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In this paper, we report on the transport and magnetic properties of layered oxytelluride BiCuTeO
polycrystals with slight mixed valence of Cu. The temperature-dependent electrical resistivity reveals
degenerate semiconductor behavior (similar to metals). Under the action of an external magnetic field,
the BiCuTeO polycrystal sample exhibits unsaturated magnetic resistance (MR) of about 8% at 2 K and 9
Tesla. The Hall resistivities show nonlinear behavior, suggesting the coexistence of both electrons and
holes in the sample. When the temperature is decreased to around 110 K, the dominant carriers are
changed from electrons to holes from the viewpoint of electrical transport, which is supported by the
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magnetic moment formed by a small amount of positive divalent copper exhibits short-range magnetism

DO 10.1039/d0ra02763d (a spin-glass-like feature), which gives rise to a narrow magnetic hysteresis loop. Our work may benefit
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1. Introduction

Over the past few decades, quaternary compounds with
a general formula MNXO (M = trivalent cation; N = Ag, Fe, Cu,
etc.; X = pnictogen or chalcogen) have prompted a great deal of
research.”™ These materials crystallize in the same tetragonal
ZrCuSiAs structure type with the P4/nmm space group,”
comprising (N,X,)*>~ layers alternately stacked with (M,0,)**
layers along the c-axis by weak ionic bonds, where the former
transfer carriers and the latter reserve carriers. With such a two-
dimensional (2D) layered structure, they have been established
with distinct element combinations exhibiting rich physical
properties and potential application prospects, such as super-
conductivity in 1111 iron-based materials,”® and good opto-
electronic and thermoelectric performance in 1111 copper-
based materials.®™**

Among these quaternary compounds, a promising thermo-
electric (TE) material BiCuSeO has attracted intensive research
interest in recent years."'** The thermoelectric figure of merit
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in-depth understanding of physical properties of BiCuTeO-based materials.

(zT) is defined as ZT = S$°Ta/A, where S, ¢, T, A and are the
Seebeck coefficient, electrical conductivity, absolute tempera-
ture, and thermal conductivity respectively. Due to the large
Seebeck coefficient (>300 pv K~ ') and low thermal conductivity
(~0.2 W m™" K" at high temperature), the ZT value of BiCuSeO
can reach up to ~1.5 after many attempts for optimizing ther-
moelectric properties, which exhibits a favorable potential for
thermoelectric devices."*"”

As a rational chemical approach, introduction of Cu vacan-
cies could effectively enhance the electrical conductivity so as to
improve thermoelectric performance of BiCuSeO."®" In addi-
tion, the Cu defect also bring about some unique physical
properties in BiCuSeO-based materials. For example, a large
magnetoresistance, ferromagnetic and antiferromagnetic
coupling, and charge transfer between the conduction and
magnetic electrons caused by Cu vacancies were observed in
BiCuy 965€0.?° The similar spin-charge couplings were also
found in Cu-deficient BiCug¢,S0.>* Of particular concern is,
theoretical studies suggested BiCuSO would exhibit supercon-
ductivity with appropriate doping.”* And then, the supercon-
ductivity was found in BiOCu, _,S as reported by Ubaldini et al.**
The new superconducting compound having similar structure
of the Fe oxypnictide superconductors,* which provides a useful
clue to look for more layered 1111 structure superconducting
compounds.® Based on the above, it is believed that Cu defi-
ciency plays a key role in exploring new physical properties in
this class of materials (BiCuSO, BiCuSeO and BiCuTeO).

In our previous report,” we have studied electrical and
magneto-transport properties of BiCuTeO polycrystal with
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slight Bi vacancies. Here, we introduced slight Cu mixed-
valence in BiCuTeO by adjusting growth parameters to
observe its possibly novel physical properties. Systematic
structure, component, transport and magnetic properties of the
as-prepared samples were investigated. Particularly, these bulk
BiCuTeO materials exhibit a metal type behavior, an unsatu-
rated magnetoresistance (MR) and nonlinear Hall resistivities
caused by the coexistence of both electron and hole. At low
temperatures, the magnetic moment of impurities formed by
a small amount of divalent Cu shows the short-range magne-
tism. Meanwhile the diamagnetic contributed by the co-
existence of two carriers appears at high temperature (~90 K).

