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ure and lattice dynamics of
Ba2CuTeO6 single crystals†‡

Yun Chen Chung,a Sunil K. Karna,b Fan-Cheng Chou b and Hsiang-Lin Liu *a

The electronic structure and lattice dynamics of Ba2CuTeO6 single crystals were investigated through

spectroscopic ellipsometry and Raman scattering measurements. The room-temperature optical

absorption spectrum of Ba2CuTeO6 presented a direct optical band gap at approximately 1.04 eV and

exhibited four bands at approximately 1.45, 3.43, 4.65, and 5.79 eV. The optical absorption band at

1.45 eV was attributed to on-site Cu2+ d–d transition. The other bands were attributed to charge-

transfer transitions between the O 2p and Cu 3d or Te 5p states. The room-temperature Raman

scattering spectrum of Ba2CuTeO6 exhibited 16 phonon modes at approximately 85, 97, 104, 119, 160,

194, 380, 396, 404, 409, 492, 568, 574, 606, 679, and 751 cm�1. When the temperature decreased to

less than 287 K, which is the temperature at which structural phase transition occurs from the

monoclinic phase to the triclinic phase, additional phonon modes appeared at approximately 124, 128,

152, and 601 cm�1. On further cooling to lower than 75 and 15 K, which are the temperatures at which

short- and long-range antiferromagnetic phase transitions occur, respectively, the phonon modes at

approximately 97, 104, 124, 128, 152, 160, 194, 380, 396, 409, 568, 574, 606, and 679 cm�1 exhibited

softening, which indicates a coupling between the magnetic and lattice degrees of freedom. The

stretching vibration of CuO6 octahedra located at 679 cm�1 had the largest spin–phonon coupling

constant (1.67 mRy Å�2).
I. Introduction

Double perovskite Ba2CuTeO6 has attracted considerable
research interest because of its complex physical properties, such
as structural phase transition,1,2 low-dimensional magnetism
with S ¼ 1/2 Cu2+ ions accompanied by magnetic phase transi-
tions,3 and quantum criticality.4 It consists of CuO6 octahedra
that are linked with corner-shared and face-shared TeO6.1,2,4–6 The
room-temperature crystal structure of Ba2CuTeO6 is monoclinic.
Ba2CuTeO6 undergoes a structural phase transition to the
triclinic structure at approximately 287 K (ref. 4, 7 and 8) and
exhibits magnetic phase transitions at approximately 75 and
15 K.1 When the temperature decreases to 75 K, the S ¼ 1/2 Cu2+

ions form complex-couple Cu–O–Te–O–Cu superexchange paths.
Ba2CuTeO6 exhibits short-range antiferromagnetic (AF) correla-
tions.1 A long-range AF ordering is observed at 15–16 K. The two-
leg ladders have strong interladder couplings, which render the
Néel-ordered ground state stable.7 The crystal and magnetic
phase transitions of Ba2CuTeO6 are presented in Fig. 1.
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Although considerable research has been conducted on
Ba2CuTeO6, its optical and phonon properties have remained
relatively unexplored. Rao et al.1 performed the rst-principles
calculations and predicted a direct band gap energy of 1.0 eV
for Ba2CuTeO6. Glamazda et al.8 examined the polarized Raman
Fig. 1 Crystal structure of Ba2CuTeO6 at low temperatures. Schematic
depicting the electric, structural, and magnetic properties of Ba2-
CuTeO6 (AFM: antiferromagnetic and PM: paramagnetic).
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Fig. 2 (a) Dielectric function of Ba2CuTeO6 estimated at room
temperature. (b) The optical absorption coefficient of Ba2CuTeO6

estimated at room temperature. The dashed lines show the optimal fit
from the Lorentzian model. The inset illustrates the optical absorption
coefficient in the low-energy region (0.5–3.5 eV) and the direct band
gap analysis of Ba2CuTeO6.
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scattering spectra of Ba2CuTeO6 as a function of temperature.
They found that the two-magnon Raman response of Ba2-
CuTeO6 exhibits linear temperature dependence in its peak
energy, linewidth, and intensity over a wide range of tempera-
tures. This scaling behavior suggests that Ba2CuTeO6 is close to
a quantum-critical point from an ordered side. In this study, we
used spectroscopic ellipsometry and Raman scattering
measurements to investigate the electronic structure and lattice
dynamics of Ba2CuTeO6. We observed a direct optical band gap
near 1.04 eV at room temperature and four optical excitations at
approximately 1.45, 3.43, 4.65, and 5.79 eV. Furthermore, we
noted 16 Raman-active phonon modes. When the temperature
was decreased, anomalous results were observed at tempera-
tures lower than 75 K for the position and strength of the
phononmodes at approximately 97, 104, 124, 128, 152, 160, 194,
380, 396, 409, 568, 574, 606, and 679 cm�1, which can be
attributed to spin–phonon coupling-induced phonon
renormalization.

