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The cation distribution to the two crystallographic cation sites of the Cr& structure was determined 
in CrTi2Se4 and TiCrzSe4 by the high-resolution neutron diffraction, using Rietveld analysis. The result 
showed that the Cr ions preferentially occupy the 2(n) sites. The magnetic properties of the 
(CrxTi,&Se4 system were also measured and discussed in relation to the selective substitution of 
metal ions resulting from the site preference of each ion. 6 1987 Academic press, hc. 

Introduction The Cr& structure1 (Fig. 1) can be de- 
scribed as the defective NiAs structure 

In a transition metal (M)-chalcogen (X) which consists of hexagonal close packing 
system MX--MX,, a number of vacancy- of chalcogen atoms with the metal atoms 
ordered phases appear. Among them, the 
&X4 phase with the Cr& structure is of r For the Cr&type structure, an unreduced unit 

interest because it has been found in so cell with monoclinic space group 12/m has been used 

many M-X systems (2, 2) and also shows 
for convenience in comparison with the basic NiAs 

various physical properties depending on M 
structure. In this paper, however, we chose a reduced 
unit cell with monoclinic space group B2hn for the 

and X. Rietveld analysis described later. 
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FIG. 1. Cr& structure. The thick solid line repre- 
sents a unit cell for the space group B2h. 

occupying the octahedral interstices. In 
contrast to the NiAs structure, the vacan- 
cies are confined to alternate metal layers 
and ordered within these layers. Therefore, 
there are two kinds of sites for metal atoms 
in the structure: one in the half-filled layer 
(2(u) site), and the other in the fully occu- 
pied layer (4(i) site). The structure is re- 
ferred to, hereafter, as (M)[Mz]X~, where 
parentheses and brackets denote the half- 
and the fully occupied layers, respectively. 

Not only single metal compounds M&d, 
but also a number of mixed-metal com- 
pounds M’M2X4 with the Cr& structure, 
have been reported (3-5). For these 
M’M2X4 compounds, it arises as an inter- 
esting problem whether or not a metal- 
ordered structure or a trend of the site 
preference exists, in addition to a 
vacancy-ordered structure. Chevreton and 
Andron reported two types of metal-or- 
dered structures (6): 

(i) normal-type, (M’)[MmX4; 
(ii) inverse-type, (M)[M’M]X4. 

The determination of the cation distribution 
for these compounds is indispensable not 
only for understanding their diverse physi- 
cal properties, but also for obtaining infor- 
mation about the nature of chemical bond- 

ing. Though there have been several 
investigations of this problem by means of 
neutron diffraction, Mossbauer spectros- 
copy, etc. (7-13), they are restricted to 
several compounds, and no systematic 
study varying M’ and M has been done so 
far. We proposed in the previous communi- 
cation (14) that the investigation of the 
pseudo-binary system (M!J4r-J& serves 
as a useful tool for this purpose, because 
the site preference of M and M’ should re- 
flect on the compositional dependence of 
some physical property. In particular, the 
selenide system (M;&f-,)$e4 (M&f = Ti, 
V, Cr, Fe, Co, and Ni) has been chosen 
because all of the end compounds have the 
Cr& structure. As a part of this investiga- 
tion, we reported on the phase diagram of 
solid solution system (Cr,Tir-J$e4 and the 
neutron diffraction study of CrTizSe4 (14). 

In this paper, we present the results of 
the cation distribution in CrTi$ed and 
TiCrzSe4, determined from the structural 
refinement using the Rietveld analysis of 
their high-resolution neutron diffraction 
patterns. We also report the magnetic prop- 
erties of the (Cr,TiI-,)$e4 system. The cor- 
relation between the cation distribution de- 
termined from the Rietveld refinement and 
the compositional variation of physical 
properties is discussed. 

