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Dichloro [1,2-bis (diphenylphosphino) ethane] nickel2+ (NiCl2(dppe)) is an organic compound containing
C26H24P2(dppe) molecules and Cl−, Ni2+ ions. The large-size NiCl2(dppe) single crystals with longest dimension of
4 mm were grown by the method of slow evaporation of organic solution. Single crystal x-ray diffraction spectrum indi-
cates that the single crystal is of high quality. Magnetization results of the NiCl2(dppe) single crystals show an anisotropic
paramagnetism behavior and diamagnetic background, which come from Ni2+ ions and benzene ring, respectively. How-
ever, according to the specific heat results with temperature down to 0.1 K and magnetic field up to 14 T, no expected
field-induced quantum phase transition was observed in NiCl2(dppe) single crystals.

Keywords: anisotropic, paramagnetic, single crystal, ultra low temperature, specific heat
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1. Introduction
Bose and Einstein proposed that the boson obeys the

Boson–Einstein distribution and they predicted the Boson–
Einstein condensate (BEC) in 1924.[1,2] The so-called Bose–
Einstein condensate is that the bosons condense into a macro-
scopic quantum state as their temperature (T ) approaches to
the absolute zero. The Bose–Einstein condensate is not only
a very interesting macroscopic quantum phenomenon,[3,4]

but also can be used to investigate microscopic quantum
phenomena.[5,6] Therefore, the research on BEC became the
frontier of optical and condensed matter physics in modern
physics. Many investigators used BEC to investigate quan-
tum magnetic materials.[7,8] But for most researchers, it is
too harsh to realize the BEC of ultra-cold atoms by opti-
cal method.[7,8] In 1930, Bloch treated dimers in ferrimag-
nets as magnons, particles with integer spin and bosonic
statistics.[9] In 1956, Matsubara and Matsuda established
the corresponding relationship between crystal Bose gas and
quantum antiferromagnet,[10] which inspired researchers to
search BEC and its relative magnetic field (H)-induced mag-
netic quantum phase transitions in quantum magnets, such as
TlCuCl3, BaCuSi2O6, and NiCl2·4SC(NH2)2 (DTN).[8,11–14]

It was also found that the transiton tempetature of BEC
increases when the boson mass decreases in the quantum
magnet.[7,8] Therefore, if potential candidates for BEC mag-
netic materials with higher critical temperature can be ex-
perimentally discovered and confirmed, BEC materials can

be used to produce quantum devices, quantum switches, and
quantum computation.[15]

Dichloro [1,2-bis (diphenylphosphino) ethane] nickel2+

(NiCl2(dppe)), an analog of DTN, is another inorganic-organic
hybrid compound, which is mainly composed of benzene
rings, Ni2+ and Cl− ions. The NiCl2(dppe) solvate has been
characterized by solid-state P-31 NMR spectroscopy, x-ray
diffraction, infra-red, laser Raman spectroscopy, FAB mass
spectroscopy, elemental analyses, and melting points.[16–21]

NiCl2(dppe) crystallizes in the monoclinic structure (space
group P21/c), with the Ni2+ ions forming zig-zag chains along
c-axis (shown in Fig. 1(b)).[16]

So far, there is no report on the single crystal
growth, magnetism characterization, and specific heat of the
NiCl2(dppe). In this paper, we successfully grow large size
single crystals of NiCl2(dppe) with typical dimensions of
4 mm×2 mm×1 mm via the method of slow evaporation of
organic solution. The crystal structure, anisotropic magnetism
properties, and ultra-low temperature specific heat of the as-
grown crystals are characterized.

2. Experimental details
Single crystals of NiCl2(dppe) were grown by recrystal-

lization. Because of the toxicity and volatility of the solvent,
the whole processes of single crystal preparation were carried
out in a fumehood. First, NiCl2(dppe) powder was dissolved
in a mixture of dichloromethane and ethyl acetate or dissolved
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in a mixture of dichloromethane and cyclohexane. Next, in
order to grow large-size single crystals, organic needle filters
were used to remove impurities and nuclei from the mixture.
At last, the crystal growth was realized by the recrystallization
of the filtered mixture in about ten-day slow evaporation of so-
lution. The most important point of the crystal growth is that
the container cannot be moved or shaken when the crystal is
growing. Following the above recrystallization method, large-
size single crystals of millimeter grade can be obtained. As
shown in Fig. 1(c), the typical dimensions of the NiCl2(dppe)
single crystal are 4 mm×2 mm×1 mm. The x-ray diffrac-

