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The pseudobinary CrAs-TiAs system has been investigated by X-ray and neutron diffraction and
magnetic susceptibility measurements at temperatures between 10 and 1000 K. The phase diagram
includes paramagnetic regions with the MnP-, NiAs-, and TiP-type structures and a low-temperature
helimagnetic, MnP-type state for 0.00 = ¢ < 0.10 of Cr;_,Ti,As. The first-order para- to helimagnetic
transition in Cr, - Ti,As is accompanied by a hysteresis of 10-15 K. The results are discussed in relation
to the findings for other Cr,_,T,As (T = V, Mn, Fe, Co, Ni) and CrAs,_ X, (X = P, Sb, Se) phases.
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Introduction

CrAs is an interesting member of both the
MnP- and NiAs-type families [cf., e.g., ({,
2) and references therein]. Features which
attract attention are:

(i) The second or higher order MnP &
NiAs-type transition at Tp = [173 *= 20 K.
This transition extends into the ternary
ranges of the solid solution phases Cry_,
T,As [T =V (3), Mn (4, 5), Fe (6), Co (7),
Ni (8)] and CrAs,_. X, [X = P (9)], but hith-
erto only Cr;_Mn,As has disclosed an ap-
preciable variation of Tp with ¢.

(ii) The helimagnetic (H,) phase of the so-
called double ¢ axis type (I, 10} at tow tem-
peratures; also, the H. phase spread out
into Cr,_,T,As (3-8) and CrAs,_ X, (9, 11).
However, apart from Cr;_MnAs (4, 12)
and CrAs;_,Sb, (I1) the H,. arrangement
breaks down for rather low values of ¢ or x.

(iii) The paramagnetic (P) to H, transition
is of first order with hysteresis (I, 10, 11,
13—-15). There are some disagreements
about the value for the Néel temperature on
cooling (Tn,) and heating (Tn ), but 261

and 272 K, respectively, reported by Selte
et al. (1), are self-consistent with those in
this communication. The first-order charac-
ter of the P to H. transition is also main-
tained in Cr,_,T,As and CrAs,,X,. For
Cr,_,Mn,As the P to H, transition converts
to second order at ¢ = 0.10 (5).

The present paper concerns structural
and magnetic properties of the CrAs-TiAs
system. Only rather sparse information on
this system is available in the literature
(16, 17).

Experimental

CrAs and TiAs were synthesized accord-
ing to the sealed silica capsule technique as
described in (12, 18). Weighed amounts of
CrAs and TiAs, in the desired proportions,
were heated at 1000°C for 5 days. After
careful grinding the samples were subject to
two further, similar annealings and finally
the samples were slowly cooled to room
temperature over 1 day. The homogeneity
of the samples was ascertained by room-
temperature powder X-ray (Guinier) dif-
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10 FJIELLVAG AND KJEKSHUS

fraction [(CuKe, radiation, A = 154.0598
pm; Si as internal standard, a = 543.1065
pm (19)]. Low- and high-temperature X-ray
diffraction photographs were obtained in a
Guinier Simon camera (Enraf-Nonius).
The sample was kept in a rotating, sealed
silica capillary, and the temperature could
be varied continuously between 100 and
1300 K. The temperature difference be-
tween the programmed temperature and
that of the sample is estimated to be less
than 5 K at 1300 K.

Magnetic susceptibilities were measured
between 80 and 1000 K by the Faraday
method (maximum field ~8 kOe, samples
of 10-20 mg).

Powder neutron diffraction diagrams
were recorded with the OPUS III spec-
trometer at the JEEP II reactor, Kjeller,
using neutrons of wavelength 187.7 pm.
Temperatures between 10 and 300 K were
attained with a Displex cooling device. The
Hewat (20) version of the Rietveld (27) pro-
gram was used in the profile refinements of
the powder neutron diffraction data. The
scattering lengths (in 1072 cm) b, = 0.352,
bri = —0.34 and b, = 0.64 were taken from
the compilation in (22), and the magnetic
form factor for Cr3** from (23).