2. Experiments
2.1 Synthesis of BiCuTeO polycrystals

BiCuTeO powder has been synthesized by a direct solid-state
reaction with highly pure Bi (Alfa Aesar 99.999%), Bi,O; (Sino-
pharm Chemical Reagent 99.99%), Cu (Sinopharm Chemical
Reagent 99.99%), and Te (Alfa Aesar 99.999%) powders using
high purity quartz ampoules as the reactor.® The mixtures were
placed in the sealed and evacuated quartz ampoules, heated to
300 °C at a rate of 100 °C h™" and held at this temperature for
20 h. And then the container were heated to 580 °C in 3 h and
kept at this temperature for 72 h until the reaction completed. It
should be emphasized that in this work, the raw powder of Bi-
Bi,05-Cu-Te was heated to 580 °C in 3 h and kept at this
temperature for 72 h until the reaction completed; but in our
previous work,* these raw powders were heated to 550 °C in 2 h
and kept at this temperature for 48 h. The obtained bulk products
were crushed and finely grinded into powders. Then the
powders were hot-pressed into a disk-shaped sample (pellet) of
¢ 10 mm X 2.5 mm under the axial compressive stress of
15 MPa. Finally, the as-prepared pellet samples were heated
again at 550 °C (held about 6 h) to obtain bulk BiCuTeO
material. The final BiCuTeO samples were cut into the flake
with the size of about 3 mm x 2 mm x 1 mm for experimental
measurement. All sample preparation processes, including the
weighing of raw materials and grinding of powders, were
carried out in air.
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2.2 Characterization

Room temperature X-ray diffraction (XRD) was carried on
Ultima III Rigaku X-ray diffractometer, Cu-K,, radiation with 26
scanned from 5° to 60° was applied to investigate crystal
structure of samples. The elemental compositions of the
samples were determined by an energy dispersive spectrometer
(EDS) equipped in a scanning electron microscope (SEM) (FEI-
Quanta) with the internal calibration. The accelerating voltage
for the SEM in the experiment is 25 kV. Standard six-probe
method was employed on the roughly rectangular crystals for
the electrical transport measurements which were performed in
a 9 T physical properties measurement system (PPMS, Quantum
Design). During the electrical measurement, platinum wire was
used as electrodes. Magnetic tests were carried out in super-
conductor quantum interference device (SQUID, Quantum
Design). X-ray photoelectron spectrum (XPS) was used for
detecting element binding energy and valence analysis.

3. Results and discussion
3.1 Crystal diffraction and composition of elements

Room temperature X-ray diffraction characterization was per-
formed with 26 scanned from 5° to 60° (as shown in Fig. 1(a)). The
specific peak position marks the calculated facet index.” It should
be mentioned that we have not found any reflections coming from
CuO impurity phase from XRD data. Fig. 1(b) shows the EDS
results of Bi, Cu, O, and Te elements in bulk BiCuTeO polycrystal
sample. Quantitative EDS analysis indicates that the ratio among
Bi, Cu, O, and Te is 1:0.93: 1.05 : 0.96, which is close to the
stoichiometric formula. In addition, the compounds should keep
electrical neutrality; therefore the ratio of Cu** impurity in Cu
elements can be determined as 9.7% by means of EDS data.
The valence of each element and element category is judged
by the X-ray photoelectron spectroscopy to reflect the binding
energy of the elements.?® The high resolution patterns are pre-
sented in Fig. 2. The characteristic peak of the Bi element in
Fig. 2(a) appears at 158.5 eV and 163.8 eV, a gap between the Bi
4f,, and Bi 4f;;, peaks of 5.3 eV, which represents the Bi**
oxidation state of this element. However, the Cu 2p4,, and 2pz.,
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(@) Room temperature XRD pattern of the representative BiCuTeO poly-crystals measured in ab plane. (b) The EDS spectra of selective

BiCuTeO sample. The major characteristic X-ray peaks of Bi, Cu, Te and O are labeled in the spectra, respectively.
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Bi, Cu and Te elements, respectively. The

spectrum of Cu shows the co-existence of Cu'* and Cu?* ions, the fitting line was marked as red color.

peaks in BiCuTeO (see Fig. 2(b)) verify that this element is spectrum, characterized by shoulders on the Cu' peaks at
mainly at the +1 oxidation state, with a gap of 20 eV between 933.8 eV and 954.9 eV. Quantitively, by fitting results (see red
these two main peaks. Cu®" species are also observed on this color line in Fig. 2(b)) with XPS peaks software, the amount of
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Fig. 3 (a) Temperature dependent resistivity ratio under different applied magnetic field of 0 T, 5 T and 9 T. (b) Magnetic field dependent
magnetic resistivity for series fixed temperature points. (c) The B related Hall resistivity of sample under temperature range from 2 K to 250 K. (d)

Carrier concentrations and motilities for electron and hole fitted with two-band model.
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Fig.4 Temperature dependent Fermi energy variety of BiCuTeO from
theory calculation.

