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AMn,P,{A = Sr, Ba) is an example of a composition that
can assume a different structure type depending on the identity
of the cation, BaMn,P, crystallizes in the ThCr,S8i, structure
type (I4/mmm), and StMn,P, crystallizes in the CaAlSi; struc-
ture type (P3m1). Temperature-dependent magnetic susceptibil-
ity, neutron diffraction, and resistivity measurements were ob-
tained for the two compounds. Neutron diffraction shows that
BaMn,P, exhibits long-range antiferromagnetic ordering at room
temperature. Mn(If) is high spin, with ordered moment 4.2 (1)
Mg, and the magnetic structure is type G. Magnetic susceptibility
measurements show no maxima up to 750 K, indicating that
the transition temperature, T, is very high. SrMn,P; is antiferro-
magnetic below T, = 53(1) K, as determined from the tempera-
ture dependence of the magnetic reflections. There are two
distinct sets of magnetic reflections distinguished by different
temperature dependencies and indexing schemes. The magnetic
structure is evidently complex, but was not determined. Both
compounds exhibit semiconducting resistivity behavior with E, =
0.073(1) eV (BaMn,P;) and 0.0129(2) eV (StMn,P,). The proper-
ties of BaMn,P, and StMn,P, are discussed in light of their
structures and previous theoretical investigations by Zheng and
Hoffmann. © 1994 Academic Press, Inc.

INTRODUCTION

In the series of compounds AMn,P, (4 = alkaline
earth), there is a change in structure type observed when
the lighter alkaline earth metals (Ca, Sr) are replaced by
Ba. BaMn,P, crystallizes in the ThCr,Si, structure type,
whereas AMn,P, (A = Ca, Sr) crystallizes in the CaAl,Si,
structure type (Fig. 1). The presence of the same chemical
unit, Mn,P; 2, in these compounds allows for a correlation
of the properties to the different structures.

Investigations of ThCr,Si,-type compounds have been
numerous as these materials exhibit a variety of interest-
ing properties. Examples include LaRu,P, (1), which is
a superconductor, and heavy fermion systems such as

"' To whom correspondence should be addressed.

CeCu,Si; (2, 3) or URu,Si, (3, 4). Extensive magnetic
studies have been performed on the compounds RAM, X,
{R = rare earth metal, M = transition metal, and X =
Si, Ge) (5). Of the compounds studied, only in those with
Mn has an ordering of the transition metal lattice been
observed. Many of the transition metal phosphides of the
ThCr,Si, type have also been studied. Among the first
row transition metals the focus has been on compounds
of Fe, Co, and Ni with alkaline earth, or more frequently,
rare earth cations (6-11). No ordering of the transition
metal lattice has been observed in these compounds for
Fe or Ni; however, among the Co compounds, magnetism
due to the transition metal lattice is sometimes observed
(8, 10). No magnetic studies have been reported for Mn
containing pnictides of the ThCr,Si, type.

Magnetic studies of CaAlSi,-type compounds have so
far been limited to the study of rare earth cations with
nonmagnetic M,Pn;2 (M = d° d'° metal; Pn = P, As,
Sb, Bi) sublattices (6, 12). There have been no reports on
the magnetic and electronic properties of the compounds
AMn,Pn, (A = Ca, Sr; Pn = P, As, Sb) other than a
brief report on StMn,As, , which indicated that the magne-
tism is Curie—Weiss, but cautioned that the data are unre-
liable (13).

Zheng and Hoffmann have performed theoretical stud-
ies on the stabilities of the two structure types for &° metals
and have predicted their band structures (14). Based on
their calculations, the compounds AMn,P, (A = Sr, Ba)
are expected to demonstrate significant differences in
their physical properties. We were interested in studying
these properties to see how well they relate to Zheng
and Hoffmann’s theories. Therefore, we have performed
magnetic and electronic property measurements, and neu-
tron diffraction studies on BaMn,P, (ThCr,Si,-type) and
SrMn,P, (CaAl,Si,-type). This paper will describe these
properties and discuss how they relate to the different
structures and to Zheng and Hoffmann’s theoretical calcu-
lations.
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FIG. 1. The unit cells of (a) BaMm,P, (f4/mmm, ThCr,Si, type) and (b} SrMm,P, (P3m1, CaAlLSi, type).