Results

(i) Atomic arrangement. CrAs takes the
MnP-type structure (here using the Pnma
setting, c > a>b)uptoTp = 1173 £ 20K
where it converts to the NiAs type. At
room temperature the MnP-type structure
prevails for Cr;—Ti;As with 0.00 = ¢ <
~0.40. The binary end phase TiAs takes the
TiP-type structure, which is closely related
to the NiAs type (24). For Cr,_Ti,As the
TiP-type structure is found for 0.97 + 0.02
= t = 1.00, viz., in a narrow region near
TiAs. The NiAs-type structure occurs in
the interval ~0.40 = ¢ = 0.90, and a narrow
miscibility gap, 0.93 + 0.02 = ¢t = 0.97 =
0.02, separates the NiAs- and TiP-type
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F1G. 1. Unit-cell dimensions of Cr;_,Ti,As at 293 K.
Calculated error limits do not exceed size of symbols.
Structural state is indicated at the bottom of the illus-
tration. (1 A = 107 pm.)

phase regions. The variations in the unit-
cell dimensions of Cr,_,Ti,As (for siawly
cooled samples) with the compositional pa-
rameter ¢ at 293 K (Fig. 1) reflect these
phase relations.

Boller et al. (16, 17) report two modifica-
tions of TiAs. In order to verify the claimed
high-temperature, NiAs-type modification,
TiAs was examined by the high-tempera-
ture X-ray technique. However, no TiP- to
NiAs- (nor any other) type phase transition
was detected at temperatures below ~1370
K. Only samples with a Ti: As atomic ratio
of 1:1 were subject to this study, and the
possibility that nonstoichiometric TiAs
may take the NiAs-type structure (at ele-
vated temperatures) is accordingly still
open. The temperature dependence of the
unit-cell dimensions for TiAs is depicted in
Fig. 2.
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F16. 2. Thermal expansion of TiAs 273-1273 K. Cal-
culated error limits do not exceed twice the size of
symbol. (1 A = 10 pm.)

The (orthorhombic) MnP-type structure
is a variant of the (hexagonal) NiAs type
(@MnP = Cnias; v = Pnias; CMop = 2anias +
bnias). The metal and nonmetal atoms are,
relative to their positions in the NiAs-type
structure, displaced mainly parallel to cypp
and amup, respectively (2). The MnP- to
NiAs-type phase transition is, according
to symmetry considerations on the basis of
Landau theory, allowed to be of the contin-
uous, second-order type (25). This feature
has now been verified experimentally for
many binary and ternary representatives of
the MnP-type family, e.g., Mn,_,T,As (2,
8, 12, 18, 26-28), MnAs, X, (29, 30),
Cr_,T.As (3, 5-8), and CrAs,_, X, (9).

In ternary solid-solution systems where
the binary end phases take, respectively,
the MnP- and NiAs-type structures, one
may expect that Tp for the MnP 2 NiAs-
type transition varies continuously with the
compositional parameter (¢ or x) and finally

approaches zero for a certain value of 7 or x
[cf. (4, 18, 31)]. However, the MnP- and
NiAs-type phases of such systems are often
separated by a two-phase region, which,
e.g., is the case for Cr,.,V,P, (32), Mn,_,
Fe;As (33), Cr;_,Ni,As (8), CoAs,_,Sb,
(34), and VP,_,As, (35). (In the latter case
there also occurs an intermediate ternary
phase with a distinct structure.)
According to Fig. 1, Cr,_Ti,As is a
strong candidate for the feature ‘‘continu-
ous variation in Tp with >. The MnP =
NiAs-type phase transition is clearly re-
vealed in high- or low-temperature X-ray
diffraction photographs and in the magnetic
susceptibility data [see (ii)] of Cr,_Ti,As.
For 0.00 = ¢ = 0.35, Tp was found to be
above room temperature; for ¢+ = 0.40, be-
low this temperature; and for + = 0.45, no
sign of any phase transition was observed
above 100 K. (The unit-cell dimensions for
t = 0.45 (NiAs type) vary linearly between
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FiG. 3. Phase diagram for the pseudobinary CrAs—
TiAs system. Structural state is indicated by type des-
ignation, magnetic state by H, (c-axis helical) and P
(para). Tp denotes the MnP,P & NiAs,P-type (distor-
tion) transition, and Ty, and Ty distinguish the Néel
temperature on heating and cooling, respectively.
Results marked B are obtained from magnetic suscep-
tibility; O, @ by X-ray; and V, ¥ by neutron diffrac-
tion measurements. Data for CrAs are quoted from

(7).
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F16. 4. Thermal expansion of Cry sTip.1sAs and Cro2TioswAs. Calculated error limits do not exceed

twice the size of symbol. (1 A = 102 pm.)

