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Pressure phase diagrams for the metallic magnet system Mn, ~Cr~As are determined for
0.25 ~x"~0.42, T&77 K, and P(10 kbar under fully hydrostatic conditions, and with a pressure
resolution of 10 kbar. Three magnetically ordered phases [ferromagnetic F, helimagnetic H. , and

helimagnetic H (close to F in behavior}] exist within a certain, narrow (P, T, E) domain. The order-

ing temperatures of the F and H phases increase with pressure at a rate of up to 11 K/kbar. All

the four possible types of triple points are experimentally studied. The H —F—P triple point is an

approximate realization of a Lifshitz point, as verified by an incomplete divergence of the suscepti-

bility on approaching the F phase. The H. —F—P and H. —H —P triple points show large umbil-

icuslike anomalies, qualitatively similar to those of bicritical points in the field phase diagrams of
antiferromagnets.

I. INTRODUCTION

Experiments as well as spin-polarized band-structure
calculations' indicate a general correlation between ex-
istence of magnetic moments and increase of unit-cell
volume. An external pressure may, via lattice contrac-
tion, continuously change the magnetic properties and in-
duce magnetic phase transitions. Such pressure effects
are especially evident for 3d metal compounds, and result
in part from their higher compressibility, as compared
with the pure metals and their alloys. For the 3d metal
monopnictides, all of which showing metallic properties,
a clear correlation between the magnitude of the magnet-
ic moment and increase in volume is found, whereas the
actual types of crystal structure and of magnetic ordering
appear to be of secondary importance.

The pseudobinary MnAs —CrAs system is especially
susceptible to the action of pressure in a region con-
veniently studied by the cylinder-piston technique. The
magnetic properties of MnAs and CrAs are dramatically
changed by relatively small pressures; MnAs undergoes a
high- to low-spin transition at 4 kbar, whereas for CrAs
a pressure of 8 kbar completely destroys its magnetic mo-
ment. For the Mn, ,Cr, As system, the situation is
rather opposite. Some magnetically ordered phases are
here favored by increased pressure due to an anomalous
volume decrease during the ordering process.

The equilibrium phase diagram for well-annealed sam-
ples ' of Mn& ~Cr~As is shown in Fig. 1. The crystal
structure is orthorhombic (Pntrta) Three magne. tically
ordered phases are involved in the present pressure study.
The H and H helimagnetic phases, of the double-spiral
type, are stable at ambient pressure. For the H„order-
ing, the periodicity of the spirals amounts to a length of
about 15a (=85 A). Its behavior is close to ferromag-
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FIG. 1. Magnetic (8 T) phase diagram of Mnl ~Cr~As, for
0.20 ~ 8~ 0.40, quoted from Ref. 6. Magnetic phases are denot-
ed F (ferromagnetic), H (u-axis helical), H. (c-axis helical), and
P (paramagnetic). Inset: magnetic and crystallographic phases
(MnP or NiAs type) for the entire solid-solution phase 0 ~ z'& 1.

netic (F), and just a small critical field is required to align
the magnetic moments. The H phase is strongly anti-
ferromagnetic, with critical fields exceeding at least 250
kOe. The existence of a ferromagnetic phase under a
pressure of some S kbar was first demonstrated by neu-
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tron diffraction for MnQ 6]5ClQ 385As. The F phase also
occurs in the quatenary Mn& ~Ct~As& P system due
to the chemical pressure generated by the nonmetal sub-
stitution.

The key difference between H, H, and F is probably
not the geometrical arrangement of the magnetic mo-
ments, but rather distinctions in the electronic structures
which are manifested as variations in the crystal lattice.
The specific volume of the H, phase is some 1% larger
than that extrapolated from the paramagnetic phase,
whereas both H and F show an anomalous 2% decrease
in volume. ' As a consequence of the differences in
volume, an external pressure should suppress the H,
phase and increase the domains of H and F. A decrease
in volume at the disorder —order transition for H and F
should be associated with positive d Tz, Id P and
dTcldP slopes, which is quite an unusual situation for
itinerant magnets [see, e.g. , the compilation of data for
25 itinerent ferromagnets which contain two examples
(Ni and Sc3In) with positive dTcldP. Large positive
slopes are also reported for the ferromagnet CoMnGe. j

