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The results of experimental studies of magnetic and magnetocaloric properties of quenched Mng goCro 11 NiGe
samples are presented. It is shown that magnetic phase transitions from the paramagnetic to the helical state
become diffuse magnetostructural phase transitions of the first order PMhex(P63/mmc) < HMorth(Pnma)),
which is the reason for the multiple enhancement of magnetocaloric properties compared to the unquenched
sample. An additional feature of quenching is the possibility of decreasing the magnetostructural transition
temperature for samples with minor deviations in quenching protocols. A theoretical analysis of the merging
of the diffuse first-order structural transition PMhex(P63/mmc) < PMorth(Pnma)) and the second-order magnetic
isostructural transition PMorth(Pnma)—HMorth(Pnma)) into a single first-order magnetostructural transition
PMhex(P63;/mmc) < HMorth(Pnma)) during quenching of Mnyg soCro 11 NiGe is carried out. Within the framework
of the model of cooperative local displacements of Ge and Ni atoms and the concept of diffuse first-order
phase transitions, a theoretical description of magnetostructural transitions in slowly cooled and quenched

Mny g9Cro.11NiGe alloy is proposed.
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1. Introduction

Experimental results of alloys of the Mn;_xCryNiGe
system [1-3], show a number of common characteristic
features of the magnetostructural properties. The fol-
lowing can be referred as the most important among
them: (1) a significant difference in the temperatures of
structural and magnetic phase transitions for samples slowly
cooled after homogenizing annealing (850 °C). In this case,
blurred structural transitions of the 1st order displacement
PMhex < PMorth [3,4] between hexagonal hex (symme-
try group P63/mmc) and orthorhombic (symmetry group
Pnma) paramagnetic (PM) phases exceed by more than
100K the temperature of the isostructural magnetic phase
transition of the 2nd order from paramagnetic to heli-
magnetic (HM) phase PMorth < HMorth; (2) convergence
(to alignment) of the structural and magnetic transitions
for samples subjected to hydrostatic pressure or quenched
after prolonged homogenizing annealing (850°C) in ice
water.  For example, the lability (absolute instability)
temperatures of the structural transitions of the 1st or-
der PMhex < PMorth (T2, Tiy < Tra) decrease from 470
to 370K and from 430 to 380K (for Ti;) for quenched
NiMnGe and Mng 93Crg ¢7NiGe samples, respectively [1].
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This significantly shortens the temperature interval between
the structural transitions of 1st order PMhex «» PMorth and
the isostructural magnetic phase transitions of 2nd order
PMorth <~ HMorth.

A theoretical description of the magnetostructural and
magnetocaloric properties of the semi-Heusler alloys of
Mn;_4Cr«NiGe system is given in Refs. [3,4]. In general,
only slowly cooled alloys were described, in which the
temperature-differentiated blurred structural transition of
Ist order of displacement type PMhex <> PMorth and
isostructural magnetic phase transition of 2nd order from
paramagnetic to helimagnetic state PMorth—HMorth are
realized in X < (.18 and, in particular, in Mng g9Crg 11 NiGe.
The authors assumed in Refs. [3,4], that slow cooling of
the sample from the homogenizing annealing temperature
(850°C) leads to the realization of the equilibrium pre-
transition hexagonal PMhex phase with a stable config-
uration of atoms in the Ni and Ge sublattices (the Ni
positions are occupied only by Ni atoms, the Ge positions
are occupied only by Ge atoms). The helimagnetic ordering
is realized in the orthorhombic phase below the Neel
temperature (T < Ty) [6] in the spin subsystem according
to Ref. [5]. It is understood that the substitution atoms (Cr)
in the Mn sublattice can form such a stable configuration in
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case of slow cooling that ensures [7] a minimum distance
between the Mn atoms and, consequently, a maximum
magnetic ordering temperature.

