4600 Chem. Mater2007,19, 4600-4605

NisCroP2Qq (Q = S, Se): New Quaternary Transition Metal
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The new transition metal chalcogenides;GlhP.Ss and NgCr.P.Se have been discovered and
characterized. Single-crystal X-ray diffraction studies of the selenide reveal a new layered structure type
(space groufPs/m, a = 6.244(4) A,c = 18.479(19) AZ = 2, R, = 0.0235). Powder X-ray diffraction
and electron microprobe analysis suggest that the sulfide is isostructural to the selenide and that a solid
solution forms between them. The layers are composed of transition metal centered octahedra with
chalcogenides at the vertices which are joined in pairs by face sharing alocglitteetion. These units
share edges to form honeycomb layers in dheplane with linear P-Ni—P units in the holes of the
honeycomb nets. Transport properties measurements frotfBEDK on single crystals with compositions
NisCrP,Ss«Se& (x = 0, 3, 6) revealed activated behavior in electrical resistiiiy= 0.02—0.03 eV,
ps00k = 50—220 n2-cm) and positive values of the Seebeck coeffici&uok = 80—225uV/K), showing
that these compounds behave like p-type semiconductors. Magnetization measuremenGrHhli
single crystals from 5 to 400 K reveal antiferromagnetic interactions between the transition metal ions
and an ordering transition near 105 K.

Introduction carrying acoustic phonon modes and the numerous optical

We have been investigating multinary chalcogenides asPhonon modes (8 — 3 whereN is the number of atoms per
thermoelectric materials, because they tend to form small Primitive unit cell) which do not carry heat effectivety.
band gap semiconductors often with complex crystal struc- COmplex crystql structures can also lead to increased values
tures. These two characteristics can be important in deter-Of Ne by producing multiple nearly degenerate band extrema
mining the utility of a thermoelectric material, which is (Within keT of each other) and by exactly degenerate extrema
determined by its figure of merZ = F/px. HereSis the that are automatically generated by symmetry when the
Seebeck coefficient or thermopowes, is the electrical extrema lie away from the center of the Brillouin zone (the
resistivity, andx is the thermal conductivity. maximal dgg(_aneracy oceurs when an extremum occurs at a

Most good thermoelectric materials are doped semicon- general point in the Brlllogm zone and is equal to the number
ductors, and it can be shown that the best thermoelectric®f PoINt symmetry operations of the crystal class). The latter
performance is expected for band gaps that are close to€@n Significantly increaseNc in high-symmetry crystal
10ksT, whereks is Boltzmann’s constant aritis the average ~ Structures. _ o
temperature of operatidnThis means that band gaps near ~Much of our synthetic work targeting improved thermo-
0.25 eV are optimal for cooling devices operated near room electrlg materials has t_)een of an explqratory nature, t_)ecause
temperature. In the expression férderived for semicon- ~ We believe that Iargg improvements in thermoglectnc per-
ducting materials, all of the microscopic materials properties formance are most likely to come through the discovery of
other than the band gap and dopant concentration appear if!€W materials, rather than modifications of known com-
the combination referred to as tBefactor’3 For transport ~ Pounds. In particular, we have explored the idea of biasing
along thex direction, B is dependent upon the mobilipy, new crystal structures toward high symmetry by using
the effective masses, the number of degenerate conduction Starting materials with high symmetry building blocks, like
or valence band extrenid,, and the lattice thermal conduc- SIS Or PS tetrahedral units. Reactions between GrBsd
tivity «_ in the following way: B ~ Neu(mumm)Y¥i, . elementql Ni and S led to the (j|scovery of a new quatemary
Materials with complex crystal structures containing many Phase NiCrP,S,. Further studies revealed that a selenide
atoms per unit cell can have lower lattice thermal conductivi- @n@logue also exists. Single crystal and powder X-ray
ties, since the thermal energy is shared among the three heafliffraction studies show that these compounds adopt a new

layered structure type with the compositionsGli,P,Qs (Q
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Table 1. Single-Crystal Refinement Results for NiCr.P,Se