II. Experiment

Single-crystal Ba2CuTeO6 samples were grown through the ux
method by using BaCl2 as the ux. A mixture of the poly-
crystalline sample of Ba2CuTeO6 and the ux of BaCl2 (molar
ratio, 1 : 3) was melted in an alumina crucible at 1150 �C for
24 h. The furnace was slowly cooled to 850 �C at a rate of 3 �C
h�1 and then cooled to room temperature at a rate of 80 �C h�1.
Dark green crystals (1–3 mm) were mechanically separated from
the crucible and then washed with hot water.1 The crystal
structure and phase purity of the samples were examined
through synchrotron X-ray powder diffraction.1 Spectroscopic
ellipsometry measurements were conducted at an incidence
angle of 75� by using a Woollam M-2000U ellipsometer over
a spectral range of 0.73–6.42 eV. The experimental data were
measured reproducibly at three spots (100 � 100 mm2) on the
sample surface by using a specially designed focusing optics
system coupled with an ellipsometer. Lorentz approximation
was used to t the raw ellipsometry data and calculate the
dielectric function. Micro-Raman scattering experiments were
conducted with a backscattering geometry by using a diode-
pumped solid-state laser at an excitation wavelength of
532 nm. We focused linearly polarized light on the sample
through a 50� optical microscope objective (numerical aper-
ture: 0.75) with a spatial resolution of 3 mm. To avoid heating
effects, the laser power used was less than 1 mW. The scattered
light, which was not subject to polarization analysis, was
collected and dispersed using a SENTERRA spectrometer
equipped with a 1024-pixel-wide charge-coupled detector. The
spectral resolution with this spectrometer is typically less than
0.5 cm�1. The polarized Raman scattering spectra were ob-
tained in backscattering geometry from four scattering cong-
urations, namely Z(Y, Y)Z�, Z(Y, X)Z�, Z(Y0, Y0)Z�, and Z(Y0, X0)Z�. In
this Porto notation, the rst and last letter represent the
directions of the incident and scattered light, whereas the
letters in parentheses indicate the polarizations of the incident
and scattered light, respectively. X, Y, and Z are parallel to the
orthorhombic [100], [010], and [001] crystal directions, whereas
20068 | RSC Adv., 2020, 10, 20067–20072
X0 and Y0 are along [110] and [�110] crystal directions, respec-
tively. The sample was placed in a continuous helium ow
cryostat, which allowed measurements to be conducted in the
temperature range of 10–300 K.
III. Results and discussion

Fig. 2(a) presents the real (31) and imaginary (32) parts of the
dielectric function 3(u) of Ba2CuTeO6, which was obtained
through spectroscopic ellipsometry analysis at room tempera-
ture. The dispersive response of 31 had a positive value, which
was similar to the typical behavior of a semiconductor. The peak
of 32 at approximately 4.0 eV leveled off at higher energies,
which revealed that electromagnetic radiation was absorbed by
Ba2CuTeO6 near 4.0 eV. Fig. 2(b) illustrates the optical absorp-
tion coefficient spectrum of Ba2CuTeO6 measured at room
temperature. We tted this absorption spectrum by using
standard Lorentzian functions.9 With an increase in photon
energy, absorption increased progressively and four absorption
bands were observed at approximately 1.45, 3.43, 4.65, and
5.79 eV. According to the previous rst-principles calculations,
the rst absorption peak (the inset of Fig. 2(b)) was attributed to
the on-site Cu2+ d–d transition. The other peaks were attributed
This journal is © The Royal Society of Chemistry 2020
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to charge-transfer transitions from the oxygen 2p states to the
copper 3d or tellurium 5p states.1

In a typical solid, the absorption coefficient includes
contributions from the direct and indirect band gap transitions
and is expressed as follows:10,11

aðEÞ ¼ A

E

�
E � Eg;dir

�0:5 þ B

E

�
E � Eg;indHEph

�2
; (1)

where Eg,dir and Eg,ind are the magnitudes of the direct and
indirect band gaps, respectively, Eph is the absorbed (emitted)
phonon energy, and A and B are constants. The aforementioned
model, which assumes a simple band shape, enables the
extraction of the direct energy gap when (aE)2 is plotted as
a function of the photon energy. The inset of Fig. 2(b) presents
a direct band gap of 1.04 � 0.01 eV at 300 K. Plotting (aE)0.5 as
a function of photon energy led to an indirect band gap of about
0.24 eV (see ESI Fig. 1†). Our experimental result in the direct
band gap analysis is in good agreement with the theoretical
band structure calculations of Ba2CuTeO6, which yield a direct
band gap energy of 1.0 eV.1