The present paper is devoted to the presentation
and discussion of the experimental results of magnetic,
X-ray and magnetocaloric properties of independently pre-
pared quenched samples of Mngg9Crg 11NiGe, in which
blurred magnetostructural transitions of the Ist order
PMhex «+» HMorth with low characteristic temperatures are
realized. The theoretical analysis of the magnetocaloric
effect in the studied samples is also carried out in this
work. The calculations were carried out in the framework
of the model of local structural mode [2,8,9] under the
condition of its softening and subsequent freezing in
homogeneous nuclei of heterogeneous magnetically active
medium [3,4,10].

2. Methods for the preparation
and measurement of samples

The studied samples were prepared by induction melting
of the starting elements Mn, Cr, Ni, Ge taken in appro-
priate proportions. The starting material suspensions were
twice remelted by induction melting in a sealed evacuated
quartz ampoule, then annealed in a furnace in a vacuum
environment at 850°C for 110h and slowly cooled with
the furnace (slowly cooled samples — s). Then one part
of the obtained ingot was again placed in an evacuated
quartz ampoule and heated to an annealing temperature
of 850°C and, it was quenched after holding for 3h by
rapid transferring the ampoule to water and then breaking
it (quenched samples — z). The elemental composition of
the samples obtained is given in Table 1.

The temperature dependences of the magnetization M (T)
in a constant magnetic field up to 0.97 T were measured on
Domenicali type pendulum magnetic scales. The magne-
tocaloric properties of the sample were evaluated indirectly
by estimating the isothermal entropy change ASM(T)an
from the temperature dependences of magnetization in
different magnetic fields using Maxwell’s relation
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The set of isofield temperature dependences of the
magnetization M (T) was rearranged into a set of isothermal
field dependences M(H) for calculating the magnetocaloric
effect by relationship (1). This approach allows for a correct
calculation of the magnetocaloric effect in the hysteresis
region of the blurred phase transition of the 1st order.

3. Experimental results

This paper presents the results of two samples of
Mny 39Cro.11NiGe composition prepared independently.

Table 1. Elemental analysis of slowly cooled samples
Mnyg 39Cro.11NiGe
Batch Ne 1 Batch Ne 2
Element at.% at.%
Ge Kq 3271 33.56
Ni K, 33.55 33.13
Mn K, 29.71 29.17
Cr Kq 403 4.14
Total 100 100

Elemental analysis of the obtained samples (see Table 1)
shows that their composition is almost identical. The tem-
perature dependences of the inverse paramagnetic suscep-
tibility x(T)~! of slowly cooled samples show anomalous
behavior characteristic of the structural transition 1st order
PMhex <> PMorth. The main features of these anomalies are
the splitting of the inverse susceptibility into two branches
and the appearance of temperature hysteresis (Figure 1).
Each of the branches on either side of the temperature
hysteresis region describes the inverse susceptibility of the
spin subsystem xhex(T)™!, xorn(T)~! in the hexagonal
or orthorhombic phase, respectively. At the same time,
the temperature region of anomalous changes x(T)~!
determined by the intervals of the lability temperatures
6Tia, 8Ty of the corresponding phases PMorth, PMhex
(Figure 1,a, Figure 2,a) is almost 80K higher than the
temperature of smooth magnetization growth. Since the
corresponding paramagnetic Curie temperatures are related
as Oorih > Ohex (Figure 1,a, Figure 2,a), then magnetic
ordering in the spin subsystem in the slowly cooled samples
is induced by a structural phase transition. This transition is
realized as a magnetic phase transformation of the 2nd order
PMorth—HMorth at the Neel temperature Ty > Oonn. The
structural transition of the 1st order PMhex < PMorth,
as the reason for the shift of magnetic ordering to the
higher temperature region (Ty >> Ohex), can be qualified as
a blurred 1st order transition, which is directly confirmed by
the course of the temperature dependence of the intensity
X—Intym(T) of the diffraction peak of the orthorhombic
phase (Figure 1,b, Figure 2,b). No appreciable change
in X—Inty,(T) of the orthorhombic phase in the region of
the magnetic phase transition is observed, which confirms
the isostructural nature of magnetic ordering (i. e., magnetic
ordering does not break the orthorhombic symmetry).
Completely different results are obtained from measure-
ments of two independently prepared quenched specimens.
First, according to Figures 1,a, and 1,5, there are no
anomalous regions on the temperature dependences x(T) ™!
responsible for the separation of x(T)~! into two branches.
Therefore, it is possible to state the existence of only para-
magnetic branch of ypex,(T)™! for the quenched samples.
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The paramagnetic Curie temperatures in this case are in the
relation Ohexzo < Ohexzl-