EXPERIMENTAL

Materials

Phosphorus (Johnson Matthey, 99.999%), barium (APL
Engineering, 99.9%), and strontium (Strem, 99.95%) were
used as received without further purification. Manganese
flake (Johnson Matthey, 99.9%) was etched with 15% by
volume HNO; in methanol and rinsed with acetone before
use. All materials were handled in a dry box under argon.
The Mn and P were ground with a mortar and pestle to
produce powders, and the Ba or Sr was cut as finely
as possible.

Synthesis

Stoichiometric mixtures of the elements were pressed
into a pellet (2000-5000 psi), placed in an alumina boat,
and sealed in a quartz ampoule under 0.5 atm of argon.
The samples were then heated to 900°C by 30°C/hr and
left for 20 hr. The tubes were cooled to room temperature
at a rate of 100°C/hr. The pellets were ground up, pressed
again, and heated once or twice more to 1100°C {100°C/
hr). Both BaMn,P, and SrMn,P, were obtained as black
microcrystalline products. Small crystals of BaMn,P,
were obtained from heating once at 1100°C for 20 hr. The
crystals formed as small black plates on the surface of
the pellet. This synthetic procedure is a modification of
previously reported syntheses by Mewis (15, 16).

Frequently, small amounts of MnP or Mn,P impurities
(undetectable by X-ray powder diffraction) were present
in the samples, deduced from the magnetic measure-
ments. In order to prepare materials free of these magnetic
impurities, a 5-10% excess of the alkaline earth metal
was successfully used.

Characterization

The products were examined in & dry box under an
atmosphere of N,, then ground with a mortar and pestle,
mixed with silicon, and placed between two pieces of
cellophane tape so they could be characterized via X-
ray diffraction. Powder patterns were obtained with an
Enraf-Nonius Guinier camera utilizing CuKe, radiation
(A = 1.5405981 A). These were then compared to patterns
calculated from crystal structure data using the program
POWDER (17). Diffraction line positions were read and
20 values, d-spacing, and error bars were obtained from
reading these positions into the program GUIN (I8). The
program LATT (19) was then used to take the indexed
output from GUIN and solve for the lattice parameters.
The lattice parameters obtained were a = 4.0376(6) A,
¢ = 13.063(3) A (Ba) and a = 4.1680(5) A, ¢ = 7.137(1)
A (Sr). These are in good agreement with the literature
values of a = 4.037(1) A, ¢ = 13.061(1) A (Ba) (16) and
a = 4.168(1) A, ¢ = 7.132(1) A (Sr) (15).

A crystal of BaMn,P, was mounted on a fiber, trans-
ferred to a Syntex R3m/v diffractometer, and placed un-
der a cold stream of nitrogen. The cell parameters and
space group indicated that the crystal was BaMn,P,.

Magnetic Susceptibility Measurements

A Quantum Design SQUID magnetometer with the high
temperature oven option was employed for making mag-
netic measurements. All samples were cooled in zero
field. Magnetization vs field data were taken at 10 K from
[00 to 10,000 G, and magnetism vs temperature data were
obtained in a field of 5000 G from 10 to 300 K. High
temperature data were obtained from 300 to 750 K in a
field of 10,000 G.
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FIG. 2. Manganese networks in {a) BaMn,P, (square net) and (b) StMn,P, (corrugated net).

Neutron Diffraction Measurements

Neutron diffraction data were obtained at the McMaster
nuclear reactor using neutrons of A = 1.3920 A obtained
from a (200) copper crystal monochromator. Samples
were contained in an aluminum sample cell sealed with an
indium gasket under a helium atmosphere. The detector,
a linear position sensitive detector, has been described
previously (20, 21). A CTICRYOGENICS Model 22
closed-cycle refrigerator was used to vary the sample
temperature which was monitored by a calibrated ther-
mometer.

