
This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 211.86.158.36

This content was downloaded on 24/05/2017 at 03:32

Please note that terms and conditions apply.

Pressure Tuning of Magnetism and Drastic Increment of Thermal Conductivity under Applied

Magnetic Field in HgCr2S4

View the table of contents for this issue, or go to the journal homepage for more

2016 Chinese Phys. Lett. 33 067501

(http://iopscience.iop.org/0256-307X/33/6/067501)

Home Search Collections Journals About Contact us My IOPscience

You may also be interested in:

Giant magnetothermal conductivity and magnetostriction effect in the charge ordered Nd0.8Na0.2MnO3

compound

B. Samantaray, N. Khan, A. Midya et al.

Spin-lattice coupling and frustrated magnetism in Fe-doped hexagonal LuMnO3

Harikrishnan S. Nair, Zhendong Fu, C. M. N. Kumar et al.

Low-temperature thermal conductivity of highly porous copper

G Tomás, D Martins, A Cooper et al.

Modeling of thermal conductivity in high performing thermoelectric materials

E. Hatzikraniotis, Th. Kyratsi and K.M. Paraskevopoulos

Room-Temperature Multiferroic Properties in NiBi2O4

Kai Chen, Feng Gao, Weiwei Lin et al.

Viscosity and Thermal Conductivity of Li, Na, and K Gases

M Bouledroua, A Dalgarno and R Côté

Measurement of Thermal Conductivity of   Ultrapure Copper at Low Temperatures

Gang Ke, Hidekazu Makuuchi and Takasu Hashimoto and Norio Yamamoto

The Thermal Conductivity of Metals at Low Temperatures II: The Transition Elements

K Mendelssohn and H M Rosenberg

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0256-307X/33/6
http://iopscience.iop.org/0256-307X
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience
http://iopscience.iop.org/article/10.1209/0295-5075/113/17003
http://iopscience.iop.org/article/10.1209/0295-5075/113/17003
http://iopscience.iop.org/article/10.1209/0295-5075/110/37007
http://iopscience.iop.org/article/10.1088/1757-899X/101/1/012004
http://iopscience.iop.org/article/10.1088/1742-6596/785/1/012004
http://iopscience.iop.org/article/10.1209/0295-5075/89/27004
http://iopscience.iop.org/article/10.1238/Physica.Regular.071a00519
http://iopscience.iop.org/article/10.1143/JJAP.33.1468
http://iopscience.iop.org/article/10.1088/0370-1298/65/6/302


CHIN.PHYS. LETT. Vol. 33, No. 6 (2016) 067501

Pressure Tuning of Magnetism and Drastic Increment of Thermal Conductivity

under Applied Magnetic Field in HgCr2S4
*

Chuan-Chuan Gu(顾川川)1, Xu-Liang Chen(陈绪亮)1**, Chen Shen(沈晨)2, Lang-Sheng Ling(凌浪生)1,
Li Pi(皮雳)1, Zhao-Rong Yang(杨昭荣)1,2,3**, Yu-Heng Zhang(张裕恒)1,3

1High Magnetic Field Laboratory, University of Science and Technology of China,

Chinese Academy of Sciences, Hefei 230031
2Key Laboratory of Materials Physics, Institute of Solid State Physics, Chinese Academy of Sciences, Hefei 230031

3Collaborative Innovation Center of Advanced Microstructures, Nanjing University, Nanjing 210093

(Received 1 March 2016)

HgCr2S4 is a typical compound manifesting competing ferromagnetic (FM) and antiferromagnetic (AFM) ex-

changes as well as strong spin–lattice coupling. Here we study these effects by intentionally choosing a combina-

tion of magnetization under external hydrostatic pressure and thermal conductivity at various magnetic fields.

