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Abstract—The properties of Mn,_, T, As phases (T: ¥, Cr, Fe or Co; 0 <t =0.10) are studied in external magnetic
fields up to 250 kQe, and temperatures between 80 and 400 K. The results are presented and discussed in terms of
phase diagrams comprising concentration, temperature, and magnetic field axes.

1. INTRODUCTION

Manganese mono-arsenide may be classified as one of
the most intriguing compounds of inorganic chemistry.
This statement is based on the peculiar transformational
properties which, over the years, have been unveiled for
this compound. Figure 1 summarizes certain aspects of
the behaviour of MnAs as a function of temperature. The
fact that its crystal structure at atmospheric pressure is
of the NiAs type both at high and low temperatures,
separated by an intermediate region of MnP type
structure, is emphasized in the central portion of the
diagram.

A more complete and varied picture of this peculiarity
emerges from the right hand side of the diagram, where,
according to Menyuk ef al.[l1], the structure type is
shown as a function of pressure and temperature. An
additional feature brought out in this temperature vs
pressure equilibrium diagram is that MnAs may be

(partly) converted back to MnP type structure below
~150K.

Chemical substitution of other elements for Mn or As
arises as a convenient alternative and supplement to
pressure variation. Although the effect of small sub-
stitutions of P or Sb for As has been explored to some
extent[2-5], attention is in the left hand side of Fig 1
concentrated on the more systematically studied
Mn, ,T:As phases (T hitherto: V, Cr, Fe or Co;[6-10]).
Replacement of T for Mn in these phases leads to
contraction of the unit cell, and the effect of substitution
is accordingly to simulate compression. It should be
noted that the two approaches are not equivalent, since
chemical substitution also includes a change in the
number of electrons per formula unit.

The two sides of Fig. 1 are seen to be in conformity.
Extrapolation of the curves for Ty (Néel temperature)
from both sides of the diagram leads to Ty, =210K for a
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Fig. 1. Composite diagram showing temperature variation of structural properties of MnAs as functions of

pressure and substitutional solid solution according to ¢ of formula Mn,_ T, As (T: V, Cr, Fe or Co). Open shading

denotes regions where NiAs type structure prevails and denser shading ranges of transition temperatures which
depend on composition and specific T element. Data from (i, 6-10].
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hypothetical helimagnetic mode of MnP type MnAs, as
opposed to its real ferromagnetic NiAs type state with
T =315 K[11]. This observation together with the fact
that the helimagnetic mode in Mn, T As (T'= v, Cr, Fe
or Co) is of the double, a-axis type (see {7-10]) and not
of the double, c-axis typel12, 131 found in a number of
other phases with MnP type structure, suggest very
strongly that the magnetic mode is depending on the
overall as well as the detailed atomic arrangement.

The object of the present study has been to examine
structural and magnetic changes in Mn, T, As phases
imposed by applied, variable magnetic fields (H), i.e. to
introduce the latter as a third variable parameler o the
left hand side of Fig. 1.

2. EXPERIMENTAL

Batches of VAs, CrAs, MnAs, FeAs and CoAs were
prepared from the clements (99.5% V (A. D. Mackay),
99,59 Cr (Koch-Light Laboratories; crushed powder
from commercial, electrolytic grade material), 9.9+
9 Mn (The British Drug Houses; crushed powder from
commercial, electrolytic grade material), 99.99% Fe and
99,99+ % Co (Johnson, Matthey & Co: wrnings from
rods) and 99.9999% As {Koch-Light Laboratories)) using
the scaled silica capsule technique. Ternary samples
wete subsequently made by heating desired proportions
(MnAs with 1, 3, 5 or 109 TAs (T: V, Cr, Fe or Co)
substitution} of the binary compounds according to the
procedures in {7-10], The homogeneity, composition and
structural state of the samples at room temperature were
ascertained from powder X-ray (Guinier) diffraction
photographs.

Measurements in  strong magnetic fields (up to
~ 7250 kOe) were performed with a pulsed magnetometer
of essentially conventional design[14] at temperatures
between 80 and 350 K. The pulsed magnetic field was
obtained by discharging condensors (3000 uF, 3KkV)
connected with a pulsed solenoid through a thyrstor
switch. The solenoid, comprising the mapnetometer
sensor inside, was cooled by liquid nitrogen. The pulsed
signals were observed on an oscilloscope screen and
registered photographically. The background signals for
no sample positioned inside the solenoid were measured
separately and used to correct the {100-200 mig) sample
signal. A Cu-constantan thermocouple localized inside
the sample was used for temperature measurements.
Data reduction (to M(H) and dM(H)dH) was per-
formed numerically on an ODRA 1304 computer.
Relative errors in H and M are estimated to be ~ 3 and
~ 6%, respectively.