empirical formula NiCrP,Sey
temperature 175(5) K
wavelength 0.71073 A
crystal system, space group hexagoR&k/m
unit cell dimensions & 6.244&4) A
volume 623.9(8)
Z, calculated density 2,5.603 g/ém
crystal size 0.086 0.060x 0.008 mn¥
6 range 2.26-33.12
limiting indices —-7=<h=<9
—8=<k=<6
—27=<1=<28
reflection collected/unique 7546/82R;f; = 0.0636]
completeness tlmax 99.9%
(b) data/restraints/parameters 824/4/33
goodness of fit orfF2 0.805
M "h'\ final Rindices | > 20(1)] R; = 0.0235wR, = 0.0342
o o Rindices (all data) Ry = 0.0420wR, = 0.0356

@%M largest diff. peak and hole 0.851 and.575 eA—3

Q’Aﬁs’h'i\ Ry= 3||Fel — [Fell/3|Fol
£ e by = |:2_|:22/ .|:2 1/2
,WW WRe = [ (F? — FAZ 3 (W-Fo?)]

"”\s»"’s»’ W= (02 Fo+ (@P)? + bP) L, P = [Fo + 2F 23
ww The assignment of the occupancy of the metal sites
)""’.\‘_}’" W deserves some attention. Each unit cell contains four M(1)

B A - sites, four M(2) sites, and two M(3) sites. Assigning the usual

Nla
Figure 1. Crystal structure of NCr.P,Se. Se is white, P is black, M(3) formal charges of-2 to the 18 Se atoms aril3 to the four

is crossed, and M(1) and M(2) are at the centers of the gray octahedra (sed” atom_s_ gives a't_OtaI charge oP4 to be'comp('ansgted by
text for details regarding occupancy of M sites). The dotted lines outline the positive transition metal ions. The typical oxidation states
the hexagonal unit cell. The layered nature of the structure is emphasizedof Ni2t and CBt then imply that there are four Cr atoms

in part a, while part b shows a single layer viewed alongdiais. . . . . . .-
P P geay 9 and six Ni atoms per unit cell. This gives the stoichiometry

the structural analysis, we present and discuss here resultNisCrP.Se,.

from transport property (electrical resistivity and Seebeck The two metal sites M(1) and M(2) are in octahedral
coefficient) and magnetic susceptibility measurements. Brief coordination, which is common for both Cr and Ni. The
descriptions of the experimental procedures are noted in thetrigonal bipyramidal coordination of the third metal site M(3)
presentation and discussion of the results below. Furtheris unusual for transition metals. Thus, on the basis of
details of the syntheses and the characterization techniquegoordination environments alone, no conclusions can be

employed can be found in the Supporting Information. drawn regarding the occupancy of these sites. Comparison
of M—Se bond distances in Figure 2 shows that the two

Results and Discussion octahedral environments are essentially identical, which also

Crystal Structure of NisCr,P,Se. Reaction of the ele-
ments in stoichiometric or near stoichiometric ratios at-700 Se(1)
800 °C followed by slow cooling produce crystals of the '
titte compounds as black plates in the shape of hexagons
and half-hexagons. Figure 1 shows the crystal structure of
NisCr,P,Se determined by single-crystal X-ray diffraction
analysis. The results of the structure refinement are listed in
Table 1° Atomic positions and anisotropic displacement
parameters are given in the Supporting Information. The
structure contains layers of edge sharing octahedra which
form a honeycomb network, with transition metal (M) sites
at the centers of the octahedra and Se at the vertices, similar
to the layers seen in NiRS Two such layers are fused
together by face sharing of the octahedra. In the holes of Se(2) Se(2) Se(2)
the honeycomb net are linear-R1—P units, with each of
the three atoms bonded to three Se atoms. Thus the P atoms
are in fourfold coordination, and this M atom is in a trigonal
bipyramidal environment. The coordination environments
and interatomic distances are shown in Figure 2.

Se(2)

(5) The cif file for Ni3Cr2P2Se9 may also be obtained from Fachinfor-
mationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany se(1) Se(1) Se(1)
(fax (+49)7247-808-666; e-mail crysdata@fiz-karlsruhe.de) on quoting
the deposition number CSD-417894.

