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The linear chain antiferromagnetism previously reported for Ba,Mn$S; and Ba,MnSe; is now demon-
strated for Ba,MnTe,. The mixed-chalcogenide solid solutions Ba,MnX, Xj_, (X, X' = S, Se, Te;
x = 0, 1, 2) have been prepared and their electrical and magnetic properties studied. All of the
phases are insulating with room temperature resistivities of approximately 10!-10* {2 cm. The magnetic
susceptibility curves of these mixed-chalcogenide phases exhibit broad maxima typical of one dimen-
sional magnetic ordering. The linear-chain model of Bonner-Fisher for Heisenberg-type tons was
applied to the susceptibility data. The geometry of the superexchange pathway appears to be critical
in determining the strength of the magnetic coupling, with the polarizability of the bridging atom

having little effect. © 1993 Academic Press, Inc.

Introduction

The synthesis of Ba,MnS; and Ba,MnSe,
was first reported by Grey and Steinfink, in
1971 ({). These authors reported magnetic
susceptibility measurcments on the two
phases amd found that the obscrved data
could be fit well by the classical spin model
of Bonner and Fisher (2). This allows one
to fit the observed magnetic susceptibility
behavior with a theoretical equation provid-
ing an estimate of the Mn—Mn magnetic cou-
pling. In 1977, the synthesis and single-crys-
tal structure of the tellurium analogue
Ba,MnTe,, was reported, and it was found
to be isostructural with the sulfide and sele-
nide analogues (3). The magnetic and elec-
trical transport properties of the latter phase
were not reported.

The Ba,MnX, (X = S, Se, T¢) phases are
isostructural and crystallize in the ortho-
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rhombic space group Pnma. The Mn?* ions
are in a distorted tetrahedral coordination
covalently bonded to four chalcogenide
anions. These Mn X, tetrahedra form infinite
linear chains ((MnX,X,;]¥" "} through cor-
ner-sharing with the chain axis parallel to
the b axis. This is illustrated in Fig. 1. Here
the view is perpendicular to the chain axis.
The Mn-Mn separation along the chain is
4.31, 4.47, and 4.73 A for the sulfide, sele-
nide, and telluride respectively (I, 3). The
MnX?~ tetrahedra are distorted, with the
X-Mn-X angles along the chain being
119.8, 118.5, and 116.3 for the sulfide, sele-
nide, and telluride respectively. The two
crystallographically independent Ba’* ions
are in seven-fold coordination between the
chains with six chalcogenide anions forming
a trigonal prism about the cation and the
additional anion capping one of the rectan-
gular faces. Figure 2 is a view of the lattice
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1. Nlustration of the structure of Ba,MnS,
viewed perpendicular to the chain axis.
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of Ba,MnS, tooking down the b axis (at a
slight angle) to illustrate the separation of
the linear chains by the barium cations. The
shortest Mn-Mn distance between adjacent
chains is 5.96, 6.61, and 6.31 A in the sul-
fide, selenide, and telluride respectively (/,
3). Due to the symmetry of the space group,
Pnma, the distances between Mn atoms
along the a and ¢ axis are equal to the unit
cell length in these directions. There are no
significant X-X contacts in these phases.
Each chalcogenide atom is surrounded by
a distoried octahedron of Ba and Mn atoms
with no chalcogenide nearest neighbors.
We felt that the Ba,Mn X; phases are ideal
for studying linear-chain antiferromagne-
tism, if one could make solid solutions
of the single-chalcogenide phases, i.e.,
Ba,MnS,_,Se,, and Ba,MnSe;_,Te, (0 =
x = 3). This would allow one to study the
interplay between two opposing influences
upon the strength of the Mn—Mn magnetic
coupling: the geometric effect of the incor-
poration of larger bridging atoms and the
electronic influence of the bridging-atom
electronegativity/polarizability. Generally
speaking, the magnetic exchange between
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paramagnetic centers is stronger through
more polarizable, less electronegative
bridging atoms (4). This trend has been ob-
served in the binary manganese chalcogen-
ides MnX (X = S, Se, Te) in which the
magnetic ordering transitions occur at 122,
125 and 173 K respectively (5). Based upoen
this influence, one would expect the mag-
netic exchange to be greater through bridg-
ing sclenide rather than through sulfide.
Grey and Steinfink found that the opposite
was observed in the case of Ba,MnS, versus
Ba,MnSe; (7). The observed coupling con-
stants of the sulfide (J = — 12 K} was larger
than that of the selenide (J = - 10 K). Since
the Mn-Mn distance in Ba,MnS; is 431 &
and 4.47 A in Ba,MnSe;, the difference in
the coupling constants is attributed to the
strong dependence of the magnetic superex-
change upon the Mn-Mn distance (6). In
this latter case the geometric factor is domi-
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FiG. 2. Tlustration of the structure of Ba,MnS;
viewed down the chain axis.
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nant. We were curious, first whether or not
the telluride phase Ba,MnTe, would behave
as a linear chain antiferromagnet; and if so,
would the presence of the highly polariz-
able, nearly metallic telluride bridge over-
come the geometric influence of its larger
radius? In addition, the study of linear-chain
materials containing chalcogenide anions as
the superexchange pathway (especially Se,
Te) has received little attention relative to
the number of structures containing halides
and oxides. For these reasons, we under-
took the synthesis and characterization of
the Ba,MnX_X;_, (X = S, Se, Te) phases
and studied their electrical transport and
magnetic properties,