Experimental 

Samples were prepared by direct reac- 
tion of the high-purity elements. The details 
have been reported in our previous com- 
munication (14). The phase identification 
of the samples was made with an X-ray dif- 
fractometer using monochromatic CuKa 
radiation at room temperature. 

Neutron diffraction experiments were 
carried out with a high-resolution powder 
diffractometer HRP (15) at KENS pulsed 
spallation neutron source in the National 
Laboratory for High Energy Physics. The 
samples (about 8 g) were placed in a cylin- 
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drical sample holder (10 mm in diameter) 
made of vanadium foil which was 25 pm 
thick. The counting time was about 20 hr. 

The magnetic susceptibility was mea- 
sured from 4.2 K to room temperature us- 
ing a Faraday-type magnetic torsion bal- 
ance with an applied field of 8 kOe. 

Results 

1. Neutron Diffraction Study 

HRP adopts a time-of-flight (TOF) tech- 
nique, in which the sample is irradiated 
with pulsed white neutrons and the scat- 
tered neutrons are detected by backward 
counters placed at a fixed scattering angle 
(28 = 170”). The resolution, Ad/d, of HRP is 
about 0.3%, which is superior to that of a 
conventional double axis diffractometer at 
a reactor by about one order of magnitude. 
The diffraction data were analyzed by the 
Rietveld method (16). In this analysis, the 
calculated diffraction intensity Y(t) as a 
function of TOF (t), is expressed as follows 
(27): 

+ Yb(t) . 
1 

In the above equation, Y,(t) is the incident 
neutron spectrum, c is the scale factor, A(t) 
is the absorption correction factor, Fk is the 
structure factor, mk is the multiplicity, dk is 
the d spacing for kth reflection, and Yb(t) is 
the background function. The incident neu- 
tron spectrum Y,(t) has been determined in 
advance by incoherent scattering of vana- 
dium. The peak shape functionf(Ak), where 
Ak is the difference in TOF from the Bragg 
position of the kth reflection, has been 
given by Von Dreele et al. (17) as a Gaus- 
sian resolution function convoluted by ris- 
ing and decaying exponentials. We modify 
their expression by adding two asymmetric 
Lorentzian functions at the peak position 
and the decaying tail (26), because we em- 

ploy a grooved surface moderator which 
provides more complicated time profile 
compared to the flat moderator (17). Least- 
squares refinement is achieved by minimiz- 
ing the quantity, 

where Yi(Obs) and Y,(cal) are observed and 
calculated counts for the ith time channel 
and Wi is a weighting factor. 

The assumption made prior to the refine- 
ment is that each atom site is completely 
occupied, that is, no vacancy exists both on 
metal and selenium sites. This results in the 
general formula for the cation configuration 
in the compound M’M2X4, 

where g is the occupation factor of M’ for 
the 2(a) site, which is the only parameter to 
be refined concerning the cation distribu- 
tion. The occupation factor, g, and the 
atomic coordinates were refined, together 
with the overall temperature factor (B) and 
the unit cell parameters. The final parame- 
ters are given in Table I. The observed and 
calculated profiles of CrTi2Se4 and TiCr2Se4 
are shown in Figs. 2 and 3, respectively. 
The experimental data are plotted by dots 
and the vertical markers indicate Bragg po- 
sitions. The solid curve overlying the data 
points is a result of the Rietveld analysis 
described above and the difference AY be- 
tween observed and calculated counts is 
shown by a series of dots in the bottom. 