At ambient pressure, the H —H. —P triple point occurs
(Fig. 1), but the study of this requires a collection of sam-
ples, and this drawback clearly restricts a detailed investi-
gation. Due to the existence of an F phase under pres-
sure, other types of triple points, namely H —F—P,
H —F—P, and H —H —F, should appear in some of the
pressure —temperature phase diagrams. The main contri-
bution of the present study is to map out such
pressure —temperature phase diagrams with a pressure
resolution of some 10 kbar. Careful searches are made
for possible anomalies near the triple points. In particu-
lar, the pressure-induced H -to-F transition and the
H —F—P triple point are studied and analyzed according
to theories on helimagnetic order and multicritical behav-
ior including Lifshitz points.

After this work had started, the somewhat differently
aimed pressure study of Gribanov and Melnik' ap-
peared, concerning the whole MnAs —CrAs system for
pressures up to 30 kbar. The present work is focused on
the composition range 0.25 & z' & 0.43, in which the corn-
petition of H„, H. , and F occurs at pressures below 10
kbars. Preliminary results of this work were presented at
the International Conference on Magnetism 1988."
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um is not frozen) and allows pressure tuning with a pre-
cision of 0.01 kbar. The apparatus allows both T =const
and P=const types of experimental runs. The tempera-
ture and pressure were measured using, respectively, a
copper —constantan thermocouple and a manganin resis-
tor. Phase transitions were detected via an ac susceptibili-
ty method. Contrary to the common practice, the ac field
(300 Hz, few Oe) was generated by a coil surrounding the
pressure chamber. The induced signal was detected by an
axial three-section pick-up coil connected to a lock-in
voltmeter. To ensure proper temperature homogeneity,
the whole pressure chamber (with the sample and the
coils) was subject to cooling by liquid nitrogen.

Figure 2 shows examples of the g„(T) raw data curves
recorded using a data-acquisition system, ' based on an
AMSTRAD CPC 6128 home computer. Measurements
were performed for both increasing and decreasing tem-
perature. During the measurements shown in Fig. 2, the
pressure varied slightly, typically 0.01—0.06 kbar, due to

II. EXPERIMENTAL METHODS

Polycrystalline samples of Mn& ~Cr~As were syn-
thesized from MnAs and CrAs, as described in Ref. 5, in
evacuated sealed silica-glass ampoules. The homogeneity
and structural properties of the samples at ambient con-
ditions were derived from powder x-ray diffraction mea-
surements (Guinier camera, CuKai radiation, Si as inter-
nal standard). The samples were further characterized by
diff'erential scanning calorimetry (DSC) measurements at
temperatures between 100 and 900 K.

Pressures above ambient were generated inside a
beryllium-brass pressure chamber connected to a 15-kbar
helium-gas compressor (UNIPRESS, Warsaw) via a
capillary tube. This gives fully hydrostatic conditions for
the entire investigated pressure region (note that the heli-
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FIG. 2. Direct recordings of ac susceptibilities vs tempera-
ture for Mno 645Cro 355As at (a) 0.3 kbar, (b) 1.1 kbar, (c) 1.94
kbar, and (d) 2.48 kbar. g„(T) is recorded for decreasing and
increasing temperature, measurement time 5 s per point. Sym-
bols and arrows identify magnetic phases and location of transi-
tion temperatures, respectively.
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expansion and contraction of the helium following the
temperature change. The precision of the pressure mea-
surements (about 0.01 kbar) is ruled by the hysteresis of
the manganin pressure gauge and by the stability of the
Wheatstone bridge.

The ac susceptibility curves for Mn0645Cro 355As in
Fig. 2 provides examples of four types of phase se-
quences: H to H. (0.3 kbar), H to P (1.1 kbar), F to H
and H„ to P (1.94 kbar), and F to P (2.48 kbar). Thermal
hysteresis is recognized for some of the transitions. The
H. -to-F transition, which occurs for samples with higher
z', is also easily recognized (cf. Fig. 1 in Ref. 7) by this
technique. However, the technique is not sensitive
enough to detect the H -to-P transition.