(6) Ouvrard, G.; Brec, R.; Rouxel, Mater. Res. Bull1985 20, 1181.

Figure 2. Coordination environments and displacement ellipsoids (95%)
in NizCr.P,Se. Interatomic distances (A) are labeled.
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Table 2. Results from Refinement of Several Distributions of Ni and S| Ni,CroP,Sq
Cr Atoms on the Metal Sites M(1), M(2), and M(3) in NizCr,P,Se? e
occupancy of M(1) Cr Ni Ni/Cr 1:1 refinéd
occupancy of M(2) Ni Cr Ni/Cr 1:1 refinéd
occupancy of M(3) Ni Ni Ni refinell
R1 0.0315 0.0316 0.0235 0.0232 .
wR2 0.0708 0.0857 0.0342 0.0329 F g
M(1) U(eq) 0.001 0.013 0.006 0.006 e 8< &5
M(2) U(eq) 0.011 0.000 0.005 0.006 = |4
M(3) U(eq) 0.005 0.005 0.005 0.004 T
3 Each Column represents a different arrangement of Ni an8l\@ixture
of Ni and Cr refined on all M sites, but with the total Ni:Cr ratio fixed at : L
3:2. 0o = 20 30 40 80 60 70

gives no insight into the correct occupancies, because Ni
Se and CrSe distances in sixfold coordination are very NisCraP;Seq
similar (2.50 in NiSé and 2.51-2.54 in CrSe?f).

Comparisons of bond valence suthtan be helpful in
determining site occupancies but in this case are inconclusive.
Bond valence sums were calculated for both Ni and Cr at
each of the three metal sites in the structure. The results
showed that the bond valence sums for both are equally close
to the expected values on all three metal sites (2 and 3 for
Ni and Cr, respectively) and thus do not help in the
assignment of occupancies. N S T NN U,

We are therefore left with only the X-ray data to determine 120 30 2040 0 e 70
the atom Qs&gnment_s of the metal sites. However, becaus?—igure 3. Measured PXRD patterns for §0r:P,Se and NgCroP.Se. Tick
of the similar scattering power of the two types of atoms, marks locate predicted peak positions based on refined lattice constants
refinement of the ratio of Ni:Cr on these sites is not and using the space grolsy/m determined by single-crystal diffraction
straightforward. Various distributions of Ni and Cr atoms on NizCroP,Sey. Several single indexed lines in theaRibP.Sy pattern are

. . L labeled with fikl) values. Observed impurity peaks are also labeled.
over the three metal sites which maintain charge balance were o) purty p

investigated, and the results are presented in Table 2. Fro”broups which do not contain this operation as a symmetry
this table it is clear that fully ordered arrangements of Ni gjlemeni2 Refinement of the structure revealed a small

and Cr are the least consistent with the X-ray data (higher 5 mount of stacking fault type disorder in the crystal as well.
values, and displacement parameters which suggest the Nisee the Supporting Information for details regarding the
site needs less scattering power and the Cr site needs more}yinning and disorder. The low level of the disorder in this
This suggests that these two sites may be occupied by aparticular crystal £7%) allowed the structure to be solved
mixture of Ni and Cr. It is common for Ni and Cr to sharé - 34 refined. Higher concentrations of such stacking faults
atomic sites because of their similar sizes (as in the sulfides g preclude structure determination. This is likely the source
NixCrsxS'° and the telluride NiCro,Te"). Allowing  f the problems encountered with the sulfur analogue; Ni
mixtures of Ni and Cr on all three sites vyhﬂe malntaln!ng Cr,P,Ss, for which no good quality single-crystal diffraction
charge balance (the rightmost column in Table 2) gives yata has been obtained. Indexing the single-crystal data for
significantly lowerR values and more reasonable displace- s compound proved difficult and did not consistently return
ment parameters than the ordered arrangements. The refineghq same cell parameters. The better data sets tended to give
site occupancies (in the form Ni:Cr) were M(1) 50:50, M(2) - ynjt cell parameters close to= 5.9 A andc = 18.0 A, but
56:44, and M(3) 87:13. This is close to equal mixtures of yten thec-axis length was double or triple this value, likely
Ni-and Cr on the octahedral sites and pure Ni on the 4 gign of stacking faults or possibly a supercell. Although
bipyramidal site. Table 2 shows that there is no significant yhe crystal structure of the sulfide could not be determined
difference in the quality of the refinement between this and by single-crystal X-ray diffraction experiments, the powder
the freely re_fined case. Thgrefore the model with M(1) and X-ray diffraction (PXRD) results discussed below suggest
M(2) occupied by 50:50 mixtures of Ni and Cr and M(3)  hat the sulfur and selenium analogues are isostructural.
occupied by Niis likely the best description of the structure Powder X-ray Diffraction: Ni sCrsP»Ss and NisCr,P;Se,

