JOURNAL OF SOLID STATE CHEMISTRY 87, 222-228 (1990)

Equation of State of MnAs; g3P 1-
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The influence of external pressure, up to 30 GPa, on the structural properties of MnAs, gP, ;; has
been studied for temperatures between 300 and 450 K by energy dispersive X-ray diffraction using
synchrotron radiation. MnAs,gP, ;, undergoes a very large, continuous volume contraction when
subjected to pressure. The experimental pV relationship is discussed on the basis of the first-order
Birch and Murnaghan equations of state, and the structural changes are discussed in relation to similar
observations for isostructural (MnP-type) phases. The experimental results at 300, 350, and 450 K are
in excellent agreement with earlier estimations of the temperature dependence of the compressibility
which were based on the chemical pressure concept with starting point in the equivalency of the p, T
phase diagram of MnAs and the x, T phase diagram of MnAs;_,P,. The isothermal bulk modulus B,
and its pressure derivative By are, according to the Murnaghan equation of state, respectively 18 GPa
and 10 at 300 and 450 K and respectively 10 GPa and 18 at 350 K. Values for the Gibbs energy and the

entropy as 300 K are tabulated as functions of applied pressure.

Introduction

The structural and magnetic properties of
several MnP- and NiAs-type phases depend
strongly on temperature and applied pres-
sure. There are different sources of pres-
sure; it can be applied externally (e.g., under
hydrostatic conditions) or produced inter-
nally through chemical substitution. The dif-
ferent types of pressure may for certain sys-
tems have very similar effects on structural
properties and phase boundaries in the cor-
responding phase diagrams. One such ex-
ample is given by MnAs, of which the p, T
phase diagram () for applied external pres-
sures below 1 GPa closely resembles the
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complex x, T phase diagram of the pseudobi-
nary MnAs,_,P, system, x < 0.20 (2).

An anomalous heat capacity effect is ob-
served for MnAs, _ P, with origin in a mag-
netic low to high spin conversion. The effect
was explained phenomenologically by as-
suming a strong coupling between the con-
version and the degree of orthorhombic dis-
tortion of the MnP-type structure (3, 4). The
large and broad heat capacity peak was ac-
counted for by considering the extraordi-
nary strong temperature dependence of the
thermal expansion and the compressibility,
which in turn yields an anomalous dilational
contribution to the heat capacity. No experi-
mental values for the isothermal compress-
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ibility were, however, at hand, and the x(T)
relationship was estimated (3, 4) based on
the similarities of the p, T phase diagram of
MnAs and the x, T phase diagram of
MnAs,_,P,, using the chemical pressure
concept. The objective of the present work
is to document experimental values for the
isothermal compressibility at some fixed
temperatures in order to test the validity of
the earlier assumptions on the behaviour of
x(T).

The present study focuses on
MnAs, gP; ;» which undergoes the low to
high spin conversion in the temperature in-
terval between the Néel temperature Ty =
234 K and the transition temperature for the
MnP = NiAs-type transition, T, = 460 K.
The variation in the unit cell volume was
measured by means of X-ray diffraction for
applied pressures up to 30 GPa. The ob-
tained data are discussed in relation to a
low-high spin conversion model. The struc-
tural data obtained are further compared
with similar results reported earlier on iso-
structural phases like CoAs (5), FeAs (5),
CrAs (6), MnAs (7, 8), FeS (9), MnSb (10),
and MnTe (10, 11). The experimentally ob-
served pV relationship is discussed on the
basis of the first-order Murnaghan (/2) and
Birch (13, 14) equations of state.