The pulsed magnetometer was also used to determing
Curie temperatures. The weak, sinusoidal field utilized
for this purpose was obtained by supplying the solenoid
from a sound generator and the signal was measured by
means of a sensitive microvoltmeter.

Magnetization and susceptibility measurements in
weak magnetic fields {1.2-12 kOe) were carried out with
a Foner type magnetometer and by the Faraday method.

3, PROPERTIES IN WEAK MAGNETIC FIELDS

As summarized in Fig. 2 there is a clearcut distinction
between the low lemperature, weak field magnetic
hehaviours of Mn,_V,As samples with +=0.03 and
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Fig. 2. Temperature variation of some structural and magnetic

properties of Mn,_,V, As as function of 1. Open shading denotes

region where ferromagnetic {F) state only comes up in high fields

and denser shading region where helimagnetic {F} state only can
be obtained by application of external pressure.

0.03 < £ =0.10, Near room lemperature MnAs and the
Mn rich Mn,- 7 As samples exhibit first order phase
transitions, with hysteresis, between ferromagnetic and
paramagnetic states, and the daia for MnyFeouAs in
Fig. 3 may serve as an example of this. The Curie
temperatures for increasing (Tc,) and decreasing (Tcz)
temperature are given in Table 1, together with values
for the ferromagnetic moment {ur). Tca Tcas and pr
decrease with increasing ¢ whereas the area of the
hysteresis loop is found to increase. The results in Fig. 4
for Mn,_, T.As (0.03<¢=010) may be interpreted as
reflecting transformations between paramagnetic and
antiferromagnetic states at the cusps on the curves. Both
sets of data can be more clearly understood when the
knowledge[6-10] of structural and magnetic properties in
the absence of external magnetic fields is taken into
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Fig. 3. Ma_gnetization vs temperature for MnassFennAs at
12k0e (solid curves) and magnetization increment at the
metamagnetic transition above T (broken curve).
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Table 1. Magnetic moments and critical
Mo, T As (0=1=0.10)

magnetic fields and temperatures for

; Tast digits uncertain

MnP type state

NiAs type state

He Hs
(kQe)  (kOe) ps i) #rina)
max. at at Tei Tea at 80K,
T t Ty(K)  value 8K H>Hs (K) (K) 12 kOe
0.01 — — — — 303 283 30
0.02 — — — — 285 261 29
v 0.03 — — — — 276 245 1.85
0.05 203 70 ~ 180 1.4 220 — 1.6
(1A 1}] 197 35 ~ 150 1.27 —_ — —
0.01 — —_ — — 316 287 3.02
cr 0.03 — —_ — — 302 281 2.58
0.05 — — — — ~285 ~253 033
0.10 211 60 83 1.55 — — —
0.01 — — — —_ 291 260 2.97
Fe 0.03 216 0 ~ 85 1.6 — — —
: 0.05 213 56 ~60 1.4 — — —
0.10 201 7 ~ 40 1.25 —_ — —
(01 — — — — 310 294 2.9
Co (.03 —_ — — — 274 47 2.7
0.05 197 87 > 250 — 222 — 24
— 0 — — — — 7 106 307
T " y o ’ cooperative mode in Mn,_,T,As (0=¢<~0.05) may be
/ M, 5. C0; o A5 referred to as a kind of high spin state. Since the
15} ; . ferromagnetic mode occurs already in weak or zero
i| § Mg gsFeggshs external magnetic fields, no further information is
! I’ expected on turning to stronger external fields.
- | For samples with £ 20.05 for T =V or Co, £ 2 0.03 for
e I Ming 45 Vg g5 AS T=Fe and {20.10 for T=Cr in Mn,_. T As the
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Fig. 4. Reciprocal magnetic susceptibility as function of tem-

perature for typical Mn,_, T, As samples (0.03 < =0.10).

account. The distinction arises because not only two

different types of cooperative magnetism are involved, but
also two different types of atomic arrangement.

As brought out already in Fig. 1, the ferromagnetic
mode of MnAs with NiAs type structure extends slightly
into the ternary regions of Mn,_, T; As. The ferromagnetic
moments and Curie temperatures given in Table 1 are
slightlty lower than those for pure MnAs[l1]. The
paramagnetic moments and f-values stay virtually con-
stant at pp = V{(8Cma) =4.5£03p, and #=270x 10K
on going from MnAs to the ternary samples. Neglecting
the distinction between wr- and pp-values, the

transition at Ty {see Fig. 4 and Table 1} in weak or zero
field occurs between paramagnetic and helimagnetic
states of the MnP type atomic arrangement. This
inference is based on neutron diffraction
investigations[7-10] in zero field, which consistently
show a double, a axis (the MnP type cell arranged
according to Pmma; c¢>a>b) spiral structure. The
values for Ty, as determined from the local minima in
1/x(T) curves (Table 1), agree with those given in [7-10}.
Values for the magnetic moment cannot be estimated
from susceptibility data of the non-Curie-Weiss law type
shown in Fig. 4. However, on turning to strong fields and
low temperatures such values are obtained as saturation
moments (us), which are given in Table 1 together with
the saturation field ( Hy). These saturation moments agree
rather well with those {uy) derived by neutron
diffraction[7-10] for the helimagnetic states in zero
applied field. On comparing gy or g with pe or e for
samples with an NiAs type atomic arrangement, the label
“low spin state” for samples with MnP type structure
appears to be justified.