a=360.6 +0.1 pm,c=591.3 = 0.1 pm at
90 K,and g = 361.0 = 0.1 pm, ¢ = 592.9 =
0.1 pm at 293 K..) T, was obtained by visual
inspection of the X-ray diffraction photo-
graphs. As seen from the phase diagram of
Cr_Ti,As in Fig. 3, Tp decreases almost
linearly with ¢, passes through 293 K at ¢t ~
0.37 (see also Fig. 1), and approaches zero
at ¢ = 0.50. The approximately linear Ty-
versus-1 relationship for Cr;_Ti;As resem-
bles the findings for Mn,_,Cr,As (4, 5). The

thermal expansion curves for the unit-cell
dimensions of Cr,_,Ti;As with r = 0.15 and
0.30 (Fig. 4) may serve as representative
examples of the present results.
Crystallographic data for Cr,_,Ti,As with
t = 0.05 and 0.10 at 10 and 293 K, as de-
rived by Rietveld analyses of powder neu-
tron diffraction data, are listed in Table 1.
The evaluation is based on the assumption
that the long-range distribution of Cr and Ti
is random over the metal sublattice. (This

TABLE |

UNIT-CELL DIMENSIONS AND POSITIONAL PARAMETERS WITH STANDARD DEVIATIONS FOR Cr,_,Ti,As AS
DERIVED BY RIETVELD ANALYSIS OF POWDER NEUTRON DIFFRACTION DATa

t T(K)

a(pm) b(pm) <(pm) Xy 27 Xa, 2as
0.05 293 567.32(5)  347.15(2)  621.90(4)  0.0063(18)  0.2008(13)  0.2025(7) 0.5763(8)
10 563.61(4)  357.74(4)  615.54(6)  0.0091(10)  ©.2013(7) 0.2061(3) 0.5798(8)
0.10 293 569.78(5)  347.7%(2)  622.96(4)  0.0026(23)  0.2010(16)  0.2042(8) 0.5770(9)
10 566.54(7)  356.30(8)  617.77(9)  0.0020(40)  0.2043(34)  0.2056(13)  0.5750(39)

Note. Space group Pnma; Cr/Ti in 4¢ and As in 4¢c. (Nuclear R, factors ranging between 0.03 and 0.05; profile
R, factors ranging between 0.08 and 0.11; 25-30 nuclear reflections.)
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assumption is supported by sharp Bragg re-
flections, lack of additional superstructure
reflections, and generally good fit between
observed and calculated neutron diffraction
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intensities.) Only minor variations in the
positional parameters occur with ¢t and T.
On the other hand, for a given composition
there are large differences between the
unit-cell dimensions at 10 and 293 K. This is
due to the coupled structural and magnetic
phase transition at the P to H, phase transi-
tion [see (ii)].

The first-order P to H. transition (at Ty)
is clearly reflected in the thermal expansion
of the unit-cell dimensions of Cr;_,/Ti,As
with 0.00 = ¢ = 0.10. The results for Cry os
Tig osAs (Fig. 5) give a representative exam-
ple. The transition temperatures found by
X-ray diffraction (Tn;, = 235 £ 5, 205 + §,
150 = 5 and 100 = 5 K for ¢t = 0.03, 0.05,
0.08 and 0.10, respectively) are in excellent
agreement with those derived by neutron
diffraction (cf. Fig. 3 and vide infra).

In order to establish whether or not the
structural and magnetic phase transitions
coincide in temperature, nuclear and mag-
netic reflections were recorded simulta-
neously by powder neutron diffraction. The
integrated intensity-versus-temperature re-
lationships for ¢+ = 0.05 and 0.10 (Fig. 6)
reveal (within the estimated error limits of
the experiments) no distinction between the
nuclear and magnetic reflections in this re-
spect. The conclusion is accordingly that
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FI1G. 6. Relative integrated intensity of nuclear and magnetic reflections versus temperature for
CroesTiggsAs and CroeTip10As. Open and filled symbols refer to data obtained upon heating and
cooling, respectively. Results marked A, A refer to 111 plus 102 (nuclear); V, ¥ to 112 (nuclear); CI, B

to 000* (magnetic); and ¢, ¢ to 101~ (magnetic).
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Fic. 7. Inverse magnetic susceptibility as function
of temperature for Cr,_,Ti,As with ¢ = 0.10, 0.20, 0.30,
0.40, 0.50, 0.60, 0.70, 0.80, and 0.90.

the structural and magnetic changes at this
MnP(I),P- to MnP(ll),H.-type transition
are fully coupled (viz., inseparable). Tx ), =
212 = 5and 96 = 5K and Ty, = 200 = 5
and 84 = 5 K are estimated for ¢+ = 0.05 and
0.10, respectively.