Experimental

The MnAs,g:P, 1, sample was prepared
and characterized as described in Ref. (2).
The energy-dispersive powder X-ray dif-
fraction study for applied pressures up to
30 GPa was carried out at HASYLAB,
Hamburg, using a gasketed diamond anvil
cell (15). The very intense white synchro-
tron radiation was collimated before and
after hitting the sample, and the scattered
intensities were registered by a solid-state
X-ray detector system (15) providing accu-
rate energy analysis of the diffracted X-
rays. The applied pressure was determined
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by measuring the ruby R1 fluorescence and
using a calibration constant of 365 pm/GPa
(16). The small splinters of ruby were
inserted together with the sample into the
small cavity in the center of the metal
gaskets between the flat faces of the dia-
mond anvil (/7), thus permitting simultane-
ous recording of diffraction patterns and
fluorescence spectra. In the present experi-
ments, nitrogen was used as a pressure-
transmitting medium (/8) in the study con-
ducted at 300 K (to better assure hydro-
static conditions), whereas no such me-
dium was used in the measurements at 350
and 450 K.

Results

The diffraction patterns collected at 300,
350, and 450 K for applied pressures up to
30 GPa were all consistent with an MnP-
type crystal structure with As and P atoms
randomly distributed over the nonmetal
site. Based on the individual patterns, the
pressure dependence of the unit cell dimen-
sions (a, b, ¢, V, space group Pnma) were
obtained. The results at 300 and 450 K are
presented in Fig. 1. The obtained variation
at 350 K shows a slightly larger spread. No
hysteresis with respect to increasing or de-
creasing pressure was observed. The rather
uniform variation in the unit cell dimensions
with pressure at respectively 300 and 450 K
clearly indicates that the lack of pressure-
transmitting medium does not cause nonhy-
drostatic conditions large enough to influ-
ence these dimensions. However, on chang-
ing the pressure, significant variations in the
intensities of the individual reflections were
frequently observed, which indicates that
preferred orientation/texture effects are
present.

The pressure dependence of the reduced
unit cell volume V(p)/V, at 300, 350, and
450 K is shown in Fig. 2. The dashed and
solid curves represent the variation found
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FiG. 1. Pressure dependence of the unit cell dimen-
sions of MnAs P,y ;; at 300 K (open symbols) and 450
K (solid symbols). Circles and triangles denote results
derived upon increasing and decreasing pressure condi-
tions, respectively.

when fitting the observations according to,
respectively, the first-order Murnaghan and
Birch equations of state. The Birch equation
of state anticipates that the isothermal bulk
modulus, B(T, p) = — V(3p/aV)y, varies lin-
early with pressure, B = B, + Byp, whereas
in the other case, a fixed relation for By is
assumed. The data analysis was performed
according to the analytical expressions;
Murnaghan: p = (By/Byl(V,/V) By — 1];
Birch: p = 3B [(V/V)"? — (V/ VY"1 +
By — H((V,/V)¥® — 1)]. The values de-
duced for B, in the present study are roughly
independent of the choice of equation,
whereas large differencies are found for the
pressure derivative By, especially for the 350
K data.

The quality of the fit between observed
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and calculated V(p)/V, is shown in Fig. 2.
The larger value for By at 350 K (Table I)
implies a stronger curvature and a smaller
compressibility at higher pressures than at
300 and 450 K. This is also reflected in the
relative unit cell volumes when compared at
e.g.,25 GPa;at 350K, V(25 GPa)/V, = 0.79
whereas at 300 and 450 K, V(25 GPa)/V, =
0.76 (for both ratios, calculated uncertainty
+0.006).
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F1G. 2. Reduced unit cell volume as a function
of external pressure at (a) 300 and 450 K and (b) 350
K. Dashed and solid curves represent fits based on
the Murnaghan and Birch equations of state, respec-
tively.
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TABLE I

IsoTHERMAL BULK MoDULUS By AND ITS PRESSURE
DERIVATIVE Bj FOR MnAs, Py (5

Murnaghan Birch
T B, B,
(K) (GPa) By (GPa) B,
300 18 10 20 14
350 10 18 8 60
450 18 10 20 14
Discussion