The magnetic order —disorder temperatures Tz, (H to
P) and Tc (F to P) were, respectively, taken as the
inQection point slightly below the narrow maximum of
the y„(T) curves and as the extrapolated kink point (see
Fig. 2). The temperatures of the weakly first-order transi-
tion Tz, (H to F) were taken as the inflection points,
whereas the distinctly discontinuous transitions T~ (H„
to H. ) and Tzz (H. to F) were taken as the midpoints of
the susceptibility curves.

III. RKSUI.TS

&. Phase diagrams

The pressure phase diagrams in Fig. 3 illustrate
dift'erent topologies which appear depending on the se-
quence of magnetic phases at ambient pressure.
MnQ 75Cro 2~As is representative for the composition re-
gion 0. 10~8 ~0.355, where H is the only magnetically
ordered phase at zero pressure. Consequently, a triple
point between H, F, and P occurs under pressure.
Mno. 645Cr0. 355A»s rep esentat»e
and the occurrence of two ordered phases at ambient
pressure leads to the two triple points under pressure:
H —H —P and H -F—P. Since the stability regions of
H, and F in the (P, T) phase diagrams increase with in-
creasing Cr content at the expense of H, three triple
points (the additional one being H. H R—shoul—d exist
in a narrow concentration range close to 8=0.385. The
H. —H —F point was observed in a sample prepared for
neutron diffraction (ND) studies, 1=0.39 (ND), see Fig.
3(c), but no further emphasis was put on this noncritical
triple point. The small-scale sample of Mno6, Cr039As
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FIG. 3. Temperature —pressure phase diagrams for Mn& &Cr~As; (a) 8=0.250, (b) 8=0.355, (c) z'=0. 39 (ND), and (d) z"=0.39
(SS). Experimental points: ac susceptibility, 8=const runs, ( o) heating and (+) cooling; T =const runs, (0) decreasing and ( X) in-
creasing pressure, (D.}differential scanning calorimetry, (0) neutron diffraction from Ref. 13.
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[marked SS in Fig. 3(d)] shows no H„phase, however, in

full accordance with the overall phase diagram in Fig. 1.
Its (P, T) phase diagram in Fig. 3(d) is representative for
the chromium-rich part of the investigated system. Here
H transforms directly to F. The coordinates of the
H. F —P —triple point for 8=0.39 (SS), P=2. 15 kbar,
and T = 170 K, can be precisely deduced from the change
in slope and the onset of temperature hysteresis for the
phase boundaries surrounding the ferromagnetic phase.
The observed difference for the two samples with the
same nominal composition [a 20-g sample, 2'=0. 39 (ND),
and a 0.5-g sample, f =0.39 (SS)] is understandable since
the H. Hp—hase boundary in the (8 T) phase diagram
(Fig. 1) is very steep and, consequently, susceptible to
minute differences introduced through the preparation
procedure.

The stability regions at liquid-nitrogen temperature for
the different magnetic phases in the MnAs —CrAs system
are shown in Fig. 4. Gribanov and Melnik' report
surprisingly low P-to-F transition pressures for 8=0.55
and 0.7, especially when confronted with the absence of
ferromagnetism for 8=0.8 and 0.9 (for P~ 30 kbar). The
upper stability pressure of F remains an open problem
that should be attacked by the diamond-anvil technique.
Upon enhanced lattice compression, the magnetic mo-
ment must eventually collapse.

The H —F boundary extrapolates to z"=0.41+0.01 at
zero pressure (Fig. 4). This gives the upper limit for the
stability of the H mode in Mn& ~Cr~As at ambient
pressure in the absence of the competing H phase.

B. Magnetic order —disorder transitions

From the (P, T) phase diagrams for z'=0. 25 and 0.355,
it is seen that apart from possible anomalies very near the
H F —P t—riple points, the T»(P) and Tc(P) phase lines
appear as one continuous phase boundary with a positive
pressure slope. The dependencies T»(P) and Tc(P) are
generally slightly nonlinear, with decreasing slope on in-
creasing pressure T. he maximum values of dT&ldP near
the triple points increase with increasing Cr content, be-
ing 7, 9, and 11 K/kbar for 8=0.25, 0.355, and 0.39, re-
spectively. Probably these pressure slopes actually
represent the highest positive values found for magnetic
order —disorder transitions, not only for itinerant fer-
romagnets, but in general. This is also true when the
slope is normalized to the Curie temperature. 11 K/kbar
corresponds to d lnTcldP=0. 061 kbar ' and should,
e.g. , be compared to the otherwise highest values of 0.031
kbar ' for Sc3In and 0.011 kbar ' for CoMnGe. At
high pressures, Tc(P) tends to level off; nevertheless,
dTc/dP still remains very large. According to the data
of Gribanov and Melnik' (for 8=0. 15 and 0.28), Tc(P)
becomes linear at pressures around 30 kbar with a slope
of 3 —4 K/kbar.