Cu®" impurity takes up 11.2% in all Cu elements by calculating
the ratio of peaks area. This result is consistent to EDS data.
Considering the finite errors in EDS characterization and XPS
fitting, the probability of Cu** ratio is around 10.0%. Therefore,
it can be elementally judged that the Cu element in the BiCuTeO
sample is mainly +1 valence. Fig. 2(c) shows the binding ener-
gies of Te elements. The corresponding valence state is —2 with
diagnostic peaks at 573.1 eV and 583.2 eV labeled as Te 3ds,
and Te 3d;,, respectively.

3.2 Analysis of electron charge transport

Fig. 3(a) shows the temperature dependence of resistivity py,
measured under various external magnetic field B perpendic-
ular to electric field I. Under zero field, p,, exhibits a metallic
behavior. Quantitatively, p,, are 1.73 mQ cm and 5.56 mQ cm at
2 K and 390 K, respectively. The residual resistivity ratio (RRR)
of the sample was calculated as 3.21. With application of 5 Tesla
and 9 Tesla magnetic field, the sample still shows a metallic
behavior. Due to the Lorentz cyclotron motion caused by B, the
scattering of electrons is increased, which is not reflected in the
high temperature range. In the low temperature region, the
residual resistance increases as the B increases. Fig. 3(b) shows
the field-dependence of magnetoresistance (MR) of bulk BiCu-
TeO sample at different temperature. The MR is defined as MR
= [Rex(B) — Ryx(0)]/Rix(0) x 100%, where R,,(0) and R,,(B) are
the resistance measured at zero magnetic field and an applied
magnetic field B, respectively. At 2 K, the magnetoresistance is
8% under 9 T, indicating that the influence of the magnetic field
on the electron scattering is too slight, which is consistent with
the performance of the temperature dependence of resistivity
pxx in the low temperature region measured under various
external magnetic field (see Fig. 3(a)). The Hall data are depicted
in Fig. 3(c). One can see, at 2 K, 5 K, and 10 K, the Hall resistivity
increases linearly with the augment of the external magnetic
field, and the carriers in the sample are holes. When the
temperature is higher than 20 K, electron carriers begin to
appear. This is because a few electrons are in the Cu defect level
at low temperature. Electrons hop from the defect level to the
conduction band by thermal excitation, and then participate in
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Fig. 5 (a) Magnetization vary with temperature under external
magnetic field cooling and zero magnetic field cooling. (b) and (c)
Magnetization loops of BiCuTeO taken from 2 K to 390 K. Magnetic
hysteresis appears in low field (about 4000 Oe) of loops collected at 2
K, 5 Kand 10 K.

the transport process. In addition, up to 100 K, holes are the
dominant carriers. Electron become the dominant carriers until
temperature above 110 K. Fig. 3(d) shows the temperature-
dependent carrier concentrations and mobilities which were
calculated by means of two-band model (eqn (1)),

B (nnpy? — nep?) + (nn — ne)wy>u,> B

Pxy = —
Tl (A mee)” A+ (mn — ne) 2 B

(1)

This journal is © The Royal Society of Chemistry 2020
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where n,. is the electron concentration, n;, is the hole concen-
tration, u. is the electron mobility, and u;, is the hole mobility.>”
Under the assumption that u. is approximate with w, and
consider the absolute value |n. — ny,| as a small amount to 7 +
ny,. Then hall resistivity can be expressed as py, =a x B+b x B>+
¢ x B’. The above four parameters are obtained by these
conditions. With the temperature increasing, the electron and
hole carrier concentrations heighten simultaneously, and the
carrier concentration is on the order of 10?° cm >, The mobility
of electrons and holes has a peak of 8.6 cm®> V™' S™* at 110 K,
which is due to the close carrier concentration. Meanwhile, the
BiCuTeO band gap acquired from experimental measurement is
0.4 eV.? So BiCuTeO can be regarded as a narrow-bandgap

semiconductor. Accordingly, the temperature-dependent
Fermi energy Er can be calculated by
Nc e #Fe=0) 4 Ny {1 — 7&:*(5?15/0 " 1} = Ny e?E5) (2)
3 3
Ne(T) = 2.5(%)1%)210'9 cm™ 3)
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In the eqn (3) and (4), N¢ is the conduction band electron
number, and Ny is the valence band electron number, m, is the
effective mass of the conduction band electrons, m, is the
effective mass of the valence band electrons, and m, is the
electron static mass, respectively.

