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A new chromium thiophosphate Cr (P,S;); was synthesized
by solid state reaction between Na,P,S.-6H,0 and
CrCl,- 6H,O at room temperature rather than by the ceramic
method. The product was characterized by means of XRD,
Raman spectroscopy, and magnetic measurements. XRD
shows that Cr (P,S;);, isostructural with Ga,(P,S;);, crystallizes
in the monoclinic system with a = 0.8692(5) nm, b = 0.7562(6)
nm, ¢ = 0.8344(6) nm, and p = 91.97(7)°. The Raman spectrum
bears the characteristic peaks for the P,S{~ anion group.
Magnetic susceptibility data reveal the existence of a 4°Cr’*
cation. These results correspond to the charge balance
Cri* (P3*SY7);.  © 1999 Academic Press

I. INTRODUCTION

In the past two decades, considerable interest has been
focused on the first-row transition metal hexathiodiphos-
phate M,P,S¢ (1) (M = Mn, Fe, Co, Ni, Zn) which has
semiconducting two-dimensional phases and presents many
novel properties such as two-dimensional magnetic behav-
ior, strong anisotropy of conductivity, and charge density
waves. These lamellar compounds may undergo intercala-
tion—deintercalation reactions involving host-guest redox
processes and the relevant intercalated materials may have
many new original properties. For example, intercalated
layered materials Mn; 7,P,S¢(DAMS),y s¢ exhibit both
large optical nonlinearity and magnetic ordering (2); lith-
ium-intercalated Ni, P,S¢ shows the potential to function as
a cathode in lithium batteries (1).

For elements preceding manganese, no corresponding
M,P,S¢ analogue has been reported. In the case of
vanadium, a nonstoichiometric layered phase V; 5¢P»S¢ (3)
is formed with the charge balance V35sVa ss[ Jo.4aP2Se-
For titanium, a three-dimensional phase TiP,S¢ (4) is for-
med with a Ti*" cation and P,S¢~ as in the two-dimen-
sional M,P,S¢ family. The case of chromium is somewhat
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special because of the great stability of Cr®* with its spheri-
cal d® electronic configuration. This is why no Cr3*P,S,
phase has been reported. Instead, a Cr3*PS, (5, 6) com-
pound has been found with a layer structure but with P3* in
an inslab tetrahedral site.

It is reasonable to expect metal-deficient compounds of
the M,P,S, type with a M>* cation, and M35P,Ss com-
pounds were indeed obtained with M = Ga (7) and In (8, 9).
Many efforts were made to obtain an isostructural
Crass[ 12/3P2Se phase by the traditional high-temperature
method but failed and resulted in another chromium
thiophosphate CrP3Sq. . (x ~ 0.25) (10) with the charge
balance Cr3*P3"S355(S,)3 5.

Soft chemistry syntheses have been widely applied to
metal hexathiodiphosphate compounds (11). In this paper
we report the successful synthesis of M,;P,Ss by a new
synthetic route—room temperature solid state reaction—
and the XRD, Raman, and magnetic characterization of the
compound.

II. EXPERIMENTAL
1. Reagents and Apparatus

CrCl;-6H,O is an analytical pure grade and
Na,P,S¢-6H,O was prepared according to a literature
method (12). The compositions of final products were
checked via energy dispersive analysis in a JEOL 1000 CX
scanning electron microscope operating at 15kV. XRD
patterns were recorded on a Rigaku Rotflex D/MAX-RC
model X-ray diffractometer with Cu target (Ko, A=
0.15406 nm) and a graphite monochromator. Raman
spectra were obtained on a confocal microprobe Raman
system Labram I from Dilor-France using the 632.8 nm line
of an He-Ne ion laser for sample excitation; the resolution
was 4 cm ™! and the incident beam power on the samples
was 5mW. Magnetic measurements were carried out
using a CF-1 model vibrating sample magnetometer
(China-France) with H =35 T in a temperature range of

1.5-300 K.
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2. Synthesis by Room Temperature Solid State Reactions
and Analysis

Accurately weighed CrCl;-6H,O (green crystal) and
Na,P,S¢- 6H,O (white powder) in a 4:3 molar ratio were
mixed and ground in an agate mortar to get the best
possible homogeneity. The color of the mixture immediately
turned from white and green to dark brown at room tem-
perature. After one hour’s grinding, a portion of the prod-
ucts was taken out to do XRD and the rest was washed with
distilled water and anhydrous alcohol to remove NaCl. The
dark brown products thus obtained were first dried under
vacuum at room temperature and then annealed in an
evacuated silica tube (1.3 x 10~2 Pa N, atmosphere) at dif-
ferent temperatures and at different time intervals.