2. Magnetic Susceptibility 

The temperature dependence of the mo- 
lar magnetic susceptibility (x,,,) for several 
samples of (CrXTil-J3Se4 is shown in Fig. 4. 
x,,, for all samples except T&Se4 (x = 0) ex- 
hibits a temperature dependence. 

x,.,, for T&Se4 is paramagnetic and temper- 
ature independent (2 x lop4 emu/mole), in- 
dicating T&Se4 has no localized magnetic 
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FIG. 2. Observed (dots) and calculated (solid line) neutron diffraction pattern of CrT&Se+ 

TABLE I 

FINAL ATOMC PARAMETERS FOR CrTizSe4 AND 
TiCrISe WITH ESTIMATED STANDARD DEVIATIONS 

IN PARENTHESES 

CrTi2Se4 

Atom Position x Y 2 occupancy 

wo Z(a) 0 0 0 0.694 
Ti(1) Z(a) 0 0.306 
Cm 49 

:.2548(9) :.222(2) 
0 0.153 

Ti(2) 4W 0.2548(9) 0.222(2) 0 0.847 
Se(l) Y9 0.6308(3) 0.2959(7) 0 1 .o 
Se@) 4(l) 0.8857(2) 0.2241(6) 0 1.0 

a = 13.6581 A; b = 6.2992 A; c = 3.577 A; y = 118.59”; E” 
= 0.30(2) A*; R:, = 8.8%; Rfi = 4.3% 

TiCrzSed 

Atom Position x Y z Occupancy 

Ti(1) Z(a) 0 0 0 0.160 
wu 2(a) 0 :.261(7) 0 0.840 
Ti(2) 49 0.269(2) 0 0.420 
WV 4(i) 0.269(2) 0.261(7) 0 0.580 
Se(l) 4(i) 0.6326(2) 0.2940(7) 0 1.0 
w-3 4(i) 0.8834(2) 0.2189(6) 0 1.0 

a = 13.5541 A; b = 6.2913 A; c = 3.5871 ii; y = 119.01”; El” 
= 0.49(2) &; Rb,, = 8.7%; Rfi = 3.9%. 

0 E: overall temperature factor. 

hR wp = [c w,{Y,(obs) - Y,(~nl)]~/ 7 ~~:(Y,(obs~)‘]“’ 

( Re = F IUobsJ - fL(Ck.il) 
II 

2 IL(obs). (fi(obs) and 
x 

I~(cal) are observed and calculated integrated intensities for 
the lith reflection.) 
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moment. Compounds having x = 1.0 
(Cr$e4) and x = 0.9 show a typical antifer- 
romagnetic behavior with TN = 82 and 38 
K, respectively. The value of TN = 82 K 
for Cr3Se4 is in good agreement with that 
reported by Bertaut et al. (18) and by 
Yuzuri (19). For 0.4 I x 5 0.8, xm shows a 
broad maximum around 10 K suggesting 
some kind of magnetic ordering. 

Above about 77 K, x,, for all samples but 
T&Se4 obeys a Curie-Weiss law: xm = C,,,/ 
(T - 19) + x0, where C, is the molar Curie 
constant, 8 is the Weiss constant, and x0 is 
the temperature-independent susceptibil- 
ity. x0 is nearly equal to zero for 0.3 5 x i 1 
and the order of x,,, of T&Se4 for x = 0.1 and 
0.2. Figure 5 shows the reciprocal suscepti- 
bility l/(xm - x0) vs temperature (T) curves. 
Figure 6 shows the compositional depen- 
dence of the parameters C, and 8, calcu- 
lated from the slope and the intercept of the 
14xl-n - x0) vs T curves in Fig. 5. C, in- 
creases linearly with x but the slope of the 
C, vs x curve changes above x = 0.7. In the 
(CrXTil-J$ed system, it seems reasonable 
that the Ti atoms have no magnetic moment 
and C, is a measure of the localized mag- 
netic moment of the Cr ions. Figure 7 
shows the compositional dependence of the 
effective number of Bohr magnetons, Peff, 
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FIG. 3. Observed (dots) and calculated (solid line) neutron diffraction pattern of TiCr2Se4. 