(ii) Magnetic susceptibility. The recipro-
cal magnetic susceptibility-versus-tempera-
ture curves for Cry_,Ti,As with 0.10 = ¢ =
0.80 are shown in Fig. 7. On comparing
Figs. 3 and 7 it is evident that linear sec-
tions of the x (T) curves are connected
with the NiAs,P-type state. Hence, the
Curie—Weiss law [x~! = C~(T — 6)] is ful-
filled for the NiAs,P-type state as opposed
to for the MnP,P-type state. The nonlinear
behaviors of the x~(T) curves in the
MnP,P-type state are probably inter alia a
reflection of a gradual reduction in the num-
ber of unpaired electrons and/or changes in
the magnitude of the exchange interactions
with decreasing temperature (35). How-
ever, effects of a progressive MnP-type
crystallographic deformation [cf. (2, 23)
and vide infra] on the electronic band struc-

TABLE 11

WEIss CONSTANT (6), PARAMAGNETIC MOMENT (pter), AND NUMBER OF UNPAIRED SPINS (25) FOR THE
NiAs,P-Type StaTE OF Cr;_TiAs

Curie~Weiss region

! oK) ter(pp per Cr/Ti) 28(per Cr/Ti) Tn(K) (K)
0.00 — - — >1000
0.10 — — — >1000
0.20 50 = 25 3.08 = 0.10 2.24 + 0.07 735 £ 15 735-1000
0.30 =55+ 15 2.98 + 0.05 2.14 = 0.03 440 = 10 440-1000
0.40 —-110 £ 10 291 = 0.05 2.07 = 0.03 230 = 25 230-1000
0.50 —140 = 15 2.79 = 0.05 1.97 = 0.03 <80 80-1000
0.60 -50 = 10 2.52 £0.08 1.71 £ 0.06 — 80-700
—310 £ 30 2.77 £ 0.12 1.96 + 0.09 700-1000
0.70 -30+ 10 2.05 = 0.08 1.28 + 0.06 — 30-600
—430 + 40 2.47 £ 0.08 1.67 £ 0.06 600-1000
0.80 -15x 10 1.64 + 0.08 0.92 = 0.06 — 80-550
—520 £ 50 2.12 = 0.08 1.34 = 0.06 550-1000
0.90 -10 = 10 1.08 = 0.10 0.47 + 0.08 — 80400
-900 = 70 1.89 = 0.08 1.14 = 0.06 400-1000

Note. The MnP,P = NiAs,P-type transition temperature (Tp), as derived from magnetic susceptibility data, is

included.
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ture of Cry_,T,As and Mn,_,T,As will be dis-
cussed elsewhere. As seen from Fig. 3, the
Tp values derived from the kink points on
the x (T) curves closely match those ob-
tained by the X-ray diffraction method.

For 0.20 = ¢ = 0.50, x'(T) satisfies the
Curie-Weiss law for Tp < T < ~1000 K
(probably over the entire temperature range
of the NiAs,P-type state). The linear x~'(T)
characteristics for 0.60 = ¢ = 0.90 convert
to curves which are slightly concave to-
ward the temperature axis on the high-
temperature side. As seen from Fig. 7,
the latter feature becomes gradually more
pronounced when ¢ increases. This trend
resembles the findings for, e.g., the Mn,_,
T,P phases, and will be discussed elsewhere
(35).

The paramagnetic moments (uer =
V8Cno) and Weiss constants (6) are given
in Table 11 together with the corresponding
number of unpaired spins (25) according to
the ‘“‘spin only’’ approximation [per =
gV S(S + 1) with g = 2]. The x~! curves for
0.60 = 7 = 0.90 have been approximated by
two Curie—Weiss law relationships, for
which the data listed for ‘‘high-temperature
Curie-Weiss regions’’ in Table II most
likely have no simple physical interpreta-
tion. (Careful examination of high-tempera-
ture Guinier-Simon X-ray photographs
shows that this behavior is not correlated
with any crystallographic change.)

terr and 28 decrease with increasing ¢,
and # does the same up to ¢ = 0.50, where it
goes through a slight minimum and ap-
proaches 0 K. This is depicted in Fig. 8,
which also shows the relations between, re-
spectively, 25, 6 and uy, Ty [the two latter
derived by neutron diffraction, see (iii}].
The illustration brings out a fairly close cor-
respondence between 6 and Ty and a very
marked difference between 2S and uy.
Since the two sets of data refer to the quite
different NiAs,P- and MnP,H_ -type states,
the resemblance between the former pair of
parameters appears more remarkable than
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F1G. 8. 28 (**spin only’’) and # values from magnetic
susceptibility and py and Ty values from neutron dif-
fraction versus the compositional parameter ¢ of Cr,_,
Ti,As. Legends to symbols are given on the illustra-
tion. Bars represent estimated or calculated errors.

the distinction between the latter. Some of
the disparity in 2S5 and uy may be attributed
to a difference in methodology (magnetic
susceptibility versus neutron diffraction),
but we assume (35) that the major part orig-
inates from the gradual reduction in the
number of unpaired spins with the progres-
sive MnP-type crystallographic deforma-
tion (vide infra).