The susceptibility of the helimagnetic phase at the
H -P transition grows on increasing the pressure to-
wards the H —F—P triple point. This is manifested by
an increasing peak in the ac susceptibility close to the
Neel point (compare the curves for 1.1 and 1.94 kbar in
Fig. 2). The pressure dependencies of the y„peak value
close to T», i.e., along the T»(P) line, and of the extra-
polated y„(T) kink point are shown in Fig. 5 for
8=0.355. The susceptibilities are normalized to the
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FIG. 4. Composition —pressure phase diagram for
Mn& ~Cr~As at T=77 K. Experimental points: (0,) this
work, (E) Gribanov and Melnik (Ref. 10), and (,~) from Refs.
3, 4, and 14. Open and solid symbols denote increasing and de-
creasing pressure or temperature conditions, respectively.

FIG. 5. Variations of normalized ac magnetic susceptibility
(open symbols, y/y, „) and its inverse (filled symbols, g „/g)
along the critical phase boundary for Mnp 64gCrp 355As. Circles
correspond to y„peak just above T~&, and triangles to kink
point at Tc.
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maximum value, y,„, of the F phase (limited by demag-
netization). Figure 5 shows that y,„/y decreases ap-
proximately linearly on approaching the triple point, but
extrapolates to 1 (i.e., to zero for the true susceptibility
not limited by demagnetization) at a pressure of about 0.2
kbar above the observed triple point.

The pressure slope for the H -to-P phase boundary is,
on the other hand, negative and also exceptionally steep.
This can be judged by considering the T&2(P) phase line,
which connects the H. H„(o—r F) —P t—riple point and
T~2 at zero pressure, cf. the dashed curves in Figs. 3(b)
and 3(d). The T~2(P) boundary, as determined by neu-
tron diffraction [Fig. 3(c)], is distinctly nonlinear, with a
slope of roughly —15 K/kbar at ambient pressure,
whereas the boundary becomes practically vertical on ap-
proaching the triple point. This observation is consistent
with the study of Gnbanov and Melnik. '

C. Magnetic order —order transitions

At ambient pressure, only one transition occurs be-
tween ordered phases, viz. , the H -to-H transition. Un-
der pressure, additional transitions of this category ap-
pear due to the occurrence of the F phase.

The similarity in the nature of H and F makes the
first-order Tz& transition relatively weak. This is support-
ed experimentally by the small-pressure hysteresis of
about 0.05 kbar (from T=const runs), which is fully con-
sistent with the larger temperature hysteresis of 9 K (see
curve for 1.94 kbar in Fig. 2) when one takes into account
the steepness of the Ts, (P) line. The latent heat of the

H —F transition can be determined indirect1y. For
Z'=0. 355 (at 80 K), de, /dP is 110 K/kbar. Results for
the field-induced H to -F-transition (also at 80 K); see
Fig. 2 of Ref. 11) implies that d&ldP=0. 43 T/kbar.
From the thermodynamic relations d&ldP=bJKIAV
(b,A, being the jump in magnetization) and
dT/dP=T b, V/Q, a latent heat of Q =0.02 J/g and a
relative jump in unit cell volume of b,V/V=0. 2% are
estimated.

The heat-capacity measurement by Labban et al. ' in
the region of the Tz, transition for the isostructural
MnAsp 88Pp ~2 phase, shows only a minute anomaly, but
no value for the very small latent heat was given. No
volume jump could be established by powder diffraction.
Similar observations are made for the helimagnetic-to-
ferromagnetic transition of the MnP prototype. Also
here b, V is extremely small, however, with jumps
(O. l%%uo in the individual unit cell parameters (positive

and negative). ' Further considerations on the nature of
the H -to-F transition are given in Sec. IV.