per Cr ions. PeE has the constant value of increases with increasing x, showing a max- 
about 4pa in the composition range 0 < x < imum value of 56 K around x = 0.3, and 
0.7 and over x = 0.7 increases monoto- then decreases to the value of -48 K for 
nously to the value of about 4.7~~ at x = 1 Cr3Se4 (x = l), changing its sign from posi- 
(Cr$e&. The value of 4pa is close to the tive to negative at about x = 0.8. The value 
one corresponding to the Cr3+ ion (3.87~~ of 8 = -48 K for Cr3Se4 seems to be reason- 
estimated from d-spin moments only: d3, S able for the antiferromagnetic compounds 
= $), while the value for x = 1 (Cr3Se& is with TN = 80 K. The change of sign of ,9 
close to the average moment (4.21~~) of from positive to negative means the change 
Cr3+ and Cr2+ ions based on an ionic config- of predominant magnetic interactions from 
uration Cr2+Crs+Se!- for Cr3Se4. ferromagnetic to antiferromagnetic. 

On the other hand, the Weiss constant 8 

6, J I 

I 
OO 20 LO 60 

T(K) 

TlKl 

FIG. 5. Plot of the inverse magnetic susceptibility, l/ 
FIG. 4. Temperature dependence of molar magnetic (xm - x0) vs temperature for the samples of (0, 

susceptibility of the samples of (Cr,Ti,+.),Se+ Tile,),Se4. 
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FIG. 6. Composition dependence of the Curie con- 
stant (solid circles) and Weiss constant (solid squares). 

Discussion 

As presented in Table I, the Rietveld 
analysis resulted in the following cation dis- 
tribution: 

for CrTizSe4, 

for TiCrzSe4. 

These results reveal that CrTi2Se4 and 
TiCrzSe4 have approximately the normal- 
and inverse-type metal-ordered structure, 
respectively. The normal-type configura- 
tion for CrTi2Se4 is also consistent with the 
results of a preliminary neutron study (14). 
Therefore, we can say that the Cr ions have 
a tendency to occupy the 2(a) site relative 
to the Ti ions. 

CrTizSe4 and TiCrzSe4 are compounds 
appearing at x = 4 and % in a pseudo-binary 

0 0.2 0.1 0.6 0.8 1.0 

x in (Cr,Ti,&Se~ 

FIG. 7. Composition dependence of the effective 
number of Bohr magnetons per Cr ion. A broken line 
was obtained from the present assumption (see text). 

system (Cr,Tit-J3Se4, respectively. For a 
pseudo-binary solid solution (M$4-J3Se4 
system, we have hypothesized three simpli- 
fied modes for the substitution based on the 
site preference of each metal (14): 

(A) M’ substitutes for M in the 2(a) 
sites preferentially. 

(B) M’ substitutes for M in the 4(i) 
sites preferentially. 

(C) Neither M’ nor M has a preference 
for either site. 
It can be expected that an anomalous 
change in the compositional dependence of 
physical properties should appear at the 
composition x = g for case (A), and x = 1 
for case (B). 

As we have already reported (14), the 
compositional variation of the lattice pa- 
rameters (Fig. 8) has a turning point at 
around x = 5 (CrTi,Se4) showing the devia- 
tion from Vegard’s law. Furthermore, we 
have observed a minimum in the variation 
of the phase transition temperature (T,) at 
the same composition, x = 5 (14). 

L .L g;g ; 116.5 
n6.0 

- 2% 
4 m 
-2% 
' 266 

266 i--::r:, 
0 0.2 0.L 0.6 0.6 1D 

x in (CrxTi,-xl,Se, 

FIG. 8. Composition dependence of the lattice pa- 
rameters (a, b, c, and y) and unit cell volume (V). 
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These results reveal that the substitution 
mode in (Cr,Til&Se4 is case (A), that is, 
the Cr ions have the site preference for the 
2(a) sites, and accordingly the normaltype 
CrTi2Se4 at x = 5 and the inversetype 
TiCrzSe4 at x = $ are formed. The results of 
the Rietveld analyses on the compounds 
CrTizSed and TiCr#ed support our simpli- 
fied model for the substitution, where the 
substitution proceeds according only to the 
site preference of each metal over the 
whole composition range of the system. 