From qualitative band theory considerations magnetic
moments between 1 and 2 uy have been predicted[!,2]
for the “low spin state” and moments between 3 and
4 ip for the “high spin state” of MnAs. Thus, the moments
observed for the “low spin state™ are in good agreement
with the predictions, whereas the “high spin moments” are
lower than expected.
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4. PROPERTIES IN STRONG MAGNETIC FIELDS

In Fig. 5 is shown the magnetization curves (M(H))
for MngeFenosAs at selected temperatures as typical
example of the results obtained in strong magnetic fields
for all samples. The interpretation of this band of curves
is achieved on the basis of the knowiedge about the
behaviour of the same sample in weak or zero external
magnetic fields.

At temperatures below Ty the helimagnetic state is
stable in the absence of external magnetic fields. Hence,
the M(H) curves in Fig. 5(a) reflect reversible transitions
from an initial, helimagnetic to a final, ferromagnetic
state. Since the magnetic moment remains essentially
unchanged throughout this process, it is inferred that no
structural transformation is involved. A more careful
analysis of the curves (see the corresponding derivative
curves in Fig. 5(b)) unveils that the apparently continuous
transitions are composed of two resolvable charac-
teristics, viz, two criticat fields exist; one corresponding
to a transition between a normal and conically deformed
helimagnetic mode in comparatively weak field (Hc)
and the other to the completion of the conical defor-
mation to a ferromagnetic mode at Hs. Since the
investigated samples were polycrystalline, a more
detailed analysis of the M(H) curves is unfortunately
not possible.

As seen from Table 1 the magnitude of He is similar
(37-87kO¢) for the various Mn._. T,As samples with
some variation with T, ¢ and T. The situation is quite
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Fig. 5. Magnetization vs applied field at different temperatures
for MngssFeoqsAs (a); corresponding derivative curves (b).

different for H which varies appreciably in magnitude
as well as in functional dependence on T, t and T. Hs is,
for example, relatively small for T = Fe and particularly
large for T = Co where saturation was not obtained even
at 250 kOe. Hy has always its highest value near Ty and
decreases rapidly with decreasing temperature.

For the helimagnetic Mn, T, As samples with small
amounts of T, a strong magnetic field can induce a
magneto-structural transition to a ferromagnetic, NiAs
type state. This kind of irreversible transition to
ferromagnetism in strong fields has earlier been detected
by Galkin et al[15,16} for MngeConpsAAs and
Mn,sFesnAsS, and is here also observed for MngesVoosAs
and Ml’lo.esVu.njAS.

The M(H} curves for MnossVaesAs are given in Fig. 6,
where at low temperatures (85, 120 and 150 K) only
reversible, hysteresisless transitions are seen. However,
at 190 and 240 K the magnetization and demagnetization
curves are separated by large hystereses and the
magnetic moment changes by a factor of nearly two. At
240 K the hysteresis loop is closed, whereas at 19K the
demagnetization leads to a permanent ferromagnetic
state when the external field is brought back to zero.
Clearly, the tramsition is of first order between a
paramagnetic MnP type and a ferromagnetic NiAs
type state. This behaviour is observed in a narrow
temperature interval below ~208K for MnosVossAs
(~ 220K for MnysCoqpsAS). These strong field induced
NiAs,F type states are maintained for an indefinite
period of time in zero field when T< Tc; whereas
heating above the Curie temperature restores the stable
zero field situation. The Curie temperatures T, and the
magnetic moments for these samples in the metastable
state are listed in Table 1.