All observations indicate that the H. -to-F transition is
of larger "strength. " A value for deaf'/dP can be ob-
tained from the pressure and field phase diagrams for
8=0.39 (see Sec. IV). Using the same thermodynamic
relations as above, the volume jump for the H. -to-F tran-
sition is estimated to 3%%uo, and the latent heat to 0.3 J/g at
80 K. The large hV/V is fully consistent with the
change in the unit-cell dimensions that occur at ambient
pressure in Mn& ~Cr~As on passing from H„ to H. at
low temperatures (about 3.2% at 10 K independent of 8
see Fig. 4 of Ref. 6; note that H and F have approxi-
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ic coupling (4, )0) between the spins of neighboring
planes and antiferromagnetic coupling ( 42 (0) between
next-neighboring planes, together with terms describing
the orthorhombic magnetocrystalline anisotropy. In an
approximate description, the H spiral propagates along
a with spins ferromagnetically coupled within bc planes
that are a /2 apart. For MnP, this model was used to ac-
count for the magnetic properties at low temperature, '

for discussing the helimagnetic —ferromagnetic transition
at 47 K, ' and for explaining the Lifshitz point in the
magnetic phase diagrams. In the absence of anisotropy,
the ferromagnetic phase is stable for 8z/8, )—

—,', other-
wise the helimagnetic mode occurs with a pitch angle (0)
given as

0.0
I

0.5 1.0
P (kbar)

FIG. 7. Pressure dependence of hysteresis width for
8=0.395 (ND). Solid line represents exponential fit to data, see
Sec. IV B.

IV. DISCUSSION

A. %'eakly discontinuous helimagnetic H
to ferromagnetic F transition and character

of the H —F—P triple point

The similarity of the H and F phases suggests that
both types of ordering, and in consequence also the
helimagnetic-to-ferromagnetic transition, can be de-
scribed in terms of a localized spin model by the same set
of exchange parameters.

The helimagnetic H structure has some common
features with the H structure in MnP and is of the
double-screw type with four magnetic atoms in the crys-
tallographic unit cell. To explain the stability of the H
structure of MnP, no less than five exchange parameters
are required. ' However, the essential physics of the
helimagnetic-to-ferromagnetic transition in MnP is ac-
counted for by the classical Hamiltonian for X spins per
unit volume confined to parallel planes with ferromagnet-

mately equal unit-cell volumes).
The distinct first-order character of the H -to-F transi-

tion is also testified by large hysteresis, and, e.g., for
/=0. 39 (ND), AP amounts to 0.4 kbar at low tempera-
ture (Fig. 6). The hysteresis decreases rapidly to zero at
the H. —F—P triple point. In Ref. 11 this was suggested
to occur discontinuously. However, the more precise
data presented in Fig. 7 suggest a steep, continuous de-
crease of the thermal hysteresis, perhaps described by
some power law. Extrapolation of the b, T(P) curve to
zero allows precise determination of the pressure coordi-
nate of the H, F P triple —po—int to P=1.27+0.02 kbar.
The marked increase of the hysteresis at P=0.47+0.3

kbar (Fig. 7) locates the noncritical H. H F triple— —

point.

cosO = —8, /482 .

The helimagnetic —ferromagnetic boundary is then of
second order. 0 goes to zero, and the in-plane magnetic
susceptibility diverges on approaching the transition. In
the mean-field approximation (MFA), Eq. (1) is valid at
any temperature implying a vertical H —F boundary in
the temperature versus 82/cf& phase diagram. The H F—
boundary terminates in the H —F—P triple point with
Lifshitz character. The eFect of critical fluctuations is to
extend the area of the F phase at high temperatures. Cal-
culations by Redner and Stanley, ' using high-
temperature series expansion (HTSE), tell that at T=O
K, the H Pboundar—y starts at 82/8, = —0.25 and hits
the Lifshitz point for dz/8& = —0.263+0.002 and
—0.2S9+0.002 for order-parameter dimensionalities
~ =2 and 3, respectively (cf. Ref. 21).