Next, let us discuss the magnetic proper- 
ties with regard to the above substitution 
model. Cr3Se4 is an antiferromagnetic com- 
pound with TN = 80 K. The spin structure 
was confirmed by Bertaut et al. (18) to be 
that of ferromagnetic (010) layers coupled 
antiferromagnetically to each other. As 
shown in Fig. 1, the metal layer stacking 
parallel to the (010) plane is expressed as 
MFMVMFO MFMVMFO . . . , where MF 
denotes the metal layer formed by 4(i)-site 
metals (metals in a fully occupied metal 
layer), Mv represents 2(a)-site metals 
(metals in a half-filled metal layer), and 0 
signifies a vacancy layer. Therefore, the 
spin structure is expressed as MTM!M: 
q M!M:M?U. . . , where + and - spec- 
ify spin directions of the interlayer antifer- 
romagnetic coupling. The analysis of 
magnetic susceptibility measurements for 
(CrXTil-J3Se4 has revealed that only Cr 
ions are magnetic in this system. In this sit- 
uation, the observed compositional varia- 
tion of 0 may be understood on the basis of 
the selective substitution mentioned above. 
8 is a measure of the two competing mag- 
netic interactions, that is, intralayer ferro- 
magnetic and interlayer antiferromagnetic 
interactions. Starting from CrSe4 (x = l), 
which is an antiferromagnet with TN = 82 
K, the selective substitution of Ti for Cr 
ions in the MF layer results in the dilution 
of magnetic ions in the MF layer with de- 
creasing x for 1 2 x 2 4, and the magnetic 
structure TiFCr~TiFCITiFCr!TiFO . . . is 

ultimately realized at x = 5, if the interlayer 
antiferromagnetic and intralayer ferromag- 
netic coupling of the magnetic ions is held. 
This structure has the separated ferromag- 
netic layers coupled antiferromagnetically 
(Cry-Cr!) and the intralayer ferromagnetic 
interaction should be predominant. In fact, 
8 changes from a negative value (-48 K for 
Cr$ed) to a positive one and reaches a 
maximum value +56 K at x = S. Below x = 
$,f3 begins to decrease due to the dilution of 
magnetic ions in the MV layer. The predom- 
inance of intralayer ferromagnetic coupling 
is also seen in the behavior of the xm vs T 
curves at lower temperatures for 0.8 L x 2 
0.4; i.e., xm abruptly increases at lower 
temperatures. 

On the other hand, as shown in Fig. 7, 
the variation of the effective magnetic mo- 
ment P,rr shows a break at x = f, and not at 
x = 4 where the metal site to be substituted 
changes from the 2(a) to the 4(i) site. The 
behavior of Perr can be interpreted on the 
following assumption. The Cr ions trend to 
have the Cr3+ (d3) state whether it is situ- 
ated in the 2(a) site or in the 4(i) site. There- 
fore, the Cr3+ state is stable up to x = %. 
However, above this composition, subse- 
quent Cr ions have the Cr2+ (d4) state. 
Then, finally, an ionic configuration 
Cr2+Cr:+Se$- is realized at x = 1.0. The 
compositional variation of P,m based on the 
above assumption is shown by a broken line 
in Fig. 7, which can explain the observed 
behavior qualitatively. It is noteworthy that 
the valence state of the Cr ions does not 
correspond to the site it occupies, that is, 
the site preference cannot be attributed 
only to a factor such as ionic radii. The 
strong tendency of the Cr ion for the Cr3+ 
state has also been reported in Cr,TiSe, 
(20), where the Cr3+ state is stable for the 
wide homogeneity range of the MS4 phase 
(0.45 < x < 0.65). 

The site preference of the 3d-transition 
metal and the magnetic and electric proper- 
ties in (MiMI-J3Se4 systems with the Cr3S4 
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structure including this system are under 
investigation. 
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