tion (XRD) measurement was carried out on Rigaku TTR3
at room temperature. The magnetization (M) measurements
of NiCl2(dppe) single crystal were performed with magnetic
property measurement system 3 (Quantum Design, MPMS3)
with zero-field cooling (ZFC) process. Magnetic field de-
pendent magnetizations in longitudinal and transverse direc-
tions were obtained respectively for several NiCl2(dppe) sin-
gle crystals. The ultra-low temperature specific heat measure-
ment was carried out on a 16 T physical properties measure-
ment system (Quantum Design, PPMS-16T) with a dilution
refrigerator using the standard thermal relaxation method.
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Fig. 1. (a) Crystal structure (space group P21/c) of the NiCl2(dppe) single crystal. The cyan sphere represents nickel atoms, the green sphere
represents chlorine atoms, the magenta sphere represents phosphorus atoms, and the silver sphere represents carbon atoms. (b) Crystal structure
of Ni2+ of NiCl2(dppe) single crystal. (c) XRD pattern of NiCl2(dppe) single crystal.

3. Results and discussion
3.1. Single crystal characterization

Figure 1(a) shows the single crystal structure of
NiCl2(dppe) mainly consisting of benzene rings which are
linked by covalent interactions. As shown in Fig. 1(b), the
Ni2+ ions form one-dimensional zigzag chains along c-axis.
The arrows with different colors represent different atomic
distances, with red representing 7.82 Å, blue 11.92 Å, black
9.6 Å, and green 9.56 Å. The distance between the zigzag
chains is 9.6 Å, and the distance within the chain is 7.82 Å.
The nearest neighbor distances between Ni2+ ions are 7.82 Å,
9.56 Å, 9.6 Å, and 11.92 Å, respectively. Figure 1(c) shows
the room temperature XRD pattern for the NiCl2(dppe) single
crystal, where only two diffraction peaks can be observed. By
comparing with the previous crystal structure results,[16] the
crystallographic plane of the NiCl2(dppe) single crystals is
(-1-11). In addition to this study, single crystals with (110)
face can also obtained.

3.2. Magnetization measurements

In order to understand the magnetic properties of the
NiCl2(dppe) single crystal, we measured its temperature and
field dependent magnetization. The results are presented in
Fig. 2. Figures 2(a) and 2(b) show the temperature depen-
dent ZFC magnetization measured under a magnetic field (H)
of 0.1 T for H parallel (-1-11) plane (H ‖ (-1-11)) and per-
pendicular to (-1-11) plane (H⊥ (-1-11)), respectively. In the
low temperature region, the magnetization decreases exponen-
tially, which is a classic signature of paramagnetism, while in

the high temperature region it shows complete diamagnetism.
Moreover, it can be observed that the magnetization at 300 K
for H⊥ (-1-11) is about two times of that for H ‖ (-1-11).

Field dependent magnetization curves of NiCl2(dppe)
single crystals were also measured. It is easy to observe that
the magnetization at 300 K decreases with the increase of H
for both H ‖ (-1-11) and H⊥ (-1-11) in Figs. 2(c) and 2(d),
and the absolute value at 7 T for H⊥ (-1-11) is about one
time larger than that for H ‖ (-1-11). Generally, as shown
in Figs. 2(a)–2(d), the magnetization results for NiCl2(dppe)
exhibit two obvious contributions, anisotropic paramagnetic
part and very strong diamagnetic part. According to Fig. 1(a),
such anisotropic diamagnetism should come from benzene
ring of NiCl2(dppe).[22–24] Since diamagnetism is known to be
temperature-independent, the magnetization curves of 300 K
could be regarded as the diamagnetic background.[24] After
subtraction of the diamagnetic contribution, the magnetic field
dependence of magnetization at different temperatures is pre-
sented in Figs. 2(e) and 2(f).

Figures 2(e) and 2(f) show the typical anisotropic param-
agnetic behavior for H ‖ (-1-11) and H⊥ (-1-11), and the mag-
netization at 2 K and 7 T for H ‖ (-1-11) is about three times
larger than that for H⊥ (-1-11). The anisotropic paramagnetic
behavior should come from Ni2+ ions of NiCl2(dppe).[25] Two
magnetization plateaus are observed from DTN at ultra low
temperature, one is the zero plateau below the first critical
magnetic field, and the other is the saturation plateau above
the second critical magnetic field.[26] It is obvious that no mag-
netic plateau can be observed in NiCl2(dppe) at 2 K.
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Fig. 2. (a) and (b) Temperature dependent magnetization of NiCl2(dppe) single crystal with a 0.1 T magnetic field applied parallel (H ‖ (-1-11)) and
perpendicular (H⊥ (-1-11)) to the (-1-11) plane, respectively. (c) and (d) Field dependent magnetization at 2 K, 10 K, 50 K, 300 K for H ‖ (-1-11)
and H⊥ (-1-11), respectively. (e), (f) Field dependent magnetization with diamagnetizatic contributions subtracted at 2 K, 10 K, 50 K, 300 K for
H ‖ (-1-11) and H⊥ (-1-11), respectively.
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Fig. 3. (a) Blue solid circles and red hollow circles are experimental
data for magnetic susceptibility of NiCl2(dppe) single crystal with field
of 0.1 T applied parallel to the (-1-11) plane and the inverse magnetic
susceptibility H/M. The line is the fitting by the Curie–Weiss function
for data from 2 K to 25 K. (b) Magnetic susceptibility versus temper-
ature curves recorded in a field of 0.1 T and the inverse magnetic sus-
ceptibility H/M. The line is the fitting by the Curie–Weiss function for
data from 2 K to 25 K.