Experimental

The solid solutions Ba,MnS,Se;_, and
Ba,MnSe,Te,_, were prepared by reacting
stoichiometric quantities of manganese (Ae-
sar, 99.999%), sulfur (Aldrich, 99.999%), se-
leninm (Aesar, 99.9%), tellurium (Aldrich,
99.99%), barium sulfide (Cerac, 99.99%}),
barium selenide {Cerac, 99.99%%) and barium
telluride (Cerac, 99.99%). The following
stoichiometries were used. For sulfur-rich
phases, Ba,MnS,Se;_, (x > 2.0}

2BaS + Mn +(x — 2)S + 3 — x) Se;
for selenium-rich phases:

2 BaSe + Mn + {(x — 2) Se
+ (3 — x) S — Ba,MnSe,S,_, (x > 2.0},

2 BaSe + Mn + (x — 2) Se
+ (3 — x) Te — Ba,MnSe,Te,_,
(x > 2.0);

and for tellurium-rich phases:

2 BaTe + Mn + (x — 2) Te
+ (3 — x) Se — Ba,MnTe, Se,_,
(x > 2.0).

Approximately one gram of thoroughly
mixed starting material was loaded into a
cylindrical graphite crucible (10 cm x 2.5
cm o0.d. X 1.5 c¢m i.d.) inside of a quartz
glass tube. The graphite inner tube was nec-
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essary to prevent attack of the Ba X starting
materials upon the outer quartz glass tube.
The tubes were then degassed several times
employing evacuation/Argon refill/evacua-
tion cycles and sealed under vacuum (10*
Torr). The tubes were slowly (20°C/hr)
heated in a tube furnace to 450°C, held at
this temperature for 48 hr, then heated to
800-1050°C and held at this temperature for
72 hr. Due to the melting points of the prod-
ucts (900-1100°C), and the tendency to-
wards incongruent melting, the sulfide rich
phases required the highest reaction temper-
atures (1000-1050°C) whereas the tellurides
required the lowest temperatures (800-
850°C) to achteve homogeneous products.
The orange-brown (sulfide) to black (tellu-
ride) products were then reground, pressed
into pellets (7000 psi) and annealed for 96 hr
at 800—900°C under vacuum in quartz glass
tubes with a protective graphite coating. A
thin graphite film was produced in each tube
by pyrolizing acetone (in air) in each tube
with a propane flame.

The microcrystalline products were char-
acterized by determination of their X-ray
powder diffraction profiles, which were ob-
tained on a Scintag PAD V diffractometer
using Ni-filtered CuKea radiation. Silicon
was used as an internal standard to provide
corrected d-spacings and the unit cell pa-
rameters were refined by least-squares
methods. Room temperature resistivity-
measurements were performed on sintered
pellets with a conventional four-probe tech-
nique. Electrical contacts were made with
gold wire and silver epoxy. Magnetic mea-
surements were conducted in a SQUID,
Quantum Design magnetometer. Thin
pieces cut from sintered pellets were ori-
ented with the magnetic field of 1000 gauss
parallel to the plate axis to minimize demag-
netization effects.