Second, magnetic ordering is realized in each of the
quenched samples as a blurred magnetostructural transi-
tion of the Ist order PMhex <~ HMorth. This is clearly
demonstrated by the temperature dependences of the mag-
netization Mz1(T), Mz2(T), which possess temperature
hysteresis and are accompanied by a change in the ratio
between the content of competing phases Xz1(T), Xz2(T)
(see Figure 1, ¢, b, Figure 2, ¢, b).

The isothermal field dependences Mzl1(H), Mz2(H)
measured in a stationary magnetic field on a vibrating mag-
netometer (Figure 3,a and 3,b) provide insights not only
into the saturation magnetization values of the quenched
samples, but also demonstrate the field-induced transitions.
Thus, the dependences Mz1(H), Mz2(H) at T =278K
and T =240K shown in Figure 3,a and Figure 3,5,
respectively, are accompanied by field hysteresis and a sharp
change in the magnetization value in a relatively narrow
range of magnetic fields. This allows defining the critical
field of the induced transition and to separate the initial
and induced states. This behavior is characteristic of the
magnetic field induced transitions of the Ist order [11,12]
(in the present case — magnetostructural blurred transitions

30pr————7———7
= 225+
© -
o0
—~150F 4
‘X L X hexz1
N ) .
& 51 e
T A
0 L orths1
100 : m
8ok - a,e"glr‘!e‘:(zl:ehexsl
£ 60 L Xzl
S il L
E 40 . .
< 20 L
0OF @mo
P ST T TN T [N TN ST S TN [N SN S| T TN AN TN Y TN TN NN S 1
60 [ammees ™ Zg Mzl 5] € A
2 40t ' -
g | ) ]
° i A AAOALMAEST k4
S 20f : % :
% -4
e
0_ -
P Y I PR T SN TN T TN [N S SO SR N N S
100 200 300 400 500
T,K
Figure 1. Temperature dependences of the magnetostructural

characteristics of slowly cooled (S) and quenched (z) samples
from batch Ne 1.
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Figure 2. Temperature dependences of magnetostructural
characteristics of slowly cooled (s) and quenched (z) samples
from batch Ne 2.

of the 1st order PMhex «» FMorth). The field dependences
show a smooth magnetization of the initial helicoidal state
to the saturation state of the collinear phase at lower
temperatures.

Temperature dependences of the isothermal entropy
change AS(T)an (Figure 3) are plotted on the basis of the
field dependences (Figure 4) using the Maxwell (1) relation.
As can be seen from the figure, in independently prepared
samples of the same composition, the temperatures of the
maximum of the magnetocaloric effect differ by 40K, and
the magnitude of AS differs by only 16% (49J/kg - K vs.
57J/kg - K) when the magnetic field changes from 0 to 8 T.

The differences in magnetic and magnetocaloric proper-
ties between the slowly cooled and quenched samples are
evident in Figure 5. The main qualitative and quantitative
features due to quenching are clearly shown here. Qualita-
tive features include: change in the character of magnetic
ordering: from isostructural magnetic phase transitions of
the 2nd order PMorth < HMorth to blurred magnetostruc-
tural phase transitions of the 1st order PMhex «+» HMorth.
Quantitative features are expressed in the multiple increase
of magnetocaloric effect (MCE) values for quenched (z)
samples (Figure 5,b) with a significant decrease in the
characteristic temperatures of the magnetostructural phase
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Figure 3. Isothermal field dependences of the magnetization Mz1(H), Mz2(H) of independently prepared and independently quenched
samples Ne 1 and Ne 2.
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Figure 4. Temperature dependences of magnetic entropy for independently prepared and independently quenched samples of Ne 1 (a)

and Ne 2 (b) of Mnyg g9Cro.11 NiGe composition in case of heating.