In the formula (2), (3) and (4), N¢ is the conduction band
electron number, and Ny is the valence band electron number.
E, is the impurity level provided by Cu defects, m, is the effective
mass of the conduction band electrons, m, is the effective mass
of the valence band electrons, and m, is the electron static mass.
Set By =0, Ex = 1.73 x 10~ * eV (2 K), Ec = 0.5 eV, m, = mg, m, =
5m,. Based on the formulas from (2) to (4), one can acquire the
temperature dependent Er which is drawn in Fig. 4. When T
rises, Er gets closer and closer to the conduction band, meaning
that more electrons will hop through the thermal excitation to
the conduction band to participate in the transport, matching
the results of the two-band model fitting shown in Fig. 3(d).

3.3 Magnetization curve and discussion

Magnetization-temperature (M-T) curve of zero-field cooling
(zZFC) and field-cooled (FC) of BiCuTeO are displayed in
Fig. 5(a). The little feature observed in M-T curve under ZFC at
temperature around 120 K, the absence of this feature from FC
curve is typical sign of a short-range (spin glass-like) static
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(a) The detached magnetic hysteresis of BiCuTeO at 2 K. (b) The paramagnetic background of sample at 2 K. (c) The ferromagnetic-like

hysteresis of BiCuTeO at 90 K. (d) The diamagnetic background induced by the competition of two types of carriers.
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magnetic correlation.”®* It should be mentioned that the M-T
curve measured under ZFC condition has a kink feature at 120 K
that is quite different from Néel temperature (~210 K) in anti-
ferromagnetic CuO,* which may be an evidence of free-of CuO
impurity phase. In the low temperature region, the sample
exhibits net moments, which is contributed by a small amount
of variable-valent Cu** ions. The ZFC curve has a turn at around
120 K, which corresponds to the dominant carriers transition
observed in the Hall test. Magnetization-magnetic field curves
in Fig. 5(b) and (c) show typical signals of the short-range
magnetism of the test samples at 2 K, 5 K and 10 K, the loops
are closed at around 4000 Oe. When the temperature rises (>10
K), the short-range magnetic correlation is influenced by the
thermal fluctuation, the loop narrows further as the tempera-
ture increases. Besides, the M vs. H curves in Fig. 5(b) do not
show signs of saturation, which can also be due to the short-
range magnetic correlations.” Quantificational, the magnetic
hysteresis of BiCuTeO at 2 K can be divided into two parts, the
one is hysteresis induced by the short-range magnetic correla-
tion (see Fig. 6(a)), and the other is paramagnetic background
(see Fig. 6(b)). Another example is the magnetic hysteresis of
sample at 90 K which were also broken up into portions.
Specifically, the actual ferromagnetic signal is depicted in
Fig. 6(c) and the diamagnetic background (shown in Fig. 6(d))
induced by the competition of electron carriers and hole
carriers.

Finally, we'd like to compare the physical property difference
of BiCuTeO between this letter and our previous paper.”® In our
previous paper,* we observed electrical carriers being holes,
and linear magnetic-field-dependent Hall-resistivity, and para-
magnetic property. But here we reported the non-linear
magnetic-field-dependent Hall-resistivity and short-range
magnetism. We believe these differences coming from: BiCu-
TeO samples characterized in this work have Cu®" ions, while
samples reported in our previous paper are mainly Bi-deficient.
We wish our work excites further work on BiCuTeO with Cu
mixed-valence, maybe there is superconductivity in BiCuXO (X
=S, Se and Te) compounds with Cu-Te tetrahedrons, rather
than cuprates containing Cu-O squares.

4. Summary

In conclusion, bulk BiCuTeO materials were prepared and
subjected to multiple transport and magnetic characterizations.
The XRD, EDX and XPS measurements reveal that the sample
has a small amount of Cu defects (mixed-valence Cu). This
defect makes BiCuTeO show a metal type behavior, and an
unsaturated magnetoresistance (MR) about 8% at 2 K with 9 T
field and nonlinear Hall resistivities caused by the coexistence
of both electron and hole. Using two-band model, the
temperature-dependent concentration and mobility of electron
and hole were revealed. With the temperature decreased, the
dominant carriers changed from electrons to holes. At the turn
point (~110 K), the mobility of the sample is also relatively high
of about 8.6 cm® V™! §7%, and the number of electron-holes is
quite close. Magnetic measurements show that the BiCuTeO
sample has the short-range magnetism at low temperatures,
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which comes from a small amount of Cu®* ions. This work
provides experimental reference for exploring more unique
physical properties in BiCuSO, BiCuSeO and BiCuTeO
compounds.
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