
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ja

nu
ar

y 
20

18
. D

ow
nl

oa
de

d 
on

 7
/6

/2
02

5 
2:

53
:0

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Synthesis, magne
aThe Anhui Key Laboratory of Condensed Ma

Magnetic Field Laboratory, Chinese Academy

xiancong@hm.ac.cn
bUniversity of Science and Technology of Ch

Cite this: RSC Adv., 2018, 8, 213

Received 10th November 2017
Accepted 12th December 2017

DOI: 10.1039/c7ra12322a

rsc.li/rsc-advances

This journal is © The Royal Society of C
tic and transport properties of
HTP-Ni3Sn2 single crystals obtained by the
chemical vapor transport method

Cong Xian *ab and Jian Wanga

Here, we report the synthesis, magnetic properties and transport properties of HTP-Ni3Sn2 single crystals.

The magnetic measurements reveal that HTP-Ni3Sn2 has a paramagnetic temperature dependence and the

c axis has a stronger magnetic interaction. Despite the existence of strong antiferromagnetic interactions,

the long range magnetic order is not observed due to the geometrical frustration. Moreover, the sublinear

temperature dependence of the resistivity is presented, which is attributed to short-range correlations

among the geometrical frustration. Our study suggests that the geometrical frustration has an important

influence on the physical properties of HTP-Ni3Sn2.
1. Introduction

Frustrated materials are interesting because their physical
properties are difficult to predict. And frustration can lead to
qualitatively new states of matter and novel physical properties,
such as quantum criticality,1–3 quantum or topological anoma-
lous Hall effect,4–8 spin liquid9–14 and spin ice.15–17 Magnetic
materials with frustrated lattice structures are good platforms
to investigate those novel properties induced by geometrical
frustration, where the interaction between spins cannot be
simultaneously satised. Although a lot of work has been re-
ported about those novel properties, the underlying mechanism
needs to be further studied on more geometrically frustrated
materials.

Ni3Sn2 is a transition metal compound, with two different
phases at different temperature ranges.18–20 The low tempera-
ture phase (LTP) Ni3Sn2 has a Ni3Sn2-type orthorhombic struc-
ture with the space group oP12/Pnma. Above �780 K the
compound transforms to a high temperature phase (HTP)
Ni3Sn2, which has a Ni2In-type hexagonal structure with the
space group P63/mmc. In HTP-Ni3Sn2, Ni atoms with different
coordination form the triangular lattices, which is one of the
key ingredients for spin frustration that may induce quantum
phenomena with exotic physical properties. Though crystal
structure and phase diagram for Ni3Sn2 have been reported in
the previous studies,18–20 less work has been done to study the
magnetic and transport properties.

In this work, we rst report magnetic and transport proper-
ties of HTP-Ni3Sn2 single crystal. The magnetic measurements
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show that HTP-Ni3Sn2 is a paramagnetic compound with an
obvious magnetic anisotropy. Due to the existence geometrical
frustration arising from the triangular nickel lattices, the long
range magnetic order is not observed. The temperature
dependence of the resistivity and MR also reveal a strong
contribution from the short range magnetic order. Our results
suggest that the long-range magnetic order may be suppressed
by the geometrical frustration in HTP-Ni3Sn2.

2. Experimental

Single crystals of HTP-Ni3Sn2 were rst grown by the chemical
vapor transport method by using iodine as a transport agent.
The detailed process can be described as follows. The poly-
crystalline Ni3Sn2 was obtained by reacting Ni powder with Sn
powder with Ni : Sn ¼ 3 : 2 at 800 �C for 3 days. The poly-
crystalline powder together with iodine was sealed in a long
quartz tube under vacuum. The quartz tube was then kept in
a gradient furnace for 7 days with the cooler end at 1000 �C,
while the hot end with the mixed powder at 1070 �C. The quartz
tube naturally cooled to 800 �C in furnace, and then quenching.
Single crystals of HTP-Ni3Sn2 were obtained at the cooler end.
Single crystal X-ray diffraction (XRD) was used to determine
crystal growth orientation (Rigaku-TTR3). The transport
measurements were investigated on the Oxford Instrument
TeslatronPT cryogenic system by four probe technique. The
magnetic measurements were carried out using the Quantum
Design 7 T Magnetic Property Measurement System.