The change in the slope of the 2S-versus-
t relationship at ¢ = 0.53) in the inset to Fig.
8 is correlated with the nonlinear behavior
of x~(T) in the NiAs,P-type state (vide su-
pra). These features are different reflec-
tions of a parallel alteration of the elec-
tronic band structure with ¢ 2§
extrapolates (cf. Fig. 8) to ~2.4 for t = 0.00
(viz., CrAs) and ~0.0 for + = 1.00 (viz.,
TiAs), the latter finding being consistent
with the magnetic properties reported for
TiAs (17) itself.
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TABLE III
HELIMAGNETIC PARAMETERS FOR Cry_,TiAs
AT 10 K
! T2me* pulis) &%)
0.00 0.353 = 0.002 1.70 = 0.05 —133 + |
0.05 0.378 = 0.002 1.48 = 0.05 —-122+3
0.10 0.396 + 0.002 1.21 = 0.05 -124 £ 3

Note. Ry ranging between 0.03 and 0.08; 8-11
magnetic satellite reflections. Data for CrAs are
quoted from (7).

(iii) Magnetic structures. The magnetic
phase relatjonships in the CrAs-TiAs sys-
tem are summarized in Fig. 3. The TiP- and
NiAs-type phases are consistently in a P
state, whereas MnP(I),P converts into
MnP(1),H, for T < Ty (Tn . or Ty depend-
ing on cooling or heating conditions) and
0.00 = 1 = 0.10. The width of the hysteresis
loops for the MnP(I),P- to MnP(II),H -type
transition [see (i)] is approximately con-
stant (ATy = 10-15 K) over the composi-
tion interval concerned. [The large scatter
in the Ty values reported (/, 10, 11, 13-15)
for CrAs probably originates to a large ex-
tent from differences in the procedures for
sample preparation. Melting may, ¢.g., pro-
duce some (difficult controlled) variation in
T:X stoichiometry and solid-state reac-
tions are, e.g., likely to introduce (tempera-
ture-dependent) appreciable, and probably
fluctuating degrees of short-range order.
The present preparational procedure is
compatible with those of (1, 15).]

For CrAs (1, 10), Cri_,T,As (3-8), and
CrAs _, X, (9, 11) a magnetic structure sim-
ilar to that (36, 37) originally proposed for
MnP has proved to represent a reasonable
approximation, and hence this model is also
adopted for Cr,_,Ti,As. Numerical values
for the variable parameters of the model
[viz., the propagation vector 7. of the spi-
rals, the helimagnetic moment uy and the
phase angle ¢, ; between the spirals through
atoms 1 and 2, cf. (/2)] are given in Table

III, which also includes the corresponding
data for CrAs quoted from (/). 7, increases
slightly with increasing ¢ and is essentially
independent of T, and ¢, ; changes very lit-
tle with both ¢t and T. uy, on the other hand,
decreases appreciably with increasing ¢ and
T (uu = 0 up at Ty).

Discussion

Information on the structural and mag-
netic properties of Cry—,T,As with T = Ti—
Ni and CrAs,;_, X, with X = P, Sb, Se are
now at hand. Hence, it seems pertinent to
systematize these data and relate them to
the properties of CrAs itself.

Phase diagram data for Cr,_,T,As and
CrAs,_, X, are summarized in Fig. 9. The
MnP = NiAs-type crystallographic tran-

T — T T g T T T

100 7

000 o0 020 030

F1G. 9. Phase diagram data for Cr,_,T,As and Cr
As,_ X.. Tp refers to the NiAs,P 2 MnP,P-type tran-
sition, Ty to the MnP(I),P- to MnP(II),H -type transi-
tion, and indices ¢ and h to cooling and heating condi-
tions, respectively. Data from (7, 3-12).
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sition is retained over appreciable composi-
tion regions of the ternary phases. The Tp-
versus-f or -x relationships for the different
T or X substituents (Fig. 9) may be divided
in three broad categories according to
whether Tp increases (T = V, Fe, Co; X =
P), remains roughly constant (T = Ni with
willful suppression of facts), or decreases
(T = Ti, Mn) with increasing f or x. CrAs,_,
X, with X = Sb, Se almost certainly belongs
to the latter category [cf. (11, 38)], but only
scattered phase diagram data are available.
The trends in Tp versus ¢ or x are, except
perhaps for T = Co, Ni, consistent with
expectations on the basis of the structural
state and stability of the corresponding TAs
and CrX end phases. An extrapolation of
Tp for Cr;-,Ni,As to NiAs is certainly ques-
tionable in view of the miscibility gap in the
CrAs—NiAs system (8). With Tp = 1250 K
for CoAs (2), Fig. 9 suggests that T, versus
t for Cr;_,Co,As goes through a maximum
(tentatively at ¢t = 0.5, Tp = 1500 K).