Structural Properties

All axes, a, b, and ¢, contract significantly
upon increasing pressure. However, the
compression is largest along the b-axis. This
implies that the ¢/b ratio, which under cer-
tain circumstances can be used as a measure
of the degree of the orthorhombic MnP-type
distortion, increases with pressure. At high
pressures, the ratios become larger than
those generally found among the MnP-type
arsenides and approach that of, e.g., MnP
(19). This is in accordance with the findings
for FeAs and CoAs (5). The behavior of
CrAs is different (6) by having a negative
value for the compressibility along the b-
axis, which, however, may be caused by
variation in the magnetostrictive forces
since the magnetic ordering temperature at
ambient pressure is close to room tempera-
ture. The observation of increased ¢/b ratio
is further in full accordance with the changes
introduced by substituting P for As in,
e.g., MnAs (20), CrAs (21), and Mn, _ Cr,As
(22).

At high temperatures, T > 460 K,
MnAs, P, 2 takes the hexagonal NiAs-
type structure. During the orthorhombic
transition the metal atoms are mainly dis-
placed perpendicularly to the hexagonal
axis while the nonmetal atoms are displaced
mainly along that axis (2). The effect of pres-
sure is to displace the metal and nonmetal
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atoms in a similar way. According to Lyman
and Prewitt (5), an interesting aspect of the
compression of CoAs is that the longest
As-As distance, through which the shortest
metal-metal edge-sharing interaction oc-
curs, is not able to contract as much as the
other interatomic separations. When this
edge is unable to contract anymore, a more
anisotropic structure will probably be fa-
vored, but only slight indications for a struc-
tural phase transition were observed at 7
GPa for CoAs (5).

The presently obtained compressibilities
are larger than those reported for most other
MnP- and NiAs-type phases (see Table II).
The compressible phases are characterized
by having rather high By, which implies that
they all become much less compressible
upon increasing pressure.

On the Chemical Pressure Concept

In the arsenic-rich samples of MnAs,; _ P,
a low to high spin transition takes place be-
tween the Néel temperature 7y and the dis-
tortion temperature Tp,. In a recent heat ca-
pacity study of MnAs P, ;» a large, broad
peak due to this conversion with maximum
30 J K- ! mol~! at 347 K was observed (I3,
14). In order to account for this anomaly,
the dilational contribution to the heat capac-
ity was calculated, Cy = TVa?k~!. The tem-
perature dependence of the unit cell volume,
and thus also the expansivity, was obtained
from high-temperature powder diffraction
data. The critical step was hence the estima-
tion of the temperature dependence of the
isothermal compressibility. The observed
excess heat capacity is shown in Fig. 3; the
calculated curve is also included.

The qualitative correspondence between
chemical and external pressure is evident in
that application of both types reduces the
unit cell volume. However, problems with
nonrandom distribution or cluster formation
of/around the substituting atoms, aniso-
tropic contraction, and nonhydrostatic pres-
sure make a quantitative approach difficult.
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TABLE I
ISOTHERMAL BULK MoDULUS By AND ITs PRESSURE DERIVATIVE By FOR SOME NiAs-
AND MnP-TyYPE PHASES AT 293 K
By
Phase Structure EOS (GPa) By Ref.
CoAs MnP Birch 122.7 8.8 %)
FeAs MnP Birch 118.4 7.2 )
FeS NiAs Birch 34.8 5 9)
MnAs MnP Birch 24 40 [€))]
MnSb MnP Birch 46 8 10)
MnAs,Sby , NiAs Birch 73 3 (8)
MnP Birch 106 8 (€3]
MnTe NiAs Birch 49.7 5.6 10)
MnP Birch 58.4 3.0 urn
MnAs gPo 12 MnP Murnaghan 18 10 This study
MnP Birch 20 14 This study

C UK 'mol")

F1G. 3. Excess heat capacity (solid line). Dashed
curve, calculated dilational contribution.