thaill_thcan betolb tame;d ffron;hthe frestent >fj—r?y d?‘ta-t. Measured PXRD patterns for d0r,P,Sy and NECrP,Se
€ crysial used for he structure determination Was .a shown in Figure 3. Neither compound has been made as

mberohehdraililotvg_nne(_:l; the (;vym law is a tvr\]/ofold rOt?t'on a single phase bulk sample. The data shown in Figure 3
about the [110] direction and is common in hexagonal space represent two of the purest samples that have been synthe-

) sized (see Supporting Information for details). Binary transi-
(7) Rost, E.; Vestersjo, EActa Chem. Scand.968 22, 2118.

(8) Adachi, Y.; Ohashi, M.; Kaneko, T.: Yuzuri, M.: Yamaguchi, Y.;  tON metal chalcogenides (£, CrsSe;,** and NiSe'™) are
Funahashi, S.; Morii, YJ. Phys. Soc. Jpri994 63, 1548. present in these products as impurities.

(9) O’Keeffe, M.; Brese, NJ. Am. Chem. Sod.991 113 3226.
(10) Colgan, D. C.; Powell, A. VJ. Mater. Chem1997, 7, 2433.
(11) Makovetskii, G. I.; Dymont, V. PPhysica Status Solidi A985 85, (12) Parsons, SActa Crystallgr., Sect. 2003 59, 1995.

69. (13) Jellinek, FActa Crystallogr.1957, 10, 620.
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Measured peak positions in these patterns were used to 103 5— 7
refine the lattice constants of each phase at room temperature. NisCrzP2Ss.cSex o
The results for NiCr.P,Se werea = 6.253(1) A andc = 1075 [
18.494(4) A, in good agreement those determined by single- — 1011%% %10_1
crystal diffraction shown in Table 1. The results forsNi E dng °°000%% o
Cr,P,S; werea = 5.934(1) A andc = 18.053(4) A. These € 0] ﬁéééggAAAAZj°°OOooiooo4 oo oty
are smaller than the lattice constants of the Se compound, “ A“A“AAAAAAAZAA;M%O
as expected when Se is replaced by the smaller S, and are 101] ax=0
in good agreement with the unit cell suggested faiP,Sy . i:g o
by single-crystal diffraction experiments noted above. Peak 102 1% 150 200 250 300
positions calculated using the refined unit cell constants and T(K)
the space group6s/m are shown in Figure 3 and are seen 280 ——5
to account for all observed reflections other than those from ox=3 1000000097
the impurity CSs. These observations strongly suggest that 2001 »x=6 P
the sulfide and selenide are isostructural. PXRD from o 1501 OOOOOOOOO a0
samples with nominal compositions8r.P,Ss-Se showed S i pusaee”
systematic shifts of the peak positions withsuggesting ;?1007 o AAAAAAAAA“A
that a full solid solution exists. e I

Several of the single indexed reflections fromGiP,S 507 oot epmonaactes
are labeled by theihkl values in Figure 3. Reflections of 0 .

the form (00) and (k0) are sharp, while reflections of the 100 150 200 250 300
form (hkl) are significantly broadened. This is typical of T

layered materials which contain stacking faults, displace- Figure 4. Measured resistivityo and Seebeck coefficiers of three
y 9 ! P members of the solid solution seriess8iLP,Sy—«Se labeled by their

me_nts. of the layers per_pendicmar to the stackir_lg direcion. pominal compositions. The estimated uncertainty on these measurements
It is likely that stacking faults are responsible for the is +10%.