Data were analyzed using the DBWS 9006PC and
RIETAN software packages (22, 23).

Resistivity Measurements

Temperature-dependent resistivity measurements were
obtained using the standard four probe method. A Keith-
ley Model 224 current source and a Keithley Model 196
microvoltmeter or 181 nanovoltmeter were used to mea-
sure resistivity from 15 to 300 K using the program
DCRES (24). Thermal voltages were minimized by rever-
sal of current bias. Resistivity was obtained on sintered
peliets using either pressed indium or silver epoxy con-
tacts.

Spectroscopic Studies

Spectroscopic studies were performed over the range
200-25,000 nm (6.2-0.05 ¢V). Optical and UV spectros-
copy were performed on a Hitachi U2000 spectrophotom-
eter. The samples were ground into mulls with mineral
oil and placed between optical plates. Measurements in
the near-IR were performed using a Cary 1756 spectropho-
tometer and in the IR using a Mattson Galaxy Series 3000
FTIR. For near-IR and [R measurements the mulls were
placed between Csl plates.

RESULTS

The synthetic procedure outlined by Mewis for ob-
taining crystals of AMn,P, (A = Sr, Ba) involves heating
once to 900°C, then twice to 1100°C, and once more at
1200°C, grinding between annealings. We were unable to

obtain crystals via this route; however, smail crystals of
BaMn,P, were obtained by heating once at 1100°C. The
crystals formed as smail black plates on the surface of
the pellet and they were positively identified as BaMn,P,
by single crystal X-ray diffraction. The crystals were not
large enough for resistivity measurements. Mewis re-
ported that the materials are not air sensitive; accordingly,
we observed no decomposition in air over a period of
weeks.

When the reaction was performed on stoichiometry,
frequently MnP or Mn,P were detected via magnetic stud-
ies. MnP is characterized by a ferromagnetic transition
at 292 K and a metamagnetic transition at 50 K (25). Mn,P
is antiferromagnetic with a Néel temperature of 110 K
(26). These impurities appeared to be the result of insuffi-
cient reaction and usually could be removed by subse-
quent annealing steps. A 5-10% excess of alkaline earth
metal used in the synthesis assured the formation of mag-
netically pure samples.

Figure 2 shows the Mn network and Fig. 3 shows the
local Mn environment for the two compounds. BaMn,P,
crystallizes in the ThCr,Si, structure type (tetragonal, 14/
mmm). The manganese network is square planar, each
manganese coordinated to four others at 90°, and the phos-
phorus atoms cap the planes alternatively above and be-
low creating tetrahedral coordination of the manganese
atoms. SrMn,P; crystallizes in the CaAl,Si, structure type
{trigonal, P3m1). The structure consists of a corrugated
Mn network in which each Mn atom is coordinated to
three others at 90° like the corner of a cube. The local
geometry is approximately tetrahedral, similar to the
ThCr,Si, structure type. In both cases, the tetrahedrons
are edge shared to form Mn,P; ? sheets which are sepa-
rated by the cations. The Ba cations sit in a cubic hole
created by phosphorus atoms in BaMn,P,, whereas in
SrMn,P; the geometry about Sr is octahedral.

Magnetization vs field studies show that for both
BaMn,P, and SrMn,P, the susceptibility is field indepen-
dent indicating that there are no ferromagnetic or ferri-
magnetic contributions to the magnetism. Magnetic sus-
ceptibility measurements as a function of temperature
are presented in Fig. 4. For BaMn,P,, the susceptibility
increases steadily throughout the entire temperature
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(a)

FIG. 3.
approximately tetrahedral.