Nevertheless, the phase diagram for MnAs
under pressure exhibits a striking similarity
to the phase diagram for MnAs, _ P,. In the
operative chemical pressure concept at low
substitution levels (23), the chemical pres-
sure is assumed to be proportional to the
degree of substitution, ¢ = Ap/Ax, and for
MnAs; Py 1, € is 53 kbar (see below). By
using this concept, the compressibility can
be calculated since « = [V~1(aV/ax);/(3p/
dx)7}, where (9V/0x)y is evaluated from dif-
fraction data. The values obtained for the
compressibility in the present study at 300,
350, and 450 K should now be compared
with those derived from these model calcu-
lations.

The model values obtained for x at 300,
350, and 450 K were 9, 16, and 9 x 10~
Pa~!, respectively (4). The present experi-
mental values for the bulk modilus are 18,
10, and 18 GPa, respectively, or k = 5.5,
10, and 5.5 x 10-'"' Pa~'. The relation be-
tween the experimental and model values
for k(7) is seen to be constant, and the com-
pressibility at 350 K is about 80% larger than
the corresponding values at 300 and 450 K.
However, the experimental numerical val-
ues are about 50% lower than those obtained
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by the model calculations. A smaller value
of k implies a larger value of . As discussed
in (4) there are several ways of estimating e
on the basis of common phase lines in the
p, T and x, T phase diagrams, yielding e
values ranging between 53 and 143 kbar. A
smaller value for « would, however, imply
that the calculated dilational heat capacity
contribution becomes larger, hence giving a
less good fit to the experimentally observed
anomaly in the heat capacity. On the other
hand, the overall agreement between the es-
timated and observed compressibilities is
surprisingly good when the simplifying as-
sumptions implicit in the chemical pressure
concept, e.g., that ¢ is a constant indepen-
dent of composition and temperature, that
the chemical pressure is anisotropic (nonhy-
drostatic) in character in the noncubic MnP
type phases, etc., are considered. Finally, it
should be mentioned that the present experi-
mental study may be the source of the dis-
crepancy toward the parameters derived by
means of the chemical pressure concept,
since the major part of the experimental data
were collected at rather high applied exter-
nal pressures, resulting in large uncertain-
ties for B, due to strong correlation be-
tween B, and By in the fits.

Thermodynamic Properties

The thermodynamic properties of
MnAs, 5P, - under pressure are evaluated
on the basis of the Maxwell relationship

@S/op)y = —(3v/aT),

and a = V~'(9V/oT), and (8S/0p)r = —aV.
ThenAS = — [aVdp,AH = [(V — TVa)dp,
and AG = [Vdp, where a« = «T, p) is a
function of temperature and pressure. The
Gibbs energy change follows directly from
the present data. In order to calculate the
entropy and enthalpy, the pressure depen-
dence of the expansivity must be known,
and this requires a model for the Gibbs en-
ergy for the phase under consideration. Us-
ing a somewhat complex Gibbs energy func-
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TABLE HI
THERMODYNAMIC PROPERTIES OF MnAs, gP; 5

P ASS(P) ASGY(P)
(GPa) (J K~ ' mol™Y (k J mol™})
0.0001 72.5 9.63
0.25 80.0 14.1
0.50 93.2 18.6
0.75 106.5 23.0
1.00 119.8 27.4
2.00 179.0 44.7
3.00 232.5 61.7
4.00 286.2 78.4
5.00 340.1 94.9
10.0 611.0 175.
15.0 884.2 251.

20.0 1153.5 325.
25.0 1434.7 396.

tion, Guillermet et al. (24) expressed the
expansivity in terms of the compressibility
and expansivity at ambient pressure and
de(T, 0)/dT as

oT, p) = oAT, 0)
— [dr(T, 0)/dT]lp/(1 + B{px(T, O))],

and thus

AS = — [o(T, 0)Vdp
+ dx(T, 0)/dT f[pV/(1 + B} px(T, 0)dp.

Data evaluated for the Gibbs energy and
estimated entropy at 300 K are given in Ta-
ble III for selected pressures up to 25 GPa.
The enthalpy is implicit in Table III. [(dx(T,
0)/dT is estimated from the earlier calcu-
lated compressibility curve, having a value
of 5§ x 1072Pa~1K"1]
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