Upon applying pressure up to 10 kbar at 1 kOe, while the magnitude of magnetization reduces progressively, the

AFM ordering temperature 𝑇N enhances concomitantly at a rate of about 1.5K/kbar. Strikingly, at 10 kOe the

field polarized FM state is found to be driven readily back to an AFM one even at only 5 kbar. In addition, the

thermal conductivity exhibits drastic increments at various fields in the temperature range with strong spin fluc-

tuations, reaching about 30% at 50 kOe. Consequently, the results give new experimental evidence of spin–lattice

coupling. Apart from the colossal magnetocapacitance and colossal magnetoresistance reported previously, the

findings here may enable new promising functionalities for potential applications.

PACS: 75.25.Dk, 75.30.Kz, 47.80.Fg, 74.25.fc DOI: 10.1088/0256-307X/33/6/067501

In the family of chromium-based spinels with the
formula 𝐴Cr2𝑋4 (here 𝐴=Zn, Cd, Hg and 𝑋=Se, S,
O), magnetic Cr3+ ions form a corner-sharing tetra-
hedral network named as pyrochlore lattice. This lat-
tice is known to be a highly frustrated system and
therefore constitutes a prototype system for studying
spin frustration.[1,2] However, its role in stabilizing a
magnetic ground state is far from being well under-
stood, and many frustration-related phenomena have
been reported. For example, in oxides, direct anti-
ferromagnetic (AFM) exchange interactions dominate
and strong geometric frustration is involved. The
magnetic transitions are accompanied by structural
distortions which have been treated as a spin-driven
Jahn–Teller effect.[3,4] The sulfides and selenides, with
larger lattice constants, are dominated by 90∘ Cr-
𝑋-Cr ferromagnetic (FM) and more neighboring Cr-
𝑋-𝐴-𝑋-Cr or Cr-𝑋-𝑋-Cr AFM superexchanges.[5]

Bond frustration-related phonon splitting has been
observed.[6,7] Since Cr3+ ions show a half-filled 𝑡2g
shell and a quenching of the charge and orbit, spin-
lattice coupling may be one of the most important
factors that stand behind these exotic physics.[8−12]

HgCr2S4 reveals a large positive Curie–Weiss tem-
perature ΘCW = 142K,[5] while exhibiting a complex
AFM order at a critical temperature 𝑇N ≪ ΘCW,[13]

implying strong competition of FM and AFM ex-
changes. Although no phonon splitting has been de-
tected at 𝑇N, polar modes under field reveal shifts

exactly correlated with the magnetization.[14] Inter-
estingly, colossal magnetocapacitance (CMC) and
colossal magnetoresistance (CMR) of HgCr2S4 are
found in the temperature range with strong FM
fluctuations,[15] similar to those of FM CdCr2S4.[16]

To date however, it is still under debate whether the
CMC and CMR effects observed in both compounds
are inherent or not.[17,18]

Pressure can alter the lattice parameter by di-
rect compression of the lattice and thus is a power-
ful tool for studying phase transition. In HgCr2S4,
given the strong spin-lattice coupling, spin fluctu-
ations and competing FM and AFM exchanges,[19]

pressure-related studies should be of great benefit to
the understanding of the complex magnetic behavior.

In this Letter, motivated by the presence of spin-
lattice coupling in HgCr2S4, we intend to probe it from
magnetization via varying external pressure and ther-
mal conductivity by changing the magnetic field. We
find that pressure can drive readily a field-polarized
FM state back to an AFM one. Moreover, we ob-
serve a remarkable enhancement of thermal conduc-
tivity under field. Consequently, our results supply
new evidence for competing FM and AFM exchanges
as well as strong correlation between the spin and lat-
tice.

The polycrystalline sample of HgCr2S4 was pre-
pared by the standard solid state reaction method.
High purity (99.9%) binary mercury sulfide and el-
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ementary Cr and S powders were mixed according
to the stoichiometric ratio. The mixture was then
sealed in an evacuated quartz tube and heated slowly
to 800∘C in seven days. The procedure is repeated
several times to avoid possible nonreacted raw mate-
rials. Finally, the production was annealed at 800∘C
in an atmosphere of sulfur excess.