difficulty in obtaining good single-crystal X-ray diffraction
data from crystals of NCrP>Se. mQ-cm near room temperatuteHowever, the high values

Thermoelectric Properties of NkCrP,S ,Se. Transport ~ Of p for NisCroP.So-,Se make all of these compounds
property measurements were performed using a home-built“nsu'tabl? for thermoe.lec'trllc applications as prepared. Suit-
apparatu¥ on platelet single crystals from the reaction of @bleé doping could significantly decrease the electrical
stoichiometric mixtures of the elements which targeted the '€Sistivity; however, increasing the carrier concentration
compositions NiCr:P»Ss ,Se for x = 0, 3, 6 (see Supporting typ!cally decreas_es the Seebeck_ coeff|C|ent, and so it is
Information for further details). The results of the resistivity Unlikely that doping these materials will produce a good
and Seebeck coefficient measurements are shown in Figurd®-yPe thermoelectric material. It is possible that n-type
4. The small size of the crystals precluded thermal conduc- 40Ping would resuit in better thermoelectric properties.
tivity measurements using our apparatus. In Figure 4 the The nonlinear behavior of log] versus 1T seen in the
samples are labeled by these nominal compositions. Energyinset of Figure 4 shows that the resistivity is not well
dispersive electron microprobe analysis of the crystals useddescribed by a simple activation law over the entire tem-
for the measurements confirmed their composition to be perature range. However, between 200 and 300 K the
NisCr,P,Ss_xSe. The approximate values of determined resistivity data from all three samples can be fit to activated
from the microprobe measurements were 4 and 7 for the models giving activation energies of 0:62.03 eV. Tem-

crystals with nominak = 3 and 6, respectively. perature-dependent mobilities or multiple sources of activated
The dependence of the thermoelectric properties carriers may be responsible for the deviation from linearity
not systematic. The = 3 sample has higher value 8fand in log(p) versus 1T below 200 K. The behavior at the lowest

p than both thex = 0 andx = 6 samples. The resistivity of ~ €mperatures inyestigat.ed is I_ikely also influenced by th_e
all three materials decreases with increasing temperature ONSet of magnetic ordering which is observed near 105 Kin
with room-temperature values on the order of 10Q+wm. NisCroP,S, (vida infra).

This is 2 orders of magnitude higher than typical good Magnetic Properties of NigCr,P,Se. A Quantum Design
thermoelectric materials. The Seebeck coefficients are posi-Magnetic Properties Measurement System (SQUID magne-
tive, indicating p-type behavior. At 300 K the= 3 sample tometer) was used for magnetic characterization of oriented
has moderately high thermopower, close to that of optimized single crystals of NCrP,S,. It is expected that the complex

Bi,Tes-based alloys, which hav@~ 220uV/K and p ~ 1 crystal structure of this compound may lead to complicated
magnetic behavior. Although no single-crystal structure has
(14) Wehmeier, F. H.; Keve, E. T.; Abrahams, S.Irg. Chem.197Q been obtained for NCr,P,S,, it is expected to be isostructural

gbgé255é lgligapertz, H.; Luehmann, H.; Bensch, ¥V Naturforsch. B with the selenide analogue (vida supra), which contains
(15) Groenvold, F.; Jacobsen, Ecta Chem. Scand.956 10, 1440, double Iayers. of transition _metgl ions arranged in honeycomb
(16) Guinier, A.X-ray Diffraction in Crystals, Imperfect Crystals, and  hets perpendicular to tredirection (Figure 1). The structure

Amorphous BodiedV. H. Freeman and Company: New York, 1963.
(17) Reynolds, T. K.; McGuire, M. A.; DiSalvo, F. J. Solid State Chem

2004 177, 3038. (18) Yim, W. M.; Rosi, F. D.Solid-State Electron1972 15, 1121.
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Z ggoKK Figure 6. Fits to the susceptibility data shown in Figure 5 between 200
and 400 K using (a) the CuriéNeiss law and (b) a modified CuriéVeiss
HZ(T) 3 4 law which includes a temperature-independent term.