In the presence of anisotropy, the H —F transition be-
comes first order. The energy of the system is reduced by
discontinuously switching the spins of the long spiral into
the (ferromagnetic) easy direction. The F domain thereby
becomes extended (Fig. 6). Another source for turning
the transition discontinuous, is the magnetocrystalline
coupling, which in localized-moment models is required
to account for jumps in the unit-cell dimensions. Ac-
cording to mean-field calculations, already an arbitrary
small coupling turns the H —F transition into first order.
This is in contrast to the F—P transition, which becomes
discontinuous only if the coupling exceeds some thresh-
old value. (Modern theories predict a fiuctuation-
driven discontinuity for an arbitrary small coupling, but
it is believed that the eAect is so small that it escapes
detection. )

The experimental data comply qualitatively with the
theory outlined above. Equation (1) suggests that small
changes in the exchange constants are sufficient to pro-
duce large variations in the angle O. For example, for
z —0.25, the low-temperature value 0=17' is reduced to
0 at 3 kbar, whereas 82/8& changes merely from —0.263
to —0.25. Such a small change cannot produce any
larger variation in the transition temperature on going
from Tc to T». Consequently, on a large scale, the T»
boundary is almost an extension of Tc(P), but shows an
upward tendency as expected from theory. '

The Ts, (P) boundary for, e.g. , MnQ75cro 2,As [Fig.
3(a)j shows an apparent disagreement with theory in that
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the domain of the H phase, rather than that of F, grows
on approaching the critical line. This is probably due to
the thermal expansion of the structure, which opposes
the contraction forced by the applied external pressure.
It is reasonable to assume that gz/8i is a function of in-
teratomic distances instead of pressure alone. An esti-
mate, based on the observed thermal expansion and a
compressibility of 2X10 K/kbar estimated from data
for CrAs and MnAs (Ref. 24) brings the Ts, (P) line,
perhaps accidentally, in accord with the HTSE calcula-
tions.

The incomplete divergence of the magnetic susceptibil-
ity along the T&& boundary clearly supports the closeness
to Lifshitz-like behavior of the system. The data suggest
that, in the absence of anisotropy, the real Lifshitz point
should be located at a pressure some 0.2 kbar higher than
the observed H —F—P triple point. A confirmation of
the nature of the phase diagram calls for determination of
the modulation vector as a function of T and P by neu-
tron diffraction.

Finally, the attention is paid to the possible anomalies
of T~& and T~ near the triple point. The applied helium-
gas-compression technique provides a considerably better
pressure resolution and tunability than methods used in
earlier studies of pressure phase diagrams of magnetic
materials with triple points. Inspection of the (P, T)
phase diagrams for 8=0.25 and 0.355 (Fig. 3) suggests
about a 2-K deep umbilicuslike anomaly. Such an anom-
aly is not inconsistent with theory, because on a small
pressure scale, the H —F—P triple point should become a
bicritical point. The experimental evidences are, howev-
er, inconclusive because of problems with reliable deter-
mination of the exact transition temperatures. T» is de-
rived from the inflection point of y„(T), which is some
1 —2 K below the peak position, and it may be influenced
by minor, nevertheless always present, inhomogeneities in
the samples. When the extrapolated kink point is used to
assess the Curie temperature, any inhomogeneity will
cause a lowering of the transition temperature. In partic-
ular, the various criteria are difficult to apply close to the
triple point.

B. Comparison between helimagnetic H
and ferromagnetic Fphases and character

of H —F—P triple point

An appropriate question concerning the H. -to-P and
the F-to-P transitions is why the corresponding pressure
derivatives are so high. The high values for dT&/dP for
Mn

&
~Cr~As are the highest known. However, the facts

that ~dT&2/dP~ is even higher and that T&2 neighbors
the Tc boundary in the (P, T) space are probably not in-
cidental. The pressure dependencies of both boundaries
are nonlinear (Figs. 3, 6, and 7). The curvatures of
T~2(P) and Tc(P) increase on approaching the triple
point. The decrease of the ordering temperature for one
phase on approaching the triple point seems influenced
by the "proximity" of the second, competing phase.
These large (positive or negative) pressure derivatives of
the magnetic order —disorder temperatures are difficult to
reconcile within the MFA theory on magnetoelastic cou-

pling. Such models predict the transitions to be discon-
tinuous when the pressure derivatives are as large as ob-
served in the present case. The classical approximation
is very crude; nevertheless, it describes well the properties
of the binary end phases, MnAs and CrAs, of the
Mn& ~Cr~As solid-solution phase. For MnAs and CrAs,
large negative pressure derivatives are connected with a
discontinuous character of the transition to the paramag-
netic phase. We believe that the extraordinary behavior
of the phase boundaries around the H. —F—P triple point
indicate that this point rather has a bicritical nature with
a very large range of bicritical behavior.