Results and Discussion

The products obtained as described above
were dark orange-brown to black” micro-
crystalline solids which are stable indefi-
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TABLE 1
CerLL CONSTANTS OF THE MIXED CHALCOGENIDE
PHases: Ba,MnX, X;_, (X, X' = S, Se, Te; x =
0,1,2)

Phase a (A b (A) ¢ (A)
Ba;MnS, B.818(5)  4.306(4) 17.040(9)
Ba;MnS,Se, 8.911(6) 4.367(3) 17.279(8)
Ba,Mn$,Se, 9.018(4)  4.406(3) 17.507(10)
Ba;MnSe; 9.138(4) 4.469(3) 17.730(9)
Ba;MnSe;Te, 9.332(5) 4.547(5) 18.143(8)
Ba,MnSe;Te, 9.518(6) 4.651(4) 18.509(T)
Ba,MnTe, 9.693(5) 4.729(5) 18.891(9)

nitely in dry air but decompose slowly upon
exposure to moist air, The powder X-ray
diffraction data were indexed based upon
an orthorhombic cell with the space group
Pnma. The lattice parameters as a function
of the chalcogenide content of the mixed-
chalcogenide solid solutions are tabulated
in Table I. The cell constants of the single-
chalcogenide containing members agree
well with previously reported values (/, 3),
with the intermediate compositions exhib-
iting cell constants consistent with the for-
mation of solid solutions throughout the full
range of composition.

Room temperature resistivity measure-
ments demonstrate that all of these phases
are insulators with room temperature resis-
tivities of 102-10° {1 cm. No attempt to ob-
. tain temperature dependent resistivity data
was made due to the high room tempera-
ture resistivities.

The magnetic susceptibility and inverse
susceptibility as a function of temperature
of the Ba,MnTe, is plotted in Fig. 3 and is
typical of all of the mixed-chalcogenide solid
solutions, Neo corrections for diamagnetic
contributions or temperature independent
paramagnetism were made to the suscepti-
bility data. Magnetic constants derived from
these data are tabulated in Table II. The
Weiss constants (#) and the effective mag-
netic moments were determined by a Cu-
rie—Weiss fit of the linear, high temperature
portion (200-300 K) of the inverse suscepti-
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bility curve. The values for the temperature
of the maximum of the susceptibility (T,,)
were determined by taking the first deriva-
tive of the susceptibility versus tempera-
ture curve.

Several trends are clear in the derived
magnetic constants for the solid solutions
Ba,MnX;, X, (X, X' = 8§, Se, Te). All of
these phases exhibit broad maxima in the
¥ vs T plots indicative of one-dimensional
magnetic ordering. The Weiss constants of
these phases are all less than zero suggesting
antiferromagnetic coupling between the
Mn’" ions. The absolute values of the Weiss
constants are indicative of the strength of
this antiferromagnetic coupling, dropping
significantly through the series as sulfur
(8 = —317 K) is replaced by selenium
(6(—217 K) = —217 K) and then by tellu-
rium (#(— 142 K) = — 142 K).

A second parallel trend in the magnetic
data is the variation of the temperature at
which the maximum in the magnetic suscep-
tibility (T,,,) occurs. The stronger the anti-
ferromagnetic coupling along the chains (as
refiected by |@}), the higher the temperature
at which the bulk magnetic susceptibility
begins to diminish. This maximum in the
magnetic susceptibility and the subsequent
decline in susceptibility is due to the gradual
build-up of short-range magnetic ordering,
which at some characteristic temperature
(T..) overcomes the normal inverse corre-
lation between the temperature and the mag-
netic susceptibility as defined by the Curie
law.

As previously discussed in the introduc-
tion, it is possible to model the magnetic
susceptibility behavior of linear-chain anti-
ferromagnets. Assuming that the phases
Ba,Mn.X; can be treated as one-dimensional
Heisenberg antiferromagnets in which the
Mn?®* ions have a spin, § = §, it should be
possible to use Eq. (1) to fit the observed
magnetic susceptibility data and thereby de-
termine the coupling constant (J) and the
g-value of each of these phases. The derived
equation for the magnetic susceptibility (x)
as a function of temperature (7T) is:
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FiG. 3. Temperature dependence of the magnetic susceptibility {O) and inverse susceptibility (@)

of Ba,MnTe;.

_NguRSS + 1) 1-U
X= IKT i+

where U = (T/T,) — coth(T,/T), T, =
2J8(S + 1Yk, N = Avogadro’s number,
g = Landé constant, gz = Bohr magneton,
S = spin (Mn?>* = §), and £ = Boltzmann
constant {2). As is customary, J, the cou-
pling constant, is defined as negative for
antiferromagnetic coupling. The magnetic
susceptibility data was fit for each of the
solid solutions by varying both the J- and
g-values in Eq. 1 to determine the values

(1

which produced the best agreement be-
tween the calculated and observed magnetic
susceptibility above 7, . The fit below T,
is not expected to be as good, due to the
emergence of three-dimensional magnetic
ordering effects as the temperature is low-
ered (4). The calculated and observed mag-
netic susceptibility curves of the Ba,MnTe,
are shown in Fig. 4. This is representative
of the agreement between the calculated and
observed magnetic susceptibility of the
mixed-chalcogenide solid solutions as well.