The x-ray diffraction (XRD) pattern at room tem-
perature was obtained by using an x-ray diffractome-
ter Rigaku TTRIII. The thermal conductivity mea-
surement was carried out on a physical property mea-
surement system (PPMS, Quantum Design). Magne-
tization measurements were performed with a com-
mercial SQUID magnetometer MPMS-XL (Quantum
Design) and the application of hydrostatic pressure
by using silicone oil as the pressure medium was per-
formed in an Easylab Mcell 10 pressure cell.
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Fig. 1. (Color online) (a) XRD pattern of polycrystalline
HgCr2S4. The Rietica program[20] is used to fit the profile.
(b) Temperature dependence of magnetization at different
fields from 100Oe to 10 kOe. Inset: the inverse suscepti-
bility for HgCr2S4 at 10 kOe. The red dashed line is a
fitting by using the Curie–Weiss behavior.

The XRD pattern of HgCr2S4 was analyzed by
the standard Rietiveld method using the Rietica
program,[20] as displayed in Fig. 1(a). All the observed
peaks can be well indexed by the cubic spinel struc-
ture with space group 𝐹𝑑3̄𝑚 (No. 227) and the fitting
yields a lattice constant of 10.243(2)Å and sulfur po-
sitional parameter 𝑢 = 0.265, similar to the previous
reports.[19]

Figure 1(b) exhibits the temperature dependence
of magnetization (𝑀) measured at several applied
magnetic fields up to 10 kOe. At 100Oe, with low-
ering the temperature, 𝑀 first shows a steep increase
at 𝑇C = 60K, indicative of strong ferromagnetic cor-

relations and then reaches a maximum at 𝑇N = 30K
followed by an abrupt decline entering an AFM mag-
netic state.[13] Upon enhancing the magnetic field, 𝑇N

is observed to shift to lower temperatures at a rate
of about 4K/kOe. At 10 kOe, a field polarized FM
state sets in. It should be noted that in addition
to a remarkable increment of the magnitude of 𝑀 ,
the applied field turns the critical temperature 𝑇C up
rapidly, where FM fluctuations are observed initially
upon cooling.[19] The temperature dependence of the
inverse susceptibility in the inset of Fig. 1(b) reveals
a large positive Curie–Weiss temperature 140K and
an effective magnetic moment almost to 3.87µB, in
agreement with the spin-only value of Cr3+ ions in an
octahedral crystal field.
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Fig. 2. (Color online) Temperature dependence of magne-
tization under applied hydrostatic pressure at (a) 100Oe,
(b) 1 kOe and (c) 10 kOe.

Figure 2 presents the effect of hydrostatic pressure
on the temperature-dependent magnetization of the
spinel HgCr2S4. In a field of 100Oe, an application of
external pressure suppresses the magnitude of𝑀 dras-
tically as displayed in Fig. 2(a). With the increasing
field to 1 kOe in Fig. 2(b), in addition to progressive
decreases of the magnitude of 𝑀 , 𝑇N shifts to higher
temperatures evidently at a rate of 1.5K/kbar. Most
importantly, a pressure of 5 kbar can drive the field
of 10 kOe polarized FM state back into an AFM one
with 𝑇N = 10K as observed in Fig. 2(c). With fur-
ther increasing the pressure at 10 kOe, 𝑇N is observed
to shift to a temperature as high as 21K. From the
above results we can find that the applied pressure
acts oppositely as field. While the external magnetic
field favors the FM exchange, the pressure may favor
the AFM one. The magnitude of 𝑀 is remarkably
suppressed when increasing the pressure, especially
in the vicinity of 𝑇N, indicating enhancement of spin
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fluctuations. In addition, the extreme sensitivities of
the magnitude of 𝑀 as well as 𝑇N in response to ap-
plied pressure and field evidence strong competition
between the FM and AFM exchanges and spin-lattice
coupling due to strong frustration. To the best of
our knowledge, this is the first compound among the
chromium spinels that manifests itself such a strong
cross control of magnetism by varying applied pressure
and field.
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Fig. 3. (Color online) Magnetic field dependence of mag-
netization under applied hydrostatic pressure at selected
temperatures of 5, 30 and 50K. The definitions of the two
critical fields are indicated.