The magnetic portions of the phase dia-
grams for Cr,_,T;As and CrAs; X, are
similarly compressed in the inset to Fig. 9.
The hysteresis-accompanied MnP(I),P- to
MnP(II),H -type transition is common to all
these phases. The H. mode usually breaks
down already at a substitution level of
0.05-0.10 in ¢ or x. Cr;_Mn,As represents a
notable exception with a stability range
(0.00 = ¢ = 0.65) for the H. mode (12). Cr
Asy-Sb,, which is similar (with a stability
range of 0.00 = x = 0.59), has not been
included because of some disparity in Ty
for CrAs itself in the study concerned (/7).

The origin of the crystallographic rear-
rangement at the MnP(I),P- to MnP(I),H,-
type transition in the Cr;_,T,As and Cr
As;_. X, phases is an intricate problem. A
natural starting point for some consider-
ations on the problem is the experimental
fact that the positional parameters of the
MnP-type structure remain virtually un-
changed at this transition [see (i) and (/, 3,
5-9)1.
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F1G. 10. Variations in the displacement-adapted pa-
rameters Ar = § — zyand Ay = § ~ xyx for the MnP-type
structure as function of reduced temperature (T/Tp);
where Tp refer to the NiAs,P =2 MnP,P-type transi-
tion. Relative changes in second shortest T-T (d,)
and shortest X-X (dyy) distances with T/Tp. d;; = b
corresponds to the third shortest 7-T distance. Open
and filled symbols in the upper parts refer to paramag-
netic and cooperative magnetic states, respectively.
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FiG. 11. T, versus Ay = 3 — xy for Cr,_,7T,As and Cr
As;_. X, phases.

The distortion from NiAs- to MnP-type
structure is [cf. (2, 25, 26)] characterized
by gradual displacements of the T and X
atoms from their NiAs-type (fixed) posi-
tions as a function of temperature. In terms
of an MnP-type description for both struc-
tures the most significant atomic shifts in-
volve the parameters zy and xy (which are
an order of magnitude larger than the
changes in xyand zx). Ay = § — zrand Ay =
1 — xx may be taken as measures for how
far the MnP-type deformation has pro-
gressed. (Ar = Ay = 0 corresponds to the
NiAs-type structure.) Ar and Ay versus
T/Tp for phases which undergo the
NiAs2MnP-type transition are presented
in Fig. 10, and to a passable approximation
the data points may be represented by the
solid curves. (The scatter in the data points
for Ay is as expected somewhat larger than
for Ay.) When Ar and Ay increase the sec-
ond shortest T7-T distance (d;) and the
shortest X-X distance (dy, x) decrease. This
is illustrated in the lower part of Fig. 10
where the relative variations in dz,; and dx x
with T/Tp are depicted (for CrAs; the scale
is slightly different for other model sub-
stances). [Apart from d,; = b which corre-
sponds to the third shortest 7-T distance in
the MnP-type structure, the notations intro-
duced on the illustration should be self-ex-
planatory.]

The object of this slight digression has
been to demonstrate that the different
curves of Fig. 10 take a rather uniform

shape. Despite the true multidimensional
nature of the NiAseMnP-type transition
any of the four parameters (Ay, Ay, 8xx,
and 877) in Fig. 10 (and probably others in
addition) can be chosen as an indicator of
the degree of MnP-type deformation, viz.,
as a single, ‘‘independent’’ deformation pa-
rameter. In line with this, Fig. 11 presents a
close correlation between Tp and § — xy =
Ay for the Cry.,T,As and CrAs,;-, X, phases.

Returning to the MnP(I),P- to MnP(I),
H_-type transition in the Cr;_,T,As and Cr
As;_ X, phases, the Ty/Tp values in the
range 0.10 and 0.25 suggest that some, al-
though not large, changes in the positional
parameters are permitted within the corre-
lation schemes advanced in Fig. 10. (The
freedom for adjustments of the positional
parameters will clearly be considerably
larger if the full ranges covered by the data
points in Fig. 10 are taken into account.)
Nevertheless, the crystallographic compo-
nents of the MnP(I),P- to MnP(II),H -type
transition in the Cr,_,T,As and CrAs,_, X,
phases are accomplished by adjustments of
the unit-cell dimensions virtually alone.
Hence, there appear to be degrees of crys-
tallographic freedom which are relin-
quished (viz., constrained) during these
transitions, and this sacrifice may hide
valuable information on the origin of the
crystallographic rearrangement.