range measured (10-750 K). This suggests that the transi-
tion temperature is very high and therefore that the cou-
pling in the magnetic lattice is quite strong. The behavior
of SrMn,P, is more complicated. The susceptibility rises
sharply in the region 10-250 K, then decrcases very
slightly over the range 250-750 K. The shape and breadth
of the transition is indicative of a low-dimensional antifer-
romagnetic system (27). Measurements of the magnetic
contribution to the heat capacity, dXT/dT (28) (Fig. 5)
also indicate the presence of low-dimensional coupling in
SrMn,P, . Note the sharp peak at 52(2) K and the gradual
decrease to higher temperatures. This suggests a phase
transition to along-range ordered state below this temper-
ature preceded by short-range order at higher tempera-
tures. The neutron diffraction results described in the
following paragraphs are consistent with this interpre-
tation.
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FIG. 4. Magnetic susceptibility as a function of temperature for
BaMn,P, and SrMn,P;.
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The local manganese environment for (a) BaMn,P, and (b) StMn,P,. In both cases, the geometry of phosphorus about manganese is

The neutron diffraction pattern for BaMn,P, at 293 K
is shown in Fig, 6 which includes a fit of the diffraction
profile to the published crystal structure parameters (16).
Clearly, the very intense reflection at 20.72° and a weaker
one at 45.76° cannot be modeled by the crystal structure
alone. These diffraction peaks can be indexed as (011)
and (121), respectively, on the chemical cell. In view of
the magnetic susceptibility data shown in Fig. 4, it is
reasonable to assign these as magnetic reflections arising
from a long-range ordered antiferromagnetic state. This
can be verified by a detailed analysis of the diffraction
pattern.
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FIG. 5. An estimate of the magnetic contribution, dX7T/dT, to the

SrMn;,P, heat capacity (28). Susceptibility data for this analysis were
obtained at a field of 2000 g at intervals of AT = 2 K for the range 45
K = T =65K and at AT = 5 K for the remaining temperatures. Data
below 40 K were not included due to the presence of a Curie—Weiss tail.
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FIG. 6. Powder neutron diffraction pattern of BaMn,P; at 293 K.
The crosses are data points and the solid line is the calculated profile
based only on the chemical cell. A difference profile is also shown.
The vertical lines locate Bragg peak positions and the arrows identify
probable magnetic reflections. Peaks from the aluminrum sample cell
have been removed.

The magnetic reflections can be indexed on the chemi-
cal cell indicating that the magnetic and chemical cells
are identical in dimension, i.c., the propagation vector
k = (000). There are four Mn atoms per cell at (0 § 4) and
(3 0 1) and those generated by the I-centering at (3 0 %)
and (0 ). A change of origin by (0 0 ) transforms these
to () @ 00), Gi) G 0D, (i) (03 D), and (iv) (0 1 0). Thus,
the magnetic sublattice is identical to that of the well-
known orthorhombic perovskites (29). The four possible
coupling schemes are F (++++), G (+—-+-), C
(++ ——),and A (+ — — +), where the sequence of spin
correlations is based on the numbering order already
given. The magnetic reflections (011) and (121) belong to
the grouping { = 2n + 1, A + k = 2n + 1, which is
consistent with a type G structure (29).

A fit to the diffraction profile for a type G model, using
the program RIETAN, is shown in Fig. 7 and the results
are listed in Table 1. The refined magnetic moment for
Mn(IL) of 4.2(1) uy is reasonable for the high spin state
and the spins lie parallel to the c-axis. To model both the
crystal and magnetic strictures, it was necessary to use
the reduced symmetry space group P2 (g-axis unique).
The successful fitting of the room temperature diffraction
profile confirms that BaMn,P, is antiferromagnetically or-
dered. The measured Mn{(Il} moment is near the expected
maximum of 5.0 pg, confirming that the T, for this com-
pound is well above room temperature.

The magnetic structure of BaMn,P, is different from
the magnetic structures observed in the compounds
RMn,X, (R = rare earth metal, X = Si, Ge) also of the
ThCr,Si, structure type (5). In these compounds, the spins
within the Mn layers (ab plane) are aligned ferromagneti-
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FIG. 7. Fit of the powder neutron diffraction profile for BaMn,P,

at 293 K to a combined chemical and magnetic structure. The refined
parameters are given in Table 1.

cally. These layers can then be assembled either ferromag-
netically (type F structure) or antiferromagnetically (type
A structure) along c.