3. Results and discussion

The HTP-Ni3Sn2 has a Ni2In-type hexagonal structure with the
P63/mmc space group, as shown in Fig. 1(a). Ni atoms occupy
two positions and form triangular lattices, which is presented in
RSC Adv., 2018, 8, 213–216 | 213
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Fig. 1 (a) The crystal structure of HTP-Ni3Sn2. (b) The triangular
lattices of Ni atoms. (c) The single-crystal and powder XRD patterns of
HTP-Ni3Sn2.
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Fig. 1(a) and (b). Two Ni2 atoms and a Ni1 atom form the
triangular lattices with distorted conguration, indicating the
existence of frustrated structures. The single crystal and powder
XRD of HTP-Ni3Sn2 are presented in Fig. 1(c). Only (00m)
reections are present in the single crystal XRD, indicating the
large surface of HTP-Ni3Sn2 crystal is ab plane. The c axis lattice
parameter is estimated to be 5.208 Å from the (002) peak posi-
tion by using Bragg's law. In order to verify whether the sample
is a single phase compound, we studied the XRD of the powder
Fig. 2 The susceptibility c for HTP-Ni3Sn2 crystal versus temperature
T for 2 K # T # 300 K in the magnetic field applied (a) along the c axis
and (b) perpendicular to the c axis. The inset is the temperature
dependence of susceptibility anisotropy ratio g ¼ cc/cab at 0.1 T.

214 | RSC Adv., 2018, 8, 213–216
sample ground from single crystals, which is consistent with the
data of the HTP-Ni3Sn2.18 The results also indicate that the
sample has a pure phase.

To investigate the magnetic properties of HTP-Ni3Sn2,
magnetic susceptibility (c ¼ M/H) measurements on a single-
crystalline HTP-Ni3Sn2 was performed. Fig. 2 shows the
temperature dependence of susceptibility c at 0.1 T and the T
range 2 K # T # 300 K for both magnetic eld directions. It's
obvious that the paramagnetic behaviour is presented for both
directions. And the value of c for c axis is larger than that of ab
plane, indicating that the c axis has stronger magnetic correla-
tions. The anisotropy ratio g ¼ cc/cab as a function of temper-
ature is shown in the inset of Fig. 2(b). With decreasing the
temperature, the g slowly increases at the temperature of 120–
300 K and then decreases down to 2 K. In general, c slowly
increases due to the thermal uctuation at high temperature,
leading to a little change for the value of g. Upon further
decreasing temperature, c increases sharply with the decrease
of thermal uctuation. The anisotropic magnetic structure
results in the obvious difference of slope of c for both direc-
tions. It is obvious that the slope of c for ab plane is more than
that for c axis at low temperature. Therefore, the value of g

decreases. In the paramagnetic regime, the c(T) curves follow
the Curie–Weiss law c(T) ¼ c0 + C/(T � qp), where c0 is a T-
independent contribution term of the susceptibility, C is the
Curie constant and qp is the Weiss temperature. The derived
Fig. 3 Magnetization M of HTP-Ni3Sn2 single crystal as a function of
applied magnetic field Hmeasured at the indicated temperatures from
2 K to 300 K with the magnetic field applied (a) along the c axis and (b)
perpendicular to the ab axis.

This journal is © The Royal Society of Chemistry 2018
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effective moments are 1.96 mB/Ni for Hkc and 0.07 mB/Ni for
Hkab, indicating that the c axis is the easy axis and has
a stronger magnetic correlation. The effective moments for the c
axis is close to the theoretical value of 1.73 mB/Ni for S¼ 1/2 Ni3+

ions and less than the theoretical value of 2.83 mB/Ni for high
spin S ¼ 1 Ni2+ ions.21 In addition, the obtained Curie–Weiss
temperatures qp are �1102 K and 23 K for Hkc and Hkab. The
large negative Weiss temperature indicates strong antiferro-
magnetic correlations along c axis. In spite of the observed large
negative Weiss temperature, the long range magnetic order is
absent in c(T) because the geometrical frustration suppress the
long-range magnetic order. As we known, this situation oen is
observed in frustrated materials. For example, despite existence
of antiferromagnetic interaction, Pr2Ir2O7 has no long range
magnetic order due to strong geometrical frustration.22 For
HTP-Ni3Sn2, the geometrical frustration in the triangular nickel
lattice shown in Fig. 1 is likely a possibility to result in the
absence of long range magnetic order.