TABLE II
MAGNETIC PARAMETERS OF THE MIXED-CHALCOGENIDE PHASES: Ba,MnX, X;_, (X, X' = 5, Se, Te)

Toan g° et Xo” Jike Mn-Mn
Composition (K) (K) {1p) (x 1073 emu/M) CK) g (A)
S5 100 317 4.62 8.7 -12.3 2.00 4.31
S,Se 91 -278 4.72 8.9 —1L.5 2.00 4.37
$Se, 83 — 253 4.75 9.0 - 10.7 2.01 4.41
Se; 80 -217 4.86 9.5 -98 2.01 4.47
Se,Te 74 -192 4.84 9.3 -9.1 2.01 4.55
SeTe, 68 —176 4.84 9.3 -8.3 2.00 4,63
Te, 62 —142 4.82 9.6 -7.6 2.01 4.73

“ Determined from Curie—Weiss fit of 1/ vs T plot.
* x4 is the room temperature magnetic susceptibility.

¢ Determined from curve-fitting of x vs T using Bonner-Fisher Model.
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Fic. 4. Observed (O) and calculated (#) magnetic susceptibility of Ba,MnTe, versus temperature.
Calculation based upon the Bonner and Fisher Model (2).

The best values for J and g are tabulated in
Table II along with the previously derived
magnetic constants (0, per, o) as well
as the intrachain metal-metal distance (b
lattice dimension).

Overall, the agreement between the ob-
served and calculated magnetic susceptibil-
ity data is excellent above T, (Fig. 4). This
confirms the adequacy of assuming that the
magnetic ordering in these phases is pre-
dominantly one-dimensional and that the
Mn** ions are behaving as isotropic Hei-
senberg paramagnets. A significant de-
crease in the absolute value of the coupling
constant, J, as the larger chalcogenides are
incorporated into the lattice is observed.

Since the mechanism of the magnetic cou-
pling along the chains is likely via superex-
change through the diamagnetic chalcogen-
ide atoms, the trends in the temperature of
the maximum susceptibility, the Weiss con-
stants and the coupling constants are expli-
cable in terms of the progressively longer
superexchange pathways in the solid solu-
tions from Ba,MnS; to Ba;MnTe;. The in-
trachain Mn—Mn distance (which is directly
related to the superexchange path) is equal
to the b dimension of the unit cell. Table I1
clearly shows the increase of the # dimen-
sion as the larger chalcogenides are incorpo-

rated into the lattice. Magnetic coupling via
the superexchange mechanism is strongly
dependent upon the distance between inter-
acting ions, in some cases, J = 1/r%? where
r is the distance between paramagnetic ions
(#). This strong distance dependence is evi-
dent here, a fit of the coupling constants to
a power law dependence indicates that J =
1/r°. A 38% drop in the magnetic coupling
constant between Ba,MnTe, {—7.6 K) and
Ba,MnS, (—12.3 K) is paralleled by only a
10% change in the Mn—Mn distance (4.3}
vs 4.73 A),

In addition to a monotonic increase in the
superexchange pathway length, as the larger
chalcogenides are incorporated into the
Ba,Mn X; phases, there is also a reduction
of the Mn-X-Mn bridging angle: § =
119.8°, Se = 118.5°and Te = 116.3° (4, 3).
If the magnetic coupling by bridging chalco-
genides is through p orbitals, one would pre-
dict antiferromagnetic coupling based upon
the Goodenough (7) and Kanamori rules (3).
This coupling would be strongest with a
bridging angle of 90°. If however, s orbitals
are the superexchange pathway, then one
would expect ferromagnetic coupling. Con-
sequently, an increase in the bridging angle
from 90° results in a decrease in the strength
of the antiferromagnetic coupling due to the
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increase in the s-character of the bridging
orbitals. Numerous examples consistent
with this correlation of magnetic coupling
and bridging angles have been published (9).
In the present case, the opposite trend is
observed: as the bridging angle is reduced
in the series sulfur through tellurium, the
magnetic coupling also diminishes. This
may be the consequence of mixing-in of low-
lying d-orbitals of the chalcogenides which
would invalidate the simplistic orbital argu-
ments above, or may suggest other hybrid-
izations for the bridging chalcogenide atoms
(i0). The observation that the strongest
magnetic coupling occurs through a nearly
120° Mn~S—Mn bridge suggest a sp* hybrid-
ization for the chalcogenide. Any deviation
from the ideal 120° angle would lead to lower
orbital overlap and a weakened magnetic
coupling through these bonds.