The resuits are conveniently rationalized in fem-
perature vs applied magnetic field phase diagrams, a
selection being presented in Figs. 7-10. If H is regarded
as a third coordinate axis perpendicular to ¢ and T in
Fig. 1, each of the individual diagrams of Figs. 7-10 can

M{pg mole 3

N N — 1
0 100 200
H(kQe}

Fig. 6. Magnetization as function of applied fietd at various
temperatures for MnyosVo.osAs.
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Fig. 10. High temperature portion of T,H phase diagram for
Mn,-.Cr. As.

be looked upon as a section of constant f through £, T, H
space,

The data for MngesVoeasAs in Fig. 7 will be vsed as a
specific example in the following considerations, and the
changes which become evident on comparison with Figs.
8-10 may serve to illustrate variations with the sub-
stituent {T) and its concentration (). As seen from Figs.
7 and 8 the change from T =V to Co affects mainly the
phase borders at the low temperature side of the
diagram, and it is particularly worthwhile to denote that
the Hs-curve in Fig. 8 is shifted to H >250kOe (vide
supra). The variation in Hs as well as H. with ¢ for a
given T is shown in Fig. 9 for Mn,_,Fe,As. The data for
Mzr,_Cr. As in Fig. 10 are presented to expose changes in
the high temperature pertion of these T, H diagrams with .

Returning to Fig. 7 for MnessVeesAs, the ex-
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perimentally determined phase borders are represented
by solid curves, and the hypothetical extrapolations of
these are given as broken curves. The unshaded and
shaded areas represent regions with MnP and NiAs type
structures, respectively. The extrapolated border bet-
ween these structure types from ~ 300 to 485K(8] is
positioned on the basis of our findings for MnAs[17].

The transitions of the types MnP.P S NiAsP,
NiAs,P s NiAs,F, MnP heli. & MnP heli.-con., MnP.-
heli-con.&s MnP,F are reversible and either of a
crystallographic or magnetic nature, whereas MnP,P —
NiAs,F and MnP heli.-con.—» NiAs,F involve structural
as well as magnetic changes. The MnP,P — NiAs, F type
transition is seen to be quasi-reversible over the range
208-~ 310 K, where the transition in increasing and
decreasing fields is separated by-a hysteresis loop
(He > H,). The quasi-reversible situation persists until
Hp =0 at 208K, below which temperature the Hg-curve
has no counterpart to govern an NiAs,F - MnP heli.-con.
type transition. In accordance with this, the MngesVaesAs
sample undergoes incomplete hysteresis loops for
~1T0<T<208K (see the M(H) curves for 190K in
Fig. 6). Hence, on carrying such a sample through a
magnetization (H > Hr)-demagnetization cycle in this
temperature interval a ferromagnetic state will be ir-
reversibly induced. The lowest value for the transition
field He (114k0e) is observed in the vicinity of Ty =
203 K for MnysVoesAs. According to data in Table | and
Figs. 7 and 8 the irreversible, field induced ferromag-
netism in Mn,_,T,As occurs over a narrow composition
range in which T, > Ty and the extrapolated value for
Tea<Tw

5. MAGNETOCALORIMETRIC EFFECT

An additional advantage of pulsed field magnetic
measurements is that this technique allows the detection
of changes in sample temperature (AT) arising from the
influence of the applied field, AT was measured as an
ephemeral voltage signal from the thermocouple inside
the sample. Due to the good thermal contact between the
sample and the environment, the measured AT will
consistently come out smaller than expected.

A reversible magnetization-demagnetization cycle
leads to no change in internal energy of the sample.
However, if the cycle is associated with a hysteresis, the
net magnetic work applied on the sample (proportional to
$M(H)dH) is dissipated as heat, leading to AT#0
under adiabatic conditions. When the final state is
different from the initiaf, a temperature change arises as
a result of their energy difference.

Figure 11 shows the magnetocalorimetric data for
MnyosVousAs in the temperature interval 170-270K as
obtained by 210kOe pulsed magnetic field. These data
provide a further support for the phase diagram in Fig. 7.
Thus, for T>~260K, Hr >210kOe and consequently
AT=0K as observed. For ~208 <T< ~260 K the AT
vs T curve reflects the reversible MnP,P & NiAs,F
transition, the increase in AT with decreasing T being
consistent with increased area of the hysteresis loop. On
the assumption that the specific heat of Mnge;VoesAs
approximates that of MnAs[18] (above T} a calculated
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Fig. t1. Change in sample temperature caused by 210 kOe pulsed
magnetic field as function of temperature for My, osVaasAS.

value of 1.5 K for AT is obtained from M(H) at 240 K
(Fig. 6), in good conformity with the value given in Fig.
11, In the region ~200<T<~208 K where the ir-
reversible MnP,heli.—» NiAs,F transition occurs, an
appreciable increase in AT is observed, the positive AT
implying that the final NiAs,F state has the lowest
energy. Hence, this is not the result of work on the
sample by the magnetic field, but may be determined by
local inhomogeneities in composition, temperature etc. of
the sample. The influence of this effect ceases at
~200 K, where a rapid decrease in the AT vs T curve is
seen, The negative position of the AT(T) curve between
~195 and ~170 K is consistent with the fact that the
internal energy of the MnP heli. state is lower than that of
the NiAs,F state. For T< ~170 K again Hr >210k0Oe,
and consequently AT=0K.
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