TABLE 1
Results of a Combined Crystal and Magnetic Structure
Refinement of BaMn,P, at 293 K

Wavelength (A) 26-range () Step Size (%)

1.3920 10.0-84.0 0.10
Cell parameters (A)
a = 4.037(1)
c = 13.052(4)
Space group f4/mmm
Ba in 2a B(AY = 0.11(22)
Mn in 4d B(AY = 1.1(3)
Magnetic moment = 4.2(1) pp
Moment direction = 0.0° to ¢-axis
Pin 4e z = (.3548(56)
B(AY = 1.00(21)
Bragg Rg = 0.0271
Weighted Ryp = 0.0818 Number profile points® = 655
profile
Profile Rp = 00617 Number parameters refined® = 20
Expected R = 0.0442 Number independent reflections = 44

7 The regions containing aluminum sample can reflections were
omitted.

b In addition to those listed in the table, a zero point, background (5
parameters), peak width (3 parameters), peak asymmetry, scale factor,
and preferred orientation (2 parameters) were refined.
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FIG. 8. Powder neutron diffraction profile for SrMn,P; at 15 K for
the 26 range where magnetic reflections make a negligible contribution.
Crosses represent the data and the solid line is the fitted profile. A
difference plot is also shown. The vertical lines locate Bragg peak posi-
tions. Aluminum sample cell peaks are indicated. Refined parameters
for both 15 and 293 K are shown in Table 2.

The case for SrMn,P, is considerably more complex.
Neutron diffraction data sets were obtained at fifteen tem-
peratures between 15 and 293 K, inclusively. Superlattice
reflections of magnetic origin, which will be described
shortly, were observed below about 160 K. The crystal
structure was refined at 293 and 15 K and the results are
shown in Fig. 8 (15 K) and Table 2 (both temperatures).
The refined unit cell and positional parameters are in rea-
sonable agreement with previous X ray work at room
temperature (15). Note the significant shrinkage in cell
constants between 293 and 15 K.

Figure 9 shows data sets at 15 and 180 K and the differ-
ence plot. The dashed line locates the zero in the differ-
ence data. The magnetic contribution is negligible above
160 K, so 180-K data were chosen to minimize differences
in cell constants between the two temperatures. The nega-
tive difference background is attributed to a paramagnetic
contribution in the 180-K data which has shifted to the
Bragg peaks of the 15-K data. This is good evidence for
the magnetic origin of most of the new features in the low
temperature data. There are six of these, one of which,
D, is centered on the very intense ((11), (101} chemical
structure reflection. The intensity of D is only 10% of the
(011), (101) peak and its status is unclear. Therefore, this
reflection is not considered in the discussion which
follows.

Of the remaining five difference peaks, which are listed
in Table 3, all except B and E overlap, to some extent,
reflections from the chemical cell. B and F can be indexed
as (A2 0)and (04 = 2, 30 = 3) on the chemical cell,
respectively. That is, the magnetic cell parameters are

BROCK, GREEDAN, AND KAUZLARICH

TABLE 2
Refined Structure Parameters for SrMn,P, at 15 and 293 K

Temperature (K)

293 15

Wavelength (A) 1.3920 1.3920
24 range (°) 14.0-94.0 31.0-940
Step size (*) 0.10 0.10
Cell parameters

a(A) 4.1629(7) 4.1562(5)

c (A 7.130(2) 7.096(1)

cla 1713 1707
Space group Piml Piml

VA 1 1

Sr (B(A%) 0.10(15) 0.305(75)°

Mn (z) 0.6164(14) 0.6005(16)

Mn (B(A%) 0.80(23) 0.305(75)°

P() 0.2638(11) 0.2496(14)

P (B(A") 0.85(15) 0.305(75)°
Bragg Ry 0.0879 0.0834
Weighted profile Ryp 0.103 0.139
Profile Rp 0.076 0.0973
Expected Rg 0.043 0.043
Number of profile points 788 592
Number parameters refined 16 14
Number independent reflections 24 20