Using AgCrP,S¢ as a standard, semiquantitative chem-
ical analysis by energy dispersive analysis gave an average
Cr/P/S ratio of 1.35/2.03/5.7 for the sample before annealing
and 1.34/2.02/5.8 for the calcined sample. These results
showed that both the samples were homogeneous to within
3.0% in both chromium and phosphorus.

III. RESULTS AND DISCUSSION
1. XRD Characterization

The process of room-temperature solid state reaction
between CrCl;-6H,O and Na,P,S¢-6H,O and the heat
treatment of reaction products were monitored by XRD.
Figure 1 shows the XRD patterns for the reactant species
before reaction, the products after reaction, and the final
products at different annealing stages. From Figs. la-le,
one can see that 1 h of grinding is enough to complete the
reaction; i.e., the CrCl;- 6H,O and Na,P,S, - 6H,O diffrac-
tion peaks disappear completely and new sharp diffraction
peaks for NaCl appear. After removal of NaCl by washing
with distilled water and anhydrous alcohol and drying un-
der vacuum, a no-peak diffraction pattern is observed, (Fig.
1d) indicating the amorphous state for the product
Cr4(P,Se);. This implies that the concerned reaction occurs
in the following manner:

4CrCl; - 6H,O + 3Na,P,S¢- 6H,O

i Cr4(st6)3 + 12NaCl + 42H20

The annealing of the products at 400°C for 24 h
(1.3x 10”2 PaN, atmosphere) leads to the appearance of
a broad diffraction peak around 20 = 14.5° (Fig. le), imply-
ing the beginning of crystallization and a nanometer size
scale for the product particles. The annealing of the prod-
ucts at 500°C for 24 h (1.3 x 10”2 Pa N, atmosphere) yields
a set of relatively sharp X-ray diffraction peaks with a char-
acteristic strong reflection at 20 = 14.58° (Fig. 1f), evidenc-
ing the crystalline state of the final product Cry(P,Se);
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FIG. 1. XRD patterns for the room temperature solid state reaction

between CrCl;-6H,O and Na,P,S¢-6H,O. (a) NayP,Sq-6H,0; (b)
CrCl; - 6H,0; (c) reaction products, amorphous Cr,(P,S¢); and crystalline
NaCl after 1 h of grinding; (d) reaction products, amorphous Cr,(P,S¢)3
after removal of NaCl; (e) Cr,(P,Ss); after annealing at 400°C for 24 h
(1.3 x 10~ 2 PaN,); (f) crystalline Cr,(P,S¢); after annealing at 500°C for
24h (1.3x 1072 PaN,).

(The average crystal size according to the Scherrer formula
is 75 nm). The formation of Cr,(P,S¢); thus occurs as fol-
lows:

Crystalline reactant species

reaction

amorphous Cr,(P,Se);

annealing

crystalline Cry(P,S¢)3

Other manners of annealing were also adopted but no
improvement of the diffraction pattern was obtained. The
XRD pattern of Cry(P,S¢); after annealing at 500°C for
24 h was therefore chosen to do the indexing.

Upon comparing the XRD patterns of Cr,(P,S¢); with
those of Ga,(P,S4)s (7), CrPS, (5, 6) CrP3Se 4 (x =~ 0.25)
(10), and Iny(P,Se)s (8,9), we find that the patterns for
Crs(P,S6); and Gay(P,Se); resemble each other the most.
The indexing for the title compound was thus based on the
lattice parameters for Gay(P,S¢); (a = 1.1842nm, b =
0.7786 nm, ¢ =0.8289 nm, f = 133.41°). The newly ob-
tained lattice parameters after a least-squares refinement are
a=1.184(4)nm, b =0.7567(7) nm, ¢ =0.834(3)nm, f =
132.8(2)°. The lattice parameters given in Table 1 are crystal-
lographically equivalent to the former but with the beta
angle less than 120° after transformation. The observed
d values are consistent with the calculated ones.