Fig. 3 depicts the room-temperature Raman scattering
spectrum of Ba2CuTeO6. The spectrum comprises 16 rst-order
Raman phonon modes. We tted these phonon peaks using
standard Lorentzian functions.9 We observed a total of 16
Raman-active phonon modes at room temperature at approxi-
mately 85, 97, 104, 119, 160, 194, 380, 396, 404, 409, 492, 568,
574, 606, 679, and 751 cm�1. The inset illustrates the polarized
Raman scattering spectra of Ba2CuTeO6 at room temperature in
four congurations. The modes at 85, 97, 104, 119, 160, 194,
380, 396, 404, 409, 492, 568, 574, 606, 679, and 751 cm�1

exhibited a higher intensity in the parallel conguration (YY)
Fig. 3 Unpolarized Raman scattering spectrum of Ba2CuTeO6

measured at room temperature. The dashed line shows the fitting
results of the spectrum obtained using the Lorentzianmodel. The inset
illustrates the polarized Raman scattering spectra and the optical
image of Ba2CuTeO6 single crystal. The notations used for the crys-
tallographic directions are also given.

This journal is © The Royal Society of Chemistry 2020
than in the cross conguration (YX). This satises the selection
rule for C2/m in which A1g and B1g modes should appear in the
YY conguration and no peaks are expected for the YX cong-
uration. On the other hand, the primed spectra Y0Y0 was
different from its unprimed counterpart YY, which shows that
the sample is a single crystal. The Y0Y0 spectrum showed the
suppressed intensity of the modes approximately 160 and
606 cm�1. We deduced that the 85, 97, 104, 119, 194, 380, 396,
404, 409, 492, 568, 574, 679, and 751 cm�1 phonon modes
exhibited A1g symmetry, whereas the 160 and 606 cm�1 phonon
modes exhibited B1g symmetry. According to factor group
analysis, Ba2CuTeO6 has a monoclinic structure (space group
C2/m)8 that contains one formula unit per primitive cell at room
temperature. The irreducible representation of the phonon
modes at the center of the Brillouin zone is presented as
follows: G ¼ 16Ag + 11Bg.8 In accordance with previous report,8

the phonon peaks at approximately 85, 97, 104, 119, 160 and
194 cm�1 were assigned to the displacement of Ba atoms and
the rotations of CuO6 and the TeO6 octahedra. The phonon
peaks at approximately 380, 396, 404, 409, and 492 cm�1 were
associated with the bending vibrations of CuO6 and TeO6

octahedra. The phonon peaks at approximately 568, 574, 606,
679, and 751 cm�1 were attributed to the stretching vibration of
TeO6 and CuO6 octahedra.

The temperature-dependent Raman scattering spectra of
Ba2CuTeO6 are depicted in Fig. 4. The inset illustrates the
Raman scattering spectra between 75 and 150 cm�1. At low
temperatures, the irreducible representation of the phonon
Fig. 4 Temperature dependence of Raman scattering spectra of
Ba2CuTeO6. The inset indicates the Raman scattering spectra between
75 and 150 cm�1.

RSC Adv., 2020, 10, 20067–20072 | 20069
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Fig. 6 Temperature dependence of frequency, linewidth, and
normalized intensity of (a) 606 and (b) 679 cm�1 phonon modes. The
vertical dashed lines indicate the magnetic phase transition tempera-
tures at 15 K, 75 K and structure phase transition at 287 K. The thin solid
line denotes the result of the fitting obtained using the anharmonic
model.
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modes at the center of the Brillouin zone is presented as G ¼
27Ag. In our investigation, we observed 20 phonon modes. New
peaks appeared at approximately 124, 128, 152, and 601 cm�1 at
low temperatures. Fig. 5 illustrates the new peaks that appeared
between 120 and 130 cm�1 at low temperatures. The new peaks
indicate that a weak crystal phase change occurred from the
monoclinic state to the triclinic state.2,8 With a decrease in
temperature, these new phonon modes exhibited soening at
temperatures lower than 75 K. Fig. 6 displays the temperature-
dependent parameters (frequency, linewidth, and normalized
intensity) of the phonon modes at 606 and 679 cm�1. The
temperature-dependent parameters of other phonon modes are
provided in ESI Fig. 2.† The stretching vibrations of TeO6 and
CuO6 octahedra near 606 and 679 cm�1 exhibited a blueshi
when the temperature decreased to 200 K. When the tempera-
ture decreased to 75 K, which is the short-range AF phase
transition temperature, the redshi and normalized intensities
of the phononmodes increased. Our results differed from those
of previous measurements.8 Glamazda et al. did not observe the
phonon anomalies at temperatures lower than the magnetic
phase transition temperatures. One possibility that could
account for this difference is due to the different growth
processes,1,8 resulting in different quality of single crystals.

