated in-plane spin textures from
the upper M-shaped bands, which is in good agreement with
our experimental data, where the right and left sides of the mo-
menta are dominated by the spin-up and spin-down intensities,
respectively. In fact, the lower M-shaped topological surface
bands are also expected to show the spin polarization charac-
teristic. However, because the lower M-shaped bands are close
to the bulk banks with weaker spectral intensity compared
to the upper M-shaped bands, their spin polarization cannot
be distinguished in our measurement. Considering that the
distribution of germanium/antimony atoms in GeSb,Te,, our
data suggest that the M-shaped topological surface states are
robust against the intermixing effect of germanium/antimony
atoms. In future studies, such topological surface states can be
potentially utilized to develop spintronic devices by manipu-
lating them to the Fermi level using voltage bias in thin films.

Next, we turn to the thermodynamic behavior of GeSb, Tes.
Figure 4 presents the specific heat of GeSb,Te4 as a function
of temperature. In a nonmagnetic system, the specific heat is
primarily composed of contributions from electron, phonon,
volume change (induced by thermal expansion), and phonon
anharmonicity [33]. From the calculated phonon spectra (see
Supplemental Material Fig. S3 [31]), we are able to obtain
the lattice vibrational heat capacity. As illustrated in Fig. 4(a),
the experimental specific heat is well reproduced by the lattice
vibrational contribution [blue line in Fig. 4(a)], indicating
that other factors make negligible contributions to the heat
capacity in this temperature region. Figure 4(b) displays the
Cp/T versus T2 plot from 2 to 5.8 K, and the data can be
modeled using the Debye model Cp/T =a 48 T? +eT*
[34,35]. Here, the first term corresponds to the electronic
contribution, with « being the Sommerfeld coefficient,
and the second and third terms represent the lattice con-
tributions. The fitting yields o = 0.78 mJ mol™' K2, § =
1.83 mJ mol™! K™, and & = 3.0 mJ mol™! K°. Since the
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FIG. 3. (a) Spin-resolved ARPES intensity along the M-I"-M direction measured at T = 6 K. The color scales represent the sign of the
spin direction perpendicular to the momentum. (b) Momentum-dependent spin polarization at a binding energy of 0.2 eV. (c) Spin texture on
a constant energy contour for the topological surface states at a binding energy of 0.08 eV. Red arrows denote spin orientations on k,-k, plane.

Sommerfeld coefficient o reflects the magnitude of the effec-
tive mass of the carrier [36,37], the small value of « is a sign
of the low effective mass of GeSb,Te4. This is in line with
our observation that the linear-like bulk bands cross the Fermi
level (see Supplemental Material Fig. S2(d) [31]).

The Debye temperature, 6p = 195 K, can be derived using

1
the relation 6p = (%)5, where R is the gas constant and
n is the number of the atoms per formula unit. According
to the Boltzmann transport theory, thermal conductivity is a
product of phonon lifetime, heat capacity, and the square of
phonon velocity, in which a low phonon velocity is favor-
able for achieving low lattice thermal conductivity. We can

thus estimate the magnitude of the phonon velocity through

1
the relation v, = 01)(13—1’*)(4’31—1\,‘/)§ [38], where h, kg, N, and V
correspond to Planck’s constant, the Boltzmann constant, the
number of the atoms per unit cell, and the volume of the unit
cell, respectively. The phonon velocity is estimated to 1979
m/s, which is comparable to state-of-art thermoelectric mate-
rials such as PbTe and PbSe, for which the phonon velocity
is 1794 and 1951 m/s, respectively [39]. Consequently, the
low lattice thermal conductivity in GeSb,Te4 can be partially
ascribed to its low phonon velocity. As we show later, the
low lattice thermal conductivity is also correlated to its low

phonon lifetime.
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FIG. 4. (a) Temperature dependence of the heat capacity. The
blue line represents the calculated heat capacity at constant volume
arising from the lattice vibrations. (b) Cp/T versus T2 plot in the
low-temperature region from 2 to 5.8 K. The black line is a fit using
Cp/T =a+8T?+eT*

To get more insights about the thermal dependence of the
lattice dynamics, we performed Raman scattering measure-
ments on GeSb,Te,. Since the primitive cell contains seven
atoms, the factor group analysis predicts 18 optical modes
at the center of the Brillouin zone I' = 3E, + 3E, + 3A,, +
3A1,. Among them, three doubly degenerate E, modes and
three A g modes belong to Raman-active modes. As illustrated
in Fig. 5(a), five Raman-active vibrational modes are visible
at T = 113 K, located at 35.23, 55.98, 109.28, 119.93, and
176.25 cm™. According to our calculations, the modes at
35.23 cm™, 55.98 cm™!, 109.28 cm™!, and 176.25 cm™! are
assigned to the E!, A} , Eé, and Af modes, respectively (see
Supplemental Material Fig. S4 for the atomic displacements
of these Raman-active modes [31]). Regarding the mode at
119.93 cm™, it is challenging to determine its vibrational
behavior because the calculated frequency of the A%g mode

is almost identical to that of the Eg3 mode (see Supplemen-
tal Material Table SI [31]). Additionally, as the temperature
increases, the third and fourth Raman peaks merge together to
form a single broad peak [see Raman spectra at T = 303 K in
Fig. 5(a)], and we thus focus on the analysis of Eg, Aj,, and
A? modes.