To see more clearly the effect of pressure on mag-
netism, we further measured the isotherm curves 𝑀–
𝐻 at three selected temperatures 5, 30 and 50K
as presented in Fig. 3. In the absence of pressure
at 5K, 𝑀 first grows linearly up to a critical field
𝐻c1 = 1 kOe, increases again with a larger slope and
finally saturates at a critical field of 𝐻c2 = 10 kOe.
As reported previously,[5] 𝐻c1 signals a metamagnetic
transition from a complex AFM to field polarized FM-
like state. At 30 and 50K, typical soft FM magnetiza-
tion behaviors[5] are observed and𝑀 saturates beyond
𝐻c2 with considerable moments remaining, evidencing
strong FM correlations even above 𝑇N, in accordance
with the above 𝑀–𝑇 data. On the other hand, when
applying an external pressure of 5 kbar, at 5K the two
critical magnetic fields in 𝑀–𝐻, 𝐻c1 and 𝐻c2, shift si-
multaneously to higher fields of about 2 and 17 kOe,
respectively. In addition, at 30 and 50K, the fields
of 𝐻c2 that require fulfilling a complete polarized FM
state increase significantly. Such strong pressure ef-
fects on magnetism reflect the pressure favoring the
AFM state as well as strong spin–lattice coupling.

The strong spin–lattice coupling can also be man-
ifested in the following temperature-dependent ther-
mal conductivity 𝜅 measurement. As displayed in
Fig. 4, 𝜅 decreases smoothly with temperature in the
absence of magnetic field. Upon further cooling be-
low about 60K, 𝜅 increases slightly and experiences a
maximum at about 25K followed by a sharp decrease

down to the lowest temperature. An applied field of
1 kOe shows no evident effect on 𝜅. At 5 kOe, however,
𝜅 increases evidently, especially below 𝑇C where strong
spin fluctuations appear. For a system with strong
spin fluctuations and spin–lattice coupling, thermal
carriers can be scattered by both phonons and spinons,
as evidenced in ZnCr2Se4.[21] The applied field inhibits
spin fluctuations and thus reduces the scattering from
spinons to thermal carriers, resulting in the drastic in-
crement of 𝜅. With the field increasing up to 50 kOe,
𝜅 increases continuously, reaching about 30% at 30K.
Interestingly, the applied field turns the critical tem-
perature 𝑇C, where spin fluctuations can be initially
observed in𝑀–𝑇 (60K at 100Oe), toward higher tem-
peratures violently (80K at 10 kOe, 110K at 50 kOe).
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Fig. 4. (Color online) Low temperature-dependent ther-
mal conductivity at various magnetic fields up to 50 kOe.
The inset shows a complete view of thermal conductivity
from 5K to 300K.

In summary, we have investigated the spin-lattice
coupling in polycrystalline HgCr2S4. By applying
pressure up to 10 kbar at 1 kOe, 𝑇N can be readily
tuned to higher temperatures and at 10 kOe the field
polarized FM state is observed to drive back to an
AFM one. In addition, the temperature-dependent
thermal conductivity shows a dramatic increment in
the temperature range with strong spin fluctuations.
These effects reflect competing FM and AFM ex-
changes and spin–lattice coupling due to the strong
bond frustration. The successful controls of mag-
netism by pressure and thermal conductivity by field
may provide new promising functionalities for poten-
tial applications.
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