Considering the great stability of chromium (III)
with octahedral sulfur coordination, we propose that
Crs(P,Se);, the crystal structure of which has not been
reported to our knowledge, is a metal-deficient hexa-
thiodiphosphate (IV) like Iny(P,S¢); and Ga,(P,S¢); with
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TABLE 1
X-Ray Powder Diffraction Data for Cry(P,S¢);

dops (nm) deate (nm) h k ! I/Io
0.6101 0.6121 —1 0 1 100
0.3469 0.3471 -2 1 1 14
0.3200 0.3217 —1 2 1 18
0.3056 0.3060 -2 0 2 17
0.2910 0.2896 3 0 0 23
0.2800 0.2800 0 2 2 21
0.2717 0.2717 -2 2 1 26
0.2602 0.2597 -3 1 1 53
0.2188 0.2183 —1 2 3 11
0.2090 0.2087 4 1 0 13
0.2011 0.2011 1 0 4 10
0.1982 0.1990 3 2 2 12
0.1885 0.1883 —4 2 0 24
0.1729 0.1729 -2 3 3 11
0.1643 0.1643 4 1 3 8
0.1607 0.1607 0 3 4 9
0.1559 0.1560 -3 2 1 7
0.1465 0.1465 1 5 1 10

Note. a =0.8692(5)nm, b =0.7562(4)nm, ¢ =0.8344(6)nm, f=
91.97(7)°. The indexing was based on the lattice parameters for Ga,(P,S¢)3
(7). The average A(26) (theo. — exp.) is 0.056°.

layer structure and can be described as Cry 33 [ Jo.67P2S6-
Its crystal structure would be expected to be built from
a close packed stacking of sulfur ions with the chromium
(ITI), phosphorus-phosphorus pairs (P,), and the vacancies
occupying the octahedral sites between the sulfur layers.
The two related chromium(III) ternary thiophosphates are
CrPS, (5, 6), with a layered structure but with P(V) in inslab
tetrahedral sites, and CrP;So, ((x &~ 0.25) (10), with an in-
terlocked structure made of three independent networks.
The common point for the structures of these ternary
thiophosphates lies in the great stability of chromium(III)
with octahedral sulfur coordination.

2. Raman Spectra

Raman spectra for Na,P,S¢-6H,O and reaction prod-
ucts Cr,(P,S¢); after removal of NaCl are shown in Fig. 2.
These two sets of spectra resemble each other and all bear
the characteristic peaks for the anion group P,S¢~ where
the broadened ones for Cry(P,Sg); might be attributed to its
amorphous state. Symmetry analysis for P,S¢™ (D3
symmetry gives the following modes: T'y;,(D3g) =
3A41,(R) + 3E,(R) + Ay, + 2A4,,(IR) + 3E,(IR). Based on
the assignment of the Raman bands for the hexathiodiphos-
phates (13), the peaks above 150 cm ™! correspond princi-
pally to the modes of the P,S¢™ unit, whereas the peaks
below 150 cm~! might be assigned to the modes with the
participation of metal ions. The most intense peak at
377 cm ™ ! for Na,P,S¢ - 6H,O and 381 cm ™~ ! for Cr4(P,S¢);
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are the mixed symmetric P-P and P-S stretching modes
(Ay,), while the strong and broad bands in the
150-350 cm ™! could be assigned to the P,S, deformation
vibrations (S-P-S and S-P-P modes (E,). The shift of
the corresponding peaks between Na,P,Sq-6H,O and
Cr,(P,Se); spectra signifies a change in the structural envi-
ronment of the P,S¢ ™ anion before and after the reaction. It
also evidences the occurrence of the room-temperature solid
state reaction between Na,P,S¢- 6H,O and CrCl;- 6H,O.

3. Magnetic Properties

Susceptibility measurements were carried out on a CV-1
model vibrating sample magnetometer in the 1.5-300 K
temperature range with H =5T. Only a powder sample
after annealing at 500°C for 24 h was studied. Figure 3
shows the temperature dependence of the magnetic suscepti-
bility (ymo) and inverse magnetic susceptibility (1/y).
Curie-Weiss behavior described by 1/yme1 = (T — 0p)/Cpor
(where C,, and 0p are the molar Curie constant and the
Weiss constant, respectively) is found in the high temper-
ature range (50-300 K) with Curie constant C,,,; = 1.64 and
Bohr magneton fie,, = 2.828(Cper)'/? = 3.62 pg. This is in
good agreement with the calculated spin only value for
Cr3* ions (Cpo = 1.87 and pg,;. = 3.87 g for spin only d3).
The Weiss constant is very weak and negative (0p = — 3K);
that is, the magnetic interactions are weak and of the anti-
ferromagnetic type. Similar antiferromagnetic orderings are
observed for CrPSY{?®, PCrsSe;o (15), and CrP;So,,
(x ~ 0.25) (10). The diamagnetic corrections have been done
after the standard diamagnetic core contributions. The cor-
responding charge balance is thus Cri " (P; *Sg7);.
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FIG. 2. Raman spectra: (a) Na,P,S¢-6H,0; (b) reaction products,

Cr4(P,S¢);3 after removal of NaCl.
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FIG. 3. Cr4(P,Ss);. Magnetic susceptibility and inverse susceptibility
curves.
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