Figure 5(b) displays the Raman spectra under various tem-
peratures. It is apparent that the optical modes decrease in
frequency with increasing temperature [see Figs. 5(d)-5(f)].
In general, the phonon softening behavior can be interpreted
in terms of the implicit anharmonicity effect triggered by
lattice thermal expansion, and the explicit anharmonicity (or
phonon anharmonicity) arising from the higher order terms
in the interatomic potential [40,41]. The Balkanski model
[42] has been widely used to study phonon anharmonicity in
solids [43—47]. Accordingly, we adopted the Balkanski model
to understand the temperature dependence of the phonon
frequency,

T
o(T) = wp + wo<exp(—y/ ﬂ(T)dT) - 1>
0

2 3 3
+C| 1+ ——|+D[14+——+ - |-
er —1 -1 (¢—-1)
ey
hay

— g — g ;
where x = 555, y = 5%, and wy is the frequency of an

optical mode at 7 = 0 K. The second term stands for the

054311-5



PENG WU et al. PHYSICAL REVIEW B 108, 054311 (2023)
(a) (b) o
= 663 _ * B i g
g o) o 1
g 573 g I5F° A1g3 §§§ ¢
£ 5 483 et i ™
< = (1]
N2 8 o] 10 = @
> g 393 g $3=
R7) g () 00000°
2 § 303 £ spil oo
= : | T - §"§ 098880, seonentt
1 1 1 " 1 L 1
40 80 120 160 40 80 120 160 200 400 600
Raman shift (cm_l) Raman shift (cm_l) Temperature (K)
(d) () o ()
~ 36 Egl ~ Algl ~ A1g3
! g g ! g 176
L L L
= = =
& £ E 168
g 3t & &
1 1 1 50 1 1 1 164 1 1 1
0 200 400 600 0 200 400 600 0 200 400 600
Temperature (K) Temperature (K) Temperature (K)
€ (h) (1)
—~0.004 —~0.006 Al —~ 0.008 Al
e e e ®oo
3 S 3 Ge,
= -0.04 = -0.04F = -0.04F *%00e
S S S 9,
3 3 3 %000,
I i i d
= -0.08 e -0.08} o = -0.08F
-0.12F . . . -0.12F ) . . -0.12F . . .
0 200 400 600 0 200 400 600 0 200 400 600

Temperature (K)

Temperature (K)

Temperature (K)

FIG. 5. (a) Raman spectra of GeSb,Te, measured at 7 = 113 and 303 K. The blue empty symbols represent the experimental data and the
red line is the fit with multiple Lorentzian functions. (b) Temperature-dependent Raman intensity plot. (c) The temperature dependence of the

linewidths of the Eé, A%g,

and Aj, modes. (d)~(f) The thermal evolution of the peak frequencies of the E;, Aj, and Aj, modes. The solid line

is the fit of the temperature-dependent peak frequencies using Eq. (1). (g)—(i) Normalized temperature dependence of the peak frequencies of
the Eé, A{g and Afg modes. The peak frequencies at T = 0 K are extracted by extrapolating the fit to 0 K using Eq. (1). The thermal expansion

contribution to the phonon softening is plotted as the purple line.

volume thermal expansion contribution, and the third and
fourth terms are phonon anharmonicity contributions. Here,
B is the thermal expansion coefficient, which can be derived
from the refinements of our temperature-dependent neutron
powder diffraction data (see Supplemental Material Fig. S5
[31]), and y is the mode Griineisen parameters. To the best of
our knowledge, the experimental mode Griineisen parameters
of GeSb,Te, have not been reported so far. Due to the fact that
the lattice dynamic behavior of GeSb,Te4 resembles that of
SnSb,Tey, including the frequencies of the vibrational modes,
we referred to the studies by Sans ef al. [48], in which the
mode Griineisen parameters are 2.05, 2.5, and 0.53 for the Eé,
Al . and Afg modes, respectively.