The bicritical point concerns the situation where a
disordered phase may transform, via second-order transi-
tions, into two different ordered phases. According to
mean-field theory, the phase boundaries cross each other
at sharp angles. The effect of critical fluctuations is well
established, both experimentally ' ' and theoretical-
ly, ' for bicritical points in the phase diagrams of anti-
ferromagnets in external magnetic field. The fluctuations
cause the critical phase boundaries to become nonlinear,
and joined tangentially to the first-order boundary at the
bicritical point (BP). Their shape in the vicinity of BP
(scaling axes g, t centered at BP) is according to the gen-
eralized scaling hypothesis

(2)

where the amplitude ratio ~& 2=~&/~z and the cross-
over exponent P are universal quantities dependent on
the system symmetry and the order-parameters dimen-
sionalities ~& or ~2 for the competing antiferromagnetic
(AF) and spin-flop phases. For large values of
~Bp=~&+~2, theory predicts a decoupled tetracritical
point with, again, critical lines crossing at distinct angles.

Contrary to the universal quantities connected to the
BP situation, the question of magnitude has received little
attention. The magnitude of the effect can tentatively be
defined as the difference between the temperature coordi-
nate for the bicritical point, TBp, and the temperature
TBp obtained by extrapolation of the phase boundaries
from a region far from BP. The experimental data for
BP's of antiferromagnets (see the review in Ref. 31) show
that the magnitude is small and strongly correlated with
/ziip. ( TBp Trip )/TBp equals 0.03 for GaA103, which
is typical for /2Bp=2. However, this ratio becomes more
than an order of magnitude smaller for BP's with /2Bp=3.

The pressure phase diagram for 8=0.39 (ND) is in the
vicinity of the H. —F—P triple point, qualitatively resem-
bling the (&,T) diagrams for CraA103 and MnF2 (H,
and F corresponding, respectively, to spin-flop and AF
phases), but with the magnitude of the anomalous region
being much larger. The value for (TBp —TBp)/TBp for
8=0.39 is at least 0.10.

Attempts were made to check the possible bicritical
scaling according to Eq. (2). The scaling axis t was fitted
to the midpoints (for P) 1.3 kbar) of the hysteresis re-
gion (Fig. 6). This was motivated by the fact that the
mean values of T~2 for heating and cooling show an ap-
proximately linear pressure dependence, whereas the T&2
thermodynamic equilibrium line is unknown. Rather
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surprisingly, the pressure dependence of the thermal hys-
teresis is well described by the power law
b, To-(PBi,—P)', with PBi,=1.27 kbar, and r=0.44(1).
At Piii, the corresponding temperature value on the g line
is TBI, =184.8 K. Hence, the coordinates of BP and one
of the scaling axis can be established without utilizing
data from the critical phase boundaries. The inclination
of the t scaling axis may, in the same way as for the
H —F—P triple point, result from the interplay between
thermal expansion and pressure contraction.

The whole Tc(P) up to 10 kbar and also the less accu-
rately known T&2(P) are, on the other hand, not well de-
scribed by Eq. (2). However, if one limits the considera-
tion to t (0.1 and applies fit to the Tc(P) data alone
(Fig. 7), the exponent P becomes 1.27(5) under the as-
sumption that the second scaling axis g is horizontal.
Unfortunately, the data for Tzz(P) are not precise
enough to test the crucial content of the generalized scal-
ing, which implies that both critical lines are to be de-
scribed by the same exponent.