@ OQverall temperature factor,

apmag = 2a and cyug = 2¢ where @ and ¢ are the chemical
cell parameters. Reflections A, C, and E cannot be in-
dexed on this cell nor on any likely commensurate cell
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FIG. 9. Powder diffraction data for SrMn,P, at 15 and 180 K in the
20 range where magnetic reflections are important. The two data sets
have been offset slightly for clarity. A difference plot is shown and six
difference peaks, A-F, are identified. The dashed line locates the zero
for the difference data.
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TABLE 3
Positions of the Magnetic
Superlattice Reflections at 15 K in

SrMn,P,

Label 26 () d{A)
A 11.74(1) 6.840
B 19.36(1) 4.139
C 22.56(1) 3.558
E 27.95(1) 2.882
F 34.30(1) 2.360

such as V3a x V3a x c¢. Thus, these three features
indicate an incommensurate component to the magnetic
structure. Peak C is also broader than the resolution-
limited width for a single reflection which indicates contri-
butions from more than one superlattice line.

It was possible to follow the temperature development
of four of the five peaks, F was too weak to give reliable
results, For B and E this was straightforward, but A and
C are overlapped, as mentioned, by the (001) and (100)
chemical cell reflections. For these latter cases the intensi-
ties at each temperature were determined by fitting the
total envelope to a single Gaussian and then subtracting
the intensity at 293 K. The results are shown in Fig. 10.
Clearly, the temperature dependence of B is distinct from
that of A and C. In the former case there is a rapid decline
near 52 K with zero intensity above 60 K. This behavior
is consistent with a phase transition to a long-range or-
dered state.
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FIG. 10. Temperature dependence of the intensity of the magnetic
reflections A (11.7°), B (19.4°%), C (22.6°), and E (27.9°) of SrMn,F;. The
height of the symbols approximates the statistical error in the intensities.
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Reflections A and C also show a pronounced drop near
52 X but intensity persists out to nearly 160 K which is
roughly three times the ordering temperature, 7.. Also,
data below T, show no indication of an approach to satura-
tion, unlike the behavior of reflection B. The behavior of
peak E above T is difficult to assess due to the relatively
weak intensity.

The behavior of reflections A and C is indicative of
short-range order which can persist well above T,.. If this
is the case then the peak widths of these reflections should
increase markedly above the apparent T, . A detailed anal-
ysis was carried out for reflection A which is overlapped
by the (001) chemical cell reflection. The diftraction profile
in this range was analyzed as two Gaussians. The position,
width, and intensity of the (001) reflection was determined
from a data set at 160 K, which had no observable contri-
bution from the super cell reflection, and was held con-
stant during the analysis of lower temperature data. The
remainder of the profife was fit to a second Gaussian with
variable position, width, and intensity. Strictly speaking,
one would not anticipate a Gaussian lineshape above T,
but given the resolution of the experimental data, a more
sophisticated analysis was deemed unwarranted. The re-
sults of this analysis are shown in Fig. 11 compared with
a straightforward fit to the single peak at 19.4°, B.

The linewidth for B is constant up to 52 K and then
increases sharply due, presumably, to critical scattering
near T.. For reflection A the line width is also constant
below T, but increases to values of three times the low
temperature width by 85 K which is the expected behavior
for a system with short-range magnetic correlations well
above T,.
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It is clear from the above that the magnetic structure
of SrMn,P, is quite complex with at least two types of
superlattice reflections, one set, B and F belonging, appar-
ently, to a commensurate supercell 2a X 2a X 2¢ and
arising from long-range order with 7. = 53(1) K. The
other set is incommensurate and is associated with both
jong-range and short-range magnetic order, Although a
detailed model for SrMn,P, is yet lacking, it is clear that
Mn(1l) is high spin rather than low spin.