The compositional variations in the unit-
cell volume (V) of the Cr,_,T,As and
CrAs;_. X, phases at 10 K are depicted in
Fig. 12.! The striking feature of the diagram
is the significant distinction in unit-cell vol-

! During the preparation of Figs. 12 and 13 it became
evident that the structural data for the H, state of
CrAsg osPo 05 in (9) did not fit the general pattern for the
other Cr;_,T,As and CrAs,_, X, phases. At low-temper-
ature powder X-ray diffraction examination of a fresh
sample of CrAsyosPo s revealed that an indexing mis-
take must have been made in the earlier work. The
correct unit-cell dimensions at (say) 170 K are (in pm):
a = 561.6(2), b = 358.4(2), and ¢ = 614.2(2), which
indeed are consistent with the other data in Figs. 12
and 13.



PROPERTIES OF Cr,_Ti,As 19

T T T T T T Ll M T

129 7 .
Cr1-t1f As

CrAs X,

X=Sb

N
€ 123 ]
. H, STATE —
(f P STATE -
(=]
- 121k o
> p
T2V e
119_ .---..--..-......-.- |
Tepi g
"r T=Co e, 4
»X=P .. TeFe

LT o S W TS N SRR u

F1G. 12. Unit-cell volume (V) at 10 K (supplemented
by data for 80 K) versus ¢ or x for Cr;_,T,As and
CrAs,_, X,. Legends are given in the illustration. Data
from (/, 3, 5-9). (1 A’ = 106 pm?.)

ume between the H .- and P-type states. On
extrapolation of the unit-cell volume of the
P state to t = x = 0.00 (viz., to CrAs) Vyok
= 1.183 x 10° pm’ is obtained as compared
with Vigx = 122.0 x 10° pm? for the H.
state, i.e., ~3% increase in Vo x from the P
to the H, state.

A more varied picture of the structural
properties which characterize the P and H.
states is provided in Fig. 13, which gives
the variations in the three shortest T-T dis-
tances with ¢ or x at 10 K. Also the T-T
distances for the H. and P states are seen to
group themselves in pairs of separated dis-
tance intervals. On the other hand, no
clear-cut distinction is found when the cor-
responding data for the average T-X dis-
tances are plotted as function of 7 or x. Ex-
trapolation of the 7-T distances for the P
state at 10 K to £ = x = 0.00 (viz., the Cr-
Cr distances in the hypothetical P state of
CrAs at 10 K) gives (in pm) d,4 = 289, d>
= 299, and d;; = 338. These values are
substantially different from those observed
(1) both for the P state at 293 K [d,4 =

289.2(8), d»,1 = 303.0(6), d,; = 346.3(1) pm]
and the H, state at 80 K [d, 4 = 284.9(7), d;,
= 306.4(5), and d,; = 357.5(1) pm; which
also should apply to 10 K; cf. Fig. 13].
Hence, the hypothetical P- to H -state tran-
sition of CrAs at 10 K would reduce d, 4 by
~1.5% and increase d,; and d,; by ~2.5
and ~6%, respectively. The average Cr—As
distance would, on the other hand, remain
constant to an approximation better than
0.5% during such a transformation.

Since the 7-T contacts play an important
role as magnetic exchange interaction paths
(in addition to indirect exchange via the X
atoms) it seems natural to suspect that the
(just mentioned) shortening of d, 4 or exten-
sion of d;; and/or d;  could give some guid-
ance concerning the magnetic component
of the MnP(I),P- to MnP(il),H.-type tran-
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FiG. 13. Variations in the three shortest 7-T dis-
tances of Cr,_,T,As and CrAs;_, X, at 10 K (supple-
mented by data for 80 K), with ¢ or x. Legends are
given on the illustration. Data from (1, 3, 5-9). (1 A=
102 pm.)



20 FJELLVAG AND KJEKSHUS

$1,2(%

T j2met

HyHg)

i 1 1 1
000 005 010
t,x

FiG. 14, Variations in py, 7. and ¢; ; as function of ¢
or x for Cr,_,T,As and CrAs,_, X,. Curves for T = Mn
and X = Sb are broken to emphasize that these refer to
interpolation between 1 = x = 0.00 and ¢ = 0.60 for T =
Mn and x = 0.14 for X = Sb. Data from (/, 3~-12).

sition in Cry_,T,As and CrAs;_.X,. The ap-
proximate constancy in the average T-X
distance at the transition can almost cer-
tainly be regarded as a constraint which
serves to minimize the free energy.