Figure 5. (a) Magnetic susceptibility per mole of formula units ofsNi Figure 6a shows }/as a function ofT, along with linear

CroP2Sy crystals (corrected for sample holder and core diamagnetic fits to the data between 200 and 400 K. Significant deviation

contributions) between 5 and 400 K with the applied fief®dl parallel . . . _ .

and perpendicular to theaxis. The inset shows the cusp near 105 lgin ~ 10M Curie-Weiss behavior = C/(T — 6)] is observed at

measured on two separate runs. (b) The field dependence of the measuredower temperatures, in part due to the cusp observed at 105

magnetic moment (not corrected for the sample holder contribution). The K The fits give Curie constantq of 4.0 emuK/mol and

linear fits to all curves show paramagnetic behavior with the exception of .~ . ’

that measured witl in the ab-plane at 50 K, for which the linear fit to 3.9 emuK/mol and Weiss t?mperatureé)(()f —180 K_ and

the data between 1 dr4 T is shown. —200 K for data collected withl O c andH Il ¢, respectively.
o o . _ o The large negative values éfsuggest strong antiferromag-

Ni2* ions in trigonal bipyramidal coordination on the M(3) netic interactions. Each formula unit contains t&e= 3/2

site are not considered in the analysis of the magnetic dataCcr3+ jons, two S= 1 Ni2* ions, and one $= 0 Ni2* ion (in

because they are not expected to have a local morent ( trigonal bipyramidal coordination). From this an expected

0). In the selenide, the shortestW! distance is 3.2 Aand  Curie constant of 5.75 emi/mol is calculated. This is

is along thec-direction, between M sites in neighboring significantly higher than the values @ determined from

honeycomb nets within a double layer. The next shortest is the fits in Figure 6a.

in theab-plane, between M sites within a single honeycomb  Inspection of the fits to the g/data shown in Figure 6a

net, and is 3.6 A The shortest distance along ¢ between Mreveals systematic deviations from the simple Ctiiéeiss

atoms in neighboring double layers is 6.0 A. Magnetic |aw, most noticeable for Il c. Because of this, fitting was

interactions are further complicated by the mixed occupancy also performed with the addition of a temperature-indepen-

of two of the three M sites by Cr and Ni, resulting in varying dent term to the CurieWeiss model, using the equatign

local magnetic environments for a single crystallographic site = y, + C/(T — ). The results are shown in Figure 6b and

in the average structure. the fitted parameter values agg; = —1.7 x 103 emu/
Figure 5a shows the temperature dependence of themol, Cy= 5.6 emuK/mol, 65 = —260 K; yoy = 1.7 x 1073
magnetic susceptibilityy(= M/H) per formula unit deter-  emu/mol,C; = 2.2 emuK/mol, 8, = —80 K. In contrast to

mined from magnetization measurements in an applied the fit using simple CurieWeiss model described above
field of H = 2 T aligned parallel and perpendicular to the and shown in Figure 6a, this analysis, with the inclusion of
c-axis. Little anisotropy is observed in the susceptibility data a temperature-independent term, suggests strong anisotropy
shown in Figure 5a, and a subtle but reproducible cusp isin both the magnetic interactiong)(and the momentQJ).
observed near 105 K. The field dependence of the magneticThe origin of the relatively large valueg and the reason
moment of the NiCr,P,S; crystals is shown in Figure 5b.  for its difference in sign for the two crystal orientations are
The lines are linear fits to th®l versusH data. The linear  unclear. The need for such large temperature-independent
behavior is observed upt T in all cases except at 50 K terms to describe the data using a Cui#eiss model may
with H O c. In this case the line shown on the plot is a fit to suggest that significant magnetic correlations persist up to
the data only foH > 1 T. This behavior may be related to 400 K or simply that this model is incapable of describing
the cusp near 105 K in thg vs T data, which is more the complex magnetic interactions insSi,P,Ss.