The temperature-dependent resistivity of both the Sr
and Ba analogs indicates semiconducting behavior. A plot
of In p vs 1/T is linear over the temperature range 200-300
K for both samples as illustrated in Fig. 12. The activation
energies are calculated to be very small, 0.073(1) eV for
BaMn,P, and 0.0129(2) eV for SrMn,P,, suggesting these
are small bandgap semiconductors. In accordance, no
optical bandgap was observed from spectroscopic studies
in the energy region 6.2-0.05 eV,

DISCUSSION

The CaAl,Si, structure type is observed only for d-
counts of d°, &, and d'°; whereas the ThCr,Si, structure
type is known for all & electronic configurations (30).
Zheng and Hoffmann have performed theoretical calcula-
tions in order to understand why the CaAl,Si, structure
type is stabilized for d%, &, and d'% metals (14).

The Zheng-Hoffmann approach is based on extended
Hiickel band theory and takes into account bonding only
within the Mn,P;? network. Correlation effects are thus
ignored, as is any contribution from the counter cation
to the lattice energy stabilization. It is noted that the
calculations are for ‘‘low spin’’ configurations for Mn
which is, presumably, another way of indicating that cor-
relation is neglected. The calculations show that the
CaAlLSi, type is favored over the ThCr,;Si, type for d°
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and d'° configurations, which is generally consistent with
observation. For & the situation is more ambiguous and,
in fact, the ThCr,Si, type is favored, though only by a
small energy. Zheng and Hoffmann comment that this
situation could be reversed in the case of ‘‘high spin” &
for the CaAlLSi, type, but a detailed calculation is not
presented and is indeed beyond the scope of their method.

In the present case SrMn,P, exhibits the CaAl,Si, type
and BaMn,P, the ThCr,Si, type. A strightforward applica-
tion of the Zheng—Hoffmann analysis would require that
StMn, P, be high spin and BaMn,P, be low spin. Our exper-
iments show that both compounds are high spin antiferro-
magnets, a result established unambiguously by neutron
diffraction, and semiconducting. It is thus clear that the
Zheng—Hoffmann analysis cannot be applied straightfor-
wardly to these materials as BaMn,P, does not exhibit
the Pauli paramagnetic, metallic behavior which would
be expected if it were a low spin material.

Evidently, for these &° compounds a localized electron,
quasi-ionic model would be more appropriate. Detailed
lattice energy calculations based on such an approach do
not, to our knowledge, exist for these two compounds.
It is likely, nonetheless, that the coordination preference
of the counter cation makes a large contribution to the
lattice energy. Indeed, the choice of structure type for
the series AMn,P, (A = Ca, Sr, Ba) can be rationalized
on this basis. The CaAlLSi; structure in which the counter
ion is in a sixfold octahedral site, is found for the smaller
Ca and Sr ions while the Ba compound crystallizes in
the ThCr,Si, structure where the cation coordination is
eightfold cubic. Thus the structure type for d° systems
may be defined by the coordination preference of the
cation.

The complexity of the magnetic structure of SrMn,P,
is in sharp contrast to the simple situation for BaMn,P;.
This can be understood given the different crystal struc-
tures of the two materials and especially the contrasting
symmetry of the Mn(Il) sublattices. As mentioned pre-
viously the Mn(II} ions form square nets in BaMn,P, and
these are separated by about 7 A and stacked in an AA
fashion. The square lattice is not subject to frustration
and none is introduced by the stacking mode. In contrast,
the Mn(11) lattice for StMn,P, consists of triangular layers
stacked AB to form a bilayer and these bilayers are
stacked AB - -+ AB - -+ AB with again about a 7 A
separation. The trigonal lattice is frustrated in two dirnen-
sions and AB stacking intreduces frustration in the third
dimension within the bilayer. Interbilayer exchange cou-
pling will be weakened by the 7A separation and frustra-
tion due to the AB - - - AB stacking.

These considerations also help to explain the large dif-
ference in T, for long-range order in these chemically
similar materials. Although one might expect similar
Mn-P-Mn superexchange coupling in both materials, T,
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for the Ba compound is well above room temperature and
at least ten times the T, of 53 K found for the Sr phase.
Long-range ordering is due to interplanar coupling which
is frustrated in SrMn,P, but not in BaMn,P,.
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