The temperature dependence of the phonon frequency can
be expressed as follows:12

uðTÞ ¼ u0 þ A

�
1þ 2

expðħu0=2kBTÞ � 1

�
; (2)
Fig. 5 Temperature dependence of phonon frequency near 119, 124,
and 128 cm�1.

20070 | RSC Adv., 2020, 10, 20067–20072
where u0 is the intrinsic frequency of the optical phonon mode,
parameter A is the anharmonic coefficient, and

1
expðħu0=2kBTÞ � 1

corresponds to the thermal population

factor of acoustic modes. For the analysis of anharmonic
contributions to the 606 cm�1 phonon modes, the values of u0

(approximately 615 cm�1) and parameter A (approximately
�6.8 cm�1) were determined. For the 679 cm�1 phonon mode,
the values of u0 (approximately 690 cm�1) and parameter A
(approximately �10 cm�1) were determined. The thin solid
lines in Fig. 6(a) and (b) represent the theoretical predictions
based on eqn (2). The frequency of the stretching vibrations of
the TeO6 and CuO6 octahedra deviated from the theoretical
predictions at temperatures lower than 75 K. This phenomenon
occurred because of a spin–phonon coupling in the AF state of
Ba2CuTeO6.

In a magnetic material, the temperature-dependent
frequency change of the phonon mode can be expressed as
follows:13

u(T) ¼ u0 + Dulatt(T) + Duanh(T) + Due-ph(T) + Dus-ph(T), (3)

where u0 is the harmonic frequency of the phonon; Dulatt(T) is
the contribution of lattice expansion and contraction to the
phonon frequency; Duanh(T) is the intrinsic anharmonic contri-
bution; Due-ph(T) is the contribution due to the renormalization
effect of the phonon frequency that results from electron–phonon
coupling, which could be negligible in Ba2CuTeO6; and Dus-ph(T)
is the spin–phonon coupling contribution caused by lattice
This journal is © The Royal Society of Chemistry 2020
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Table 1 Spin–phonon coupling constants for 14 phonon modes

Mode frequency (cm�1) Spin–phonon coupling constant (mRy Å�2)

97 0.39
104 0.76
124 0.40
128 0.38
152 0.37
160 0.56
194 0.51
380 0.56
396 1.27
409 0.60
568 0.56
574 0.88
606 1.49
679 1.67
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vibrations due to the modulation of the exchange integral. The
magnetic coupling among Cu spins is expected to be established
through the Cu–O–Te–O–Cu superexchange path. Spin correla-
tions develop when the temperature decreases to 75 K. We
calculated Dus-ph from the frequency-shi data by using the
following expression:14

Dus-ph ¼ � 1

u0

�
leff

��MsubðTÞ
4mB

�2
; (4)

where leff is the spin–phonon coupling constant and Msub(T) is
the sublattice magnetic susceptibility. We used the magnetic
susceptibility1 to estimate the spin–phonon coupling constant
for all redshied phonon modes. The spin–phonon coupling
constants are listed in Table 1. These values were one order of
magnitude lower than those obtained for perovskite oxides,15–20

thus reecting a weak spin-phonon coupling in Ba2CuTeO6.
IV. Summary

We used spectroscopic ellipsometry and Raman scattering
spectroscopy to investigate the electronic and phononic exci-
tations of Ba2CuTeO6. The direct optical band gap was found to
be 1.04 eV. The optical absorption band at approximately
1.45 eV was attributed to on-site Cu2+ d–d transition. The other
bands at approximately 3.43, 4.65, and 5.79 eV were attributed
to charge-transfer transitions between the O 2p and Cu 3d or Te
5p states. Anomalies in the phonon frequency and intensity
were detected at approximately 75 K, which indicated a spin–
phonon coupling in Ba2CuTeO6. The stretching vibration of
CuO6 octahedra located at 679 cm�1 exhibited the largest spin–
phonon coupling constant (1.67 mRy Å�2).
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