As shown in Figs. 5(d)-5(f), the phonon softening be-
haviors are well fitted by the Balkanski model. The thermal
expansion contributions to the phonon softening of each mode
are plotted in Figs. 5(g)-5(i). It is clear that the thermal
expansion (the purple line) plays a dominate role in the
softening of the Eé and A{g modes. In contrast, the phonon

anharmonicity contributes more to the phonon softening of the
A?g mode. The phonon linewidth illustrates the broadening
of the spectral peak of a specific phonon mode, which is
caused by the interaction of the phonon with other phonons,
in addition to defects and impurities. The change in phonon
linewidth with temperature is determined by anharmonic
phonon-phonon scattering [43—47], which facilitates the anal-
ysis of the phonon softening based on the Balkanski model.
As seen in Fig. 5(c), the linewidths of the Eé and A%g modes
exhibit only slight variation over a wide temperature range
from 113 to 723 K. Nevertheless, the linewidth of the Afg
mode exhibits a strong temperature dependence. Our data sug-
gest that the low-lying phonon modes do not exhibit evident
enhancement in phonon-phonon scattering with temperature.
Such an observation is in line with the analysis of phonon
softening.

To gain a better understanding of the role of the low-
lying optical phonons in the heat conduction of GeSb,Tey,
we calculated the lattice thermal conductivity by solving the
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FIG. 6. (a) Calculated lattice thermal conductivity of GeSb,Te, along the a- and c-axes as a function of temperature. The symbols are
experimental data extracted from Refs. [8] and [9]. The dashed lines are the calculated lattice thermal conductivity using the ideal Kooi
sequence; the solid lines are the calculated lattice thermal conductivity when the intermixing effect is considered. (b) Frequency dependence
of phonon lifetime at 7 = 300 K. The pink empty symbols represent the calculated phonon lifetime using the ideal Kooi sequence; the blue
solid symbols represent the calculated phonon lifetime when the intermixing effect is considered. (c) Cumulative lattice thermal conductivity
versus frequency along the a- and c-axes at T = 300 K. (d) Frequency dependence of the phonon lifetime at 7 = 300, 500, and 700 K when

the intermixing effect is considered.

phonon Boltzmann transport equation. Although the inter-
mixing effect has a weak impact on the electronic structures
(see Supplemental Material Fig. S6 [31]), it affects thermal
transport by scattering the phonons. As a result, we initially
calculated the lattice thermal conductivity using the ideal
Kooi model. As depicted in Fig. 6(a), the calculated lattice
thermal conductivity decays obviously as a function of tem-
perature, and those values are found to be larger than the
experimental data. To address the impact of the intermixing
effect of geranium/antimony atoms, we referred to a prior
theoretical work on Ge,Sb,Tes by Campi et al. [49] and
treated it as isotopic impurities scattering. Consequently, the
lattice thermal conductivity at T = 300 K decreased from
2.35 to 1.28 Wm™! K! for the @-axis and from 1.45 to
0.91 W m~! K! for the c-axis, which are in good agreement
with the experimental data. As illustrated in Fig. 6(b), the de-
cline in lattice thermal conductivity arises from the reduction
in phonon lifetime above 30 cm™'. Figure 6(c) presents the

cumulative lattice thermal conductivity versus the frequency
along the a- and c-axes for both the ideal Kooi and intermixed
cases. The modes below 60 cm™' contribute 75% and 81%
to the lattice thermal conductivity along the a- and c-axes,
respectively, when the intermixing effect is considered, re-
vealing that heat conduction is dominated by the low-lying
phonon modes. In addition, as depicted in Fig. 6(d), we also
extracted the phonon lifetime at several temperatures. While
the phonon lifetime decreases evidently for some high-energy
phonons [indicated by black rectangles in Fig. 6(d)], the
lifetime of most phonons does not show significant changes
when the temperature changes from 300 to 700 K, which is
due to phonon-germanium/antimony disorder scattering. Such
observation is in line with our Raman data. We thus argue
that the weak temperature dependence of the lattice thermal
conductivity of GeSb,Te, at high temperatures is correlated to
the weak thermal variation of the linewidth of the low-energy
phonons.
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IV. CONCLUSION

In this work, we carried out a systematic investigation
of the electronic structures and lattice vibrational behaviors
of crystalline GeSb,Tes using ARPES, heat capacity, and
Raman scattering measurements, as well as first-principles
calculations. Notably, our observations revealed M-shaped
topological surface states with significant spin polarization
located near the Fermi level, presenting a potential av-
enue for spintronic devices. Through an analysis of the
heat capacity data, we found that the low lattice thermal
conductivity can be partially attributed to the low phonon ve-
locity. Furthermore, the analysis of the temperature-dependent
Raman-active modes suggests that the thermal expansion
effect is the primary driving factor behind the softening
of the low-energy A, and E; phonon modes. Meanwhile,
their phonon linewidth does not exhibit notable changes with
increasing temperatures, indicating the weak temperature-
dependent phonon anharmonicity of these modes. Our lattice
thermal conductivity calculation further supports this finding,
as it reveals that the modes below 60 cm™" contribute mostly

to thermal transport, and the phonon lifetime does not show
apparent variation with temperature. Based on these results,
we believe that minor variation in lattice thermal conductiv-
ity at high temperatures can be primarily attributed to weak
temperature-dependent phonon anharmonicity. Our study pro-
vides new insights into the electronic structures and lattice
dynamics of GeSb,Te,, which could be crucial for its potential
technological applications.
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