The effect of the variation in the chalco-
genide content upon the effective magnetic
moment (g} is consistent with the dimin-
ished orbital overlap argument for the larger
chalcogenides. First, it should be noted that
the calculated p g at 300 K (pog = 8xT)V?)
for Ba,MnS; (4.57 pg) and Ba,MnSe, (4.77
pg) in the present study both agree closely
with the values previously reported by
Steinfink et al. 4.64 py and 4.90 py respec-
tively (I}. These calculated p. 4 values are
low for a s = § Mn?* ion which typically
exhibits spin-only effective magnetic mo-
ments of 5.5-6.0 py; suggesting that a sig-
nificant amount of linear chain antiferro-
magnetic coupling is occurring even at
300 K, or else a significant amount of ligand
to metal charge transfer (LMCT) is oc-
curring to effectively diminish the magnetic
moment of the Mn?* ion. The covalency of
Mn chalcogenide bonds generally increases
in the series sulfur through tellurium, re-
sulting in greater LMCT and smaller mag-
netic moments for Mn?* (71). In the pres-
ent case, the opposite trend is observed
and may be the consequence of diminished
orbital overlap. The poorer orbital overlap
of the heavier chalcogenides due to geo-
metric constraints results in less LMCT
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and therefore larger effective magnetic mo-
ments,

One final observation regarding these sets
of curves is that below T,,,, the observed
magnetic susceptibility of the phases is con-
sistently lower than the calculated value,
with greater deviations as the temperature
is lowered. This suggests that at lower tem-
peratures, three-dimensional ordering is oc-
curring. This same behavior is observed in
TMMC, which eventually undergoes an
antiferromagnetic phase transition at 6,7 K
(12, 13). The observed decrease in magnetic
susceptibility implies that the spins on adja-
cent chains begin to become correlated,
probably through dipole-dipole interac-
tions. Figure 5 illustrates an expanded view
of the low temperature susceptibility of the
phases; Ba,MnJX; (X = §, Se, Te) from
22-2 K. Note that all three of these phases
exhibit an upturn in susceptibility at very
low temperatures (T << 5 K), but do not
show any new maxima, typical of an antifer-
romagnetic ordering of the type observed in
TMMC. It is possible that the absence of a
new maximum in the low temperature re-
gion indicates that these phases are ordering
ferromagnetically rather than antiferromag-
netically as in TMMC, though it may also
be that the Neél temperature is below 2 K.
The lowest temperature points in the
Ba,MnS; curve hint at a maximum of 2.5 K.
Of the three phases, Ba,MnS, would be ex-
pected to show the highest temperature
three-dimensional ordering brought about
by dipolar interactions since it has the short-
est interchain separation. This suggests that
the ratio of intrachain to interchain magnetic .
interactions is on the order of 10* (14).
Alternatively, the low temperature suscep-
tibility behavior may be a consequence of
structural defects or the ubiquitous *‘Curie
tails>> commonly observed at low temper-
ature.

Conclusion

The linear chain antiferromagnetism pre-
viously reported by Steinfink' for Ba,MnS,
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FiG. 5, Plot of the low temperature magnetic susceptibility of the Ba,MnX; (X = S, Se, Te) phases.

and Ba,MnSe,; has now been demonstrated
for Ba,MnTe,. The mixed-chalcogenide
solid solutions Ba,MnX X;_, (X, X" = §,
Se, Te; x = 0, 1, 2) have been prepared and
their electrical and magnetic propertics
studied. All of the phases are insulating with
room temperature resistivities of approxi-
mately 10°-10° 2 cm. The magnetic suscep-
tibility curves of these mixed-chalcogenide
phases exhibit broad maxima typical of one
dimensional magnetic ordering. The linear-
chain model of Bonner—Fisher (2} for
Heisenberg-type ions was applied to the sus-
ceptibility data. It was observed that the
magnitude of the magnetic coupling con-
stant, J, was inversely proportional to the
Mn-Mn distance along the chains. This is
consistent with the assumption that the mag-
netic interactions in these chains occur
through a superexchange mechanism. If one
assumes a sp® hybridization of the bridging
chalcogenides, the trend in the exchange
coupling can also be rationalized in terms
of the degree of deviation of the bridging
Mn-X-Mn angle from the ideal of 120°. Ei-
ther, or both, of the geometric influences are
dominant over the influence of the bridging
atom polarizability in determining the

strength of the magnetic coupling in these
phases. At temperatures below T, the
magnetic susceptibility deviates from the
Bonner-Fisher model, and this is attributed
to dipolar interactions, as observed in
TMMC (/3). No clear three-dimensional
phase transition above 3 K is observed,
though in Ba,MnS;, a maximum at 2.5 K
is suggested,
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