The results concerning the BP in Mn& ~Cr~As partly
contradict expectations based on theory. This may possi-
bly be traced to the itinerant nature of the magnetic
phases involved. Contrary to the case of localized
magnetism, the amplitude of the local moments" in
itinerant systems also Quctuates, and it is possible for the
ordering temperature to go to zero with still large "mo-
ments" in the paramagnetic state. However, the very
concept of the BP order-parameter dimensionality may
be invalid because the simultaneous existence of "mo-
ments" of both phases, linked to the different band struc-
tures, is at least limited. One may speculate whether
massive short-range order, as accounted for by Auctua-
tion band theories, but not by localized-moment sys-
tems, is responsible for anomalies in the phase boundaries
at large values of the reduced temperature.

The H. and F phases differ by as much as 3% in unit-
cell volume. Fluctuations of the moment in the bicritical
region should hence be coupled to Auctuations in density.
This should lead to a large compressibility in the bicriti-
cal region, easily detectable by x-ray or neutron
diff'raction under pressure (for preliminary results, see
Ref. 13).

Only a few examples of pressure phase diagrams in-
cluding an AF —F—P triple point are known. All of
these were studied using pressurized clamps with rather
imprecise tuning and measuring of the pressure. The best
example of a bicritical point in such (P, T) phase dia-
grams may be provided by the cubic, localized spin com-
pound EuSe, of which the antiferromagnetic phase with
n )

= 8 transforms into a ferromagnetic phase with ~2=3
at 5 kbar. For such dimensions, the theory predicts no
anomaly, and this is consistent with the (rather imprecise)
experimental phase diagram. It would be interesting to
reexamine itinerant-moment systems, such as
Hf, Ta Fe2 and Fe2P, for which existing data ' pro-
vide indications for anomalies near the F—AF-P triple
point.

The bicritical H, —F—P point in Mni ~Cr~As has
another interesting feature; the field conjugate to the or-
der parameter of one of the competing phases (i.e., Q ex-
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ists physically. Figure 8 shows, using the experimental
data for the 2'=0. 39 (SS) sample, a sketch of the three-
dimensional (&,P, T) phase diagram. The domain of the
ordered (H, ) phase, which is not conjugated to the field,
is limited by the surface defined by the first- and second-
order lines connected along the tricritical line originating
at BP. This type of topology was first discussed by Kos-
terlitz for a uniaxial antiferromagnet, for which there is
no physical realization of the staggered field.

V. CONCLUSIONS

The pressure diagrams of Mn, ~Cr~As, with
0.25~8~0.42, show all four types of triple points that
appear in a system with three ordered and one disordered
magnetic phase. The phase diagrams are in the vicinity
of the triple points determined with a precision up to 0.01
kbar, which is considerably better than other (P, Q phase
diagrams thus far reported for magnetic systems. This
was made possible by the use of helium as the pressure-
transmitting medium, since the triple points appear in a
region where helium is not frozen.

The present study provides inter alia results on two
different cases of magnetic competition and correspond-
ing multicritical behavior. The pressure-induced transi-
tion from the H helimagnetic phase (with long periodici-
ty) to ferromagnetism appears as weakly discontinuous.
The incomplete divergence of the susceptibility along the
Tz, (P) line on approaching the H F P triple p—oint—

suggests that this triple point exhibits the characteristics
of a Lifshitz point on a large pressure scale. The shapes
of the phase boundaries are in qualitative agreement with
(ANNI XF or Heisenberg) model predictions when the
effect of thermal expansion of the lattice is also taken into
account.

T (K)

FlG. 8. Schematic pressure —field —temperature phase dia-
gram for 2'=0. 39 (SS). Solid curves are based on experimental
data given in Ref. 6 and this work.
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The most striking feature of the H. —F—P triple point
is the anomalous decrease of ordering temperatures for
the competing II, and F phases over a large interval
around the triple point. The anomaly can be expressed in
terms of very large pressure derivatives. In fact,
dTcldP=11 K/kbar appears to represent the highest
value known thus far. Near the triple point, the phase
boundaries show resemblance to the well-known bicritical
point in the field diagrams of anisotropic antiferromag-
nets. The experimental data provides a check on the ap-
plicability of the generalized scaling concept. The "bi-
critical H. —F—P point" cannot directly be described by

existing theories on bicritical behavior, a feature that is
believed to originate from the itinerent nature of both of
the competing magnetic phases.
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