MagnetizationM of HTP-Ni3Sn2 single crystal as a function of
applied magnetic eld H measured at different temperatures
between 2 K and 300 K for H applied along the c axis and
perpendicular to the ab axis are shown in Fig. 3(a) and (b),
respectively. For the c axis, the M increases sharply upon the
increase of eld at low eld (<1 T), then theM increases linearly
and shows no saturation at all temperatures. But for the ab
plane, only the behaviour ofM at 2 K is similar with that for c axis
due to the magnetic correlation is weak and suppressed with
Fig. 4 (a) Temperature dependence of resistivity r at temperature
ranging from 2 K to 300 K. (b) Magnetoresistance for HTP-Ni3Sn2 at
various temperatures. Inset: corresponding Dr/r(0) vs. H/r(0).

This journal is © The Royal Society of Chemistry 2018
increasing the temperature. At other indicated temperatures, the
M increases linearly and shows no saturation. This also indicates
that HTP-Ni3Sn2 has an anisotropic magnetic structure.

The temperature dependence of the electrical resistivity r(T)
down to 2 K for HTP-Ni3Sn2 single crystals is shown in Fig. 4(a).
The r(T) at zero eld exhibits a metallic behaviour. At low
temperature, a kondo-like increase of resistivity was observed,
which is due to the scattering of conducting carriers from the
magnetic atoms. But above �80 K, the resistivity r temperature
dependence is different with the ordinary metals. For the ordi-
nary metals, the temperature dependence of the total resistivity
at high temperature is T-linear mainly due to electron–phonon
scattering.23,24 But for HTP-Ni3Sn2, the sublinear temperature
dependence was presented at high temperature. The red
sublinear lines shows the tting results by using the formula
r ¼ A + BTn, obtaining n ¼ 0.07 at the temperature of 80–200 K
(n < 1), which is unusual. This abnormal behaviour for resistivity
is attributable to the short-range order correlations arising from
the geometrical frustration, indicating the geometrical frustra-
tion is existed in this material. The similar behaviour was also
observed in the frustrated compound PdCrO2.25

Magnetic eld dependence of in-plane magnetoresistance
(MR) at indicated temperatures are showed in Fig. 4(b). The MR
is calculated by Dr/r ¼ [r(H) � r(0)]/r(0). The positive MR is
presented under the magnetic eld up to 9 T at different
temperatures. At 2 K and 9 T, the value of MR reaches the
Fig. 5 (a) The magnetic field dependence of Hall resistivity rxy at
various temperatures. The magnetic field is along c axis and current is
in ab plane. (b) The Hall coefficient RH and carrier concentrations n for
HTP-Ni3Sn2 from 2 K to 300 K.

RSC Adv., 2018, 8, 213–216 | 215
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maximum value, which is �7%. With increasing temperature,
the MR decreases and then tends to the zero. According to the
Kohler's Rule,26 the MR versus H/r(0) have a universal function
Dr/r(0) ¼ f(H/r(0)) for the metals at all temperatures and elds.
Here, we also analysed the data of MR by the Kohler's Rule, as
shown in the inset of Fig. 4(b). It's obvious that the MR deviates
from the Kohler's law at T > 50 K. This may be due to the change
of contribution from magnetic scattering upon the change of
temperature. Based on the above results of transport, we would
conclude that the magnetic correlations have an important
inuence on the transport properties of HTP-Ni3Sn2.

To quantify the electrical transport properties under applied
magnetic eld, the eld dependence of Hall resistivity rxy of
HTP-Ni3Sn2 is investigated under Hkc at different temperatures,
as shown in Fig. 5(a). The rxy shows nearly linear dependence
to the applied eld in the whole temperature range,
indicating that rxy is derived from the ordinary Hall effect. And
the rxy decreases with the increase of H. This suggests that the
electron-type carrier in HTP-Ni3Sn2 is dominant. The Hall
coefficient (RH) and carrier concentrations (n ¼ �1/(eRH)) were
presented in Fig. 5(b). The normal Hall coefficient RH reaches
the maximum of ��1.3 � 10�8 m3 C�1 at 2 K. which is an order
of magnitude less than that in Fe3Sn2.27 The carrier concentra-
tions n varies from the minimal value 0.5 � 1021 cm�3 at 2 K to
1.0 � 1022 cm�3 at 300 K, which is in the range of typical metal.

4. Conclusions

In summary, we synthesized single crystals of HTP-Ni3Sn2 by
using chemical vapor transport method and characterized their
magnetic and transport properties. The anisotropic magnetic
properties were presented on HTP-Ni3Sn2. Due to the geomet-
rical frustration arising from the triangular nickel lattice, the
long range magnetic order is absent. In addition, the sublinear
temperature dependence of the resistivity was presented and
the MR deviates from the Kohler's law. The detailed analysis
proposes that the magnetic correlations play an important role
on the transport properties of HTP-Ni3Sn2.
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