The compositional variations of the heli-
magnetic parameters uy, 7., and ¢;, for
Cr,_,T,As and CrAs,;_, X, at 10 K are shown
in Fig. 14 (data for Ty, in Fig. 9). It appears
that uy, 7., and ¢, , undergo no spectacular
changes over the stability ranges of the H,
mode. (Apart from a 30% reduction in py
from ¢t = 0.00 to 0.10 for Cr,_Ti,As the
changes in uy, 7., and ¢, » are within =10%
of the parameter value at ¢ = x = 0.00.)
Moreover, the changes that do occur in 7,
and ¢, , are such that the approximately an-

tiferromagnetic arrangement of the mo-
ments within the 7-T zig-zag chains along
the b axis (corresponding to the distance
d,,) are retained from CrAs to Cr,_,T,As
and CrAs -, X,. On the basis of the varia-
tions in Ty, with ¢ or x (Fig. 9) it seems
likely that the (long-range) helimagnetic or-
der breaks down because the overall mag-
netic exchange interaction (e.g., the linear
combination of exchange parameters ac-
cording to the molecular field approxima-
tion) ceases.

In line with the basis of Kallel et al. (11)
(but without regarding the rest of their con-
siderations) the exchange integrals J, 4, /5.1,
Ji.1, and Jy ; corresponding to the T-T dis-
tances d, 4, d2,1, d),1, and d, ,, respectively,
are believed to play a central role for the
cooperative magnetic modes of the MnP-
type phases. As seen from Fig. 13 the
distinctions between the MnP(I),P- and
MnP(Il),H -type states are much more pro-
nounced for d, ) and d, |, than for d, 4. (The
behavior of d,, resembles a ‘‘mirror im-
age’’ of dy, but due to its long length d,
probably corresponds to a relatively weak
exchange interaction.) These findings led us
to look for a possible correlation between
d, and d,, on the one hand and the occur-
rence of cooperative magnetism on the
other. Figure 15 shows, e.g., data for bi-
nary and ternary MnP-type phases in a d |-
versus-d, (/d,, diagram. (A certain selec-
tion has been made for ternary
compositions which remain paramagnetic
down to 10 K. The numbers in the figure
refer to compositions listed in the legend.)
Figure 15 is seen to provide some separa-
tion of the data points for compositions
which adopt a cooperative magnetic state
from those which remain paramagnetic.
However, as emphasized by the shading
the separation is certainly not sharp and
such an empirical correlation represents a
first, crude approximation. The fact that the
points for the cooperative magnetic states
occupy the upper right sector of Fig. 15
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FiG. 15. d,, versus d,,/d,; for MnP-type phases
which exhibit (®) or do not exhibit (O) long-range
magnetic order. d,; and d; are, respectively, the sec-
ond and third shortest metal-metal distances of the
MnP-type structure. (1) MnP, (2) MnggVoxP, (3)
Mny 5:Cro20P, (4) MnggFeg 2P, (5) MnggCogaoP, (6)
Mny ooNig 0P, (7) FeP, (8) FePygAsg 10, (9) FeAs, (10)
Mny sFeggsAs, (11) CrgasFeossAs, (12) CrosoFeg soAs,
(13) Mny 7Cro3As, (14) CrogTiy 0As, (15) CrAs, (16)
CrocoMng wAs, (17) MngosVogsAs, (18) Mngg/Cry j0As,
(19) MnygoFe, 9As, (20) CrP, (21) FeAsysoPoso, (22)
FeAsyoPo 10, (23) VAs, (24) CoP, and (25) CoAs.
(1 A =10 pm.)

makes us place some confidence in the cor-
relation because this would be consistent
with a greater tendency for localized elec-
tron behavior in this part of the diagram.
Moreover, it is also interesting to note that
the MnP-type phases which take a coopera-
tive state (viz., CrAs, MnP, ‘‘orthorhombic
MnAs,”’ FeP, and FeAs as well as their ter-
nary derivatives) occupy different subsec-
tors of Fig. 15, which in turn can be corre-
lated with distinctions in their helimagnetic
structures. On the other hand, a d, |-versus-
d,,/d,, plot does not provide an explana-
tion of the crystallographic component of
MnP(),P- to MnP(Il),H-type transition in
CrAs and its ternary derivatives. The later
negative finding is somewhat sad, because,
after all, it was this problem which stimu-
lated most of the present discussion!
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