Figures 3(a) and 3(b) show magnetic susceptibility (χ)–
T and χ−1–T after subtracting the diamagnetic contribution
for H ‖ (-1-11) and H⊥ (-1-11), respectively. The blue solid
circles represent the experimental data of χ–T , and the red
hollow circles represent the data of χ−1–T , where the red line

is the linear fitting of the data by using the Curie–Weiss law,
χ = C/(T –θ), here C is the Curie constant of the substance,
T is the absolute temperature in units of K, and θ is the Weiss
temperature of the substance in units of K.[27] By fitting the
χ−1–T lines between 2 K and 25 K, the C in Fig. 3(a) is
0.005618 K·emu·mol−1, the absolute value of θ is 1.6011 K,
the C in Fig. 3(b) is 0.001613 K·emu·mol−1, and the abso-
lute value of θ is 1.3355 K. Since the red line intersects the
negative x-axis, the material is antiferromagnetic.[27] Accord-
ing to the values of C determined from Figs. 3(a) and 3(b),
the corresponding effective magnetic moment can be calcu-
lated as 0.212 µB/Ni2+ and 0.1136 µB/Ni2+, respectively (µB

is the Bohr magneton). Such low effective momentum val-
ues of Ni2+ ions may originate from the hybridization be-
tween Ni2+ and its anisotropic zig-zag coordinated organic
ligands.[28] We suppose that an antiferromagnetic transition
may occur at much lower temperature, and that NiCl2(dppe)
is a potential candidate of BEC. Therefore, further magnetism
investigation such as torque measurement at ultra-low temper-
ature and high magnetic field is needed to figure out whether
there is a magnetic order in the NiCl2(dppe) single crystal.[29]

3.3. Specific heat measurements

The specific heat (C) at low temperature is a necessary
probe to explore the existence of magnetic-field-induced quan-
tum phase transition in single crystals of NiCl2(dppe), which
is measured as a function of temperature for various applied
fields. Figure 4(a) presents the temperature dependent low
temperature specific heat (C–T ) curves under several mag-
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netic fields with H⊥ (-1-11) for NiCl2(dppe). As shown in
Fig. 4(a), the specific heat increases exponentially with in-
creasing temperature. Figure 4(b) shows the C/T –T 2 curves
determined from Fig. 4(a). As shown in Fig. 4(b), the C(T )/T
roughly follows a linear relation of T 2. The blue dotted line in
the figure is the guide line. Obviously, the C–T curve of the
NiCl2(dppe) single crystal is quite different from that of DTN,
which exhibits a peak around the first critical magnetic field
mentioned above.[14] No peak can be observed on the C–T
curves for NiCl2(dppe) above 0.1 K, which means no long-
range magnetic order or no magnetic-field-induced quantum
phase transition. As shown in Fig. 4(b), the C/T –T 2 curves
for H = 1 T deviate from the linear relation, showing a weak
hump-like feature. In addition to the electron and phonon con-
tributions of C/T = γ +βT 2 (where γ and β are the free elec-
tron part coefficient and phonon part coefficient),[30] the weak
hump-like feature should come from magnetism contribution
of the Ni2+ ions. We suppose that the magnetic-field-induced
quantum phase transition may occur at much lower tempera-
ture or stronger magnetic field for NiCl2(dppe), which needs
extremely-low temperature measurements in the future.
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Fig. 4. (a) Specific heat C versus temperature of NiCl2(dppe) for
H⊥ (-1-11) of 0, 1, 3, 5, 7, 9, 11, and 14 T. (b) C(T )/T vs. T 2 of
NiCl2(dppe) for H⊥ (-1-11) of 0, 1, 3, 5, 7, 9, 11, and 14 T.

4. Conclusions
Large-size NiCl2(dppe) single crystals of high quality

were grown via slow solution evaporation method at room
temperature. We reported the magnetic and specific heat mea-
surement results of NiCl2(dppe) single crystals. No mag-
netic order was observed in NiCl2(dppe) above 0.1 K, which
might stem from the very weak exchange interaction caused

by the large spacing of the nickel atoms. Anisotropic param-
agnetic and diamagnetic contributions in NiCl2(dppe) single
crystal originated from Ni2+ ions and benzene ring, respec-
tively. No magnetic field-induced quantum phase transition
was observed in specific heat measurement above 0.1 K.
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