pronounced in thél O c data than that collected witH Il ¢ We propose three possible explanations for the observed
(Figure 5a). deviation from Curie-Weiss behavior (Figures 5a and 6) at
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temperatures below about 150 K. First, possible contamina-which makes the magnetic system three-dimensional or to
tion by magnetic impurities must be always be considered. anisotropic intralayer couplings which have been shown to
Although the magnetic measurements were performed onlead to ordered states through the so-called Kosterlitz and
single crystals, the crystals were selected from a multiphaseThouless (KT) transitiod’ For example, BaNV,0g has
reaction product. Electron microprobe analysis confirmed that honeycomb nets of magnetic Ni atoms in edge sharingsNiO
the selected crystals wered8iP,Ss, and careful inspection  octahedra which are separated from neighboring nets by Ba
under an optical microscope showed no observable contami-atoms and V@ tetrahedra. This compound orders antifer-
nation. However, it is interesting to note that,&y has romagnetically at 50 B in what is believed to be a KT
magnetic properties in some ways similar to those observedtransition?® Another, perhaps more closely related, example
in the present study. €% undergoes a ferrimagnetic is NiPS, which is made up of layers or edge sharing NiS
transition afTy = 118 K1°2°As expected for a ferrimagnet, octahedra which form a honeycomb net witk-P dimers
M(H) curves for CsS; show linear behavior fof > Ty and in the holes forming ethane-like,8 units® NiPS; orders
rapid saturation followed by a linear increase Tox Ty.2° antiferromagnetically at 155 K, and its magnetic susceptibil-
Similar behavior inM(H) was noted at 50 K (but not 5 K) ity exhibits a broad maximum above this transition, centered
in NisCr,P,Sy in Figure 5b. The magnetization of £ near 270 KX Further study, perhaps through neutron
increases abruptly abis lowered belowTy.**?%22A larger diffraction experiments, is needed to gain a deeper insight
increase is seen whet is perpendicular to the hexagonal into the magnetic behavior of pCr,P,Sy and NgCr.P.Se.
c-axis than wherH is aligned withc, and the magnitude of

the anisotropy depends on the stoichiometry of the com- Conclusions

pound?? We estimate that contamination by as little as 5%  The new quaternary compoundsSi:P,Ss and NsCrP,-
of CrzSs by weight could produce an increase in magnetiza- s, have been synthesized and characterized. Investigation
tion similar.in magnitude to that associated with the cusp of mixed sulfide-selenide compositions suggest that a
shown in Figure 5a. complete solid solution exists. Transport properties measure-

Second, if the observed cusp in tp) data near 105 K ments show the materials to be p-type semiconductors with
is an intrinsic property of NCrP,S, it is likely a signature  small band gaps or activation energies. In addition, interesting
of an antiferromagnetic ordering transition. The continued structural and magnetic properties were observed. The
increase iny upon further cooling may indicate canting of = structures of these compounds contain unusual five-
the moments in the ordered state. A cusp () similar to coordinate Ni atoms and a new type of layer never before
that observed for NCr.P,S, has been observed in the binary  observed in transition metal chalcogenides. These layers can
compound CrSé&2?* which has been shown to adopt a pe derived by fusing two layers of the NiPStructure
noncolinear antiferromagnetic spin arrangement below aboutthrough face sharing of the Nj®ctahedra, replacing the
300 K2° P—P dimers with linear PNi—P units, and distributing Ni

Finally, the cusp near 105 K and paramagnetic behavior and Cr evenly over the octahedral sites. The initial study of
at lower temperatures may indicate that an antiferromagneticthe magnetic properties of the sulfide revealed interesting
ordering takes place near 105 K, but not all of the magnetic behavior indicating complex magnetic interactions and
moments participate. This may suggest that only one of the suggest that an antiferromagnetic ordering transition, possibly
several types of magnetic interaction in this compound order into a canted state, occurs near 105 K. These observations
at this temperature or that ordering occurs only for certain suggest further studies of the magnetic properties a@f Ni
local arrangements of Ni and Cr on the mixed transition metal Cr,P,Sy and NgCrP.Se, are warranted.
sites.
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