transition. At the same time, the Neel temperatures
TNS}II’;fimg = Tﬁiﬁmg, determined from the positions of the

maxima of the maximums of the temperature dependence
of the magnetic entropy AS(T) for slowly cooled (s) and
quenched (z) samples of the first (1) and second (2) batches
is in the following relationship:

sl,s2 _ Tsl,z2 __ z1
TNheatimg - TNcooling ~ 350K > TNheatimg
~ 22 ~
~ 270K > T i, ~ 225K,

One of the main problems in estimating the change in
the magnetic part of the entropy in the neighborhood of
Ist order phase transitions from magnetic measurements
using Maxwell’s relation is to correctly account for the
hysteresis region. Isopole temperature dependences of
magnetization are taken as a basis in this study, which

makes it possible to avoid ,early* induction of the high-
magnetic phase both during heating and cooling. The
resulting set of isofield curves M(T) for the calculation
of AS(T) is rearranged into a set of isothermal field
dependences M(H), which allows comparing the results
with literature data. The results of such a calculation
procedure AS(T) for heating (h), cooling (c) of the sample
are shown in Figure 5. It should be noted that when heated,
this method of calculating AS(T) gives identical results to
the direct use method M(H). But it becomes advantageous
when cooling samples possessing a metastable temperature
region (temperature hysteresis at 1st god transitions), since
it initially contains a return to initial conditions (paramag-
netic state). This eliminates the ,start“ of dependencies
Mz1(H), Mz2(H) from irreversibly induced states [12]
that persist after previous magnetization in the temperature
hysteresis region.

Physics of the Solid State, 2025, Vol. 67, No. 4
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Figure 5. Comparison of magnetic and magnetocaloric char-
acteristics of slowly cooled (sl,s2) and quenched (zl,z2)
samples. Red lines — heating, blue lines — cooling. Asterisks
correspond to the data for the quenched sample from batch Ne 2,
rhombuses correspond to the data for quenched sample from
batch Ne 1, triangles correspond to the data for slowly cooled
sample from batch Ne 2, circles correspond to the data for slowly
cooled sample from batch Ne 1.

4. Hardening of alloys of the
Mn,_,Cr,NiGe system in framework
of the local cooperative
displacement model

In constructing the model of structural transitions of
the 1st order, we will assume that the soft mode re-
sponsible for the structural transition in Mn;_yxCrxNiGe
system corresponds to the local optical mode (soft
mode) of the hexagonal phase (cf. Figure 6,a) which
is reduced to a combination of local displacements
of pairs of Ni and Ge atoms (UNT-UN2)/2a = Qp,,
(USel —uSe2)/2¢c = Qnx (Figure 6,b). The average (in
time) values of these quantities are equal to zero
(<an> = <Ur§i1’2> = <an> = <Ur€’(el’2> = 0) at finite temper-
atures in the hexagonal phase. Freezing of the soft mode at
a certain temperature leads to static local displacements of

Physics of the Solid State, 2025, Vol. 67, No. 4

Ni and Ge atoms to a new equilibrium position. The impli-
cation is that the new equilibrium positions of the Ni and Ge
atoms lead to nonlocal displacements of the Mn atoms and
a structural transition to the orthorhombic PMorth phase.

A combined approach is used in this paper to describe
the above structural transitions in the general case (slowly
cooled samples Mng goCrp 1;NiGe) and rapidly quenched
samples in particular. Three subsystems are considered
for a homogeneous medium consisting of Ny elementary
hexagonal cells: structural (Q), spin (S), and elastic (e).
Such a homogeneous medium and its magnetostructural
properties are assumed to be characteristic of the germ
space of g < Ny structural units (lattice cells) of the
heterogeneous medium.

The magnetostructural properties of the homogeneous
system were described in Refs. [2,9] based on the full
thermodynamic potential (TP) Q2 (see Appendix):

Q= Q(Q()’ Y, €1, e2)
= Qe(er, €) + 2s(Qo, ¥, €1) + Qo(Qo, €1, €2).  (2)

Qo = (Qnz), ¥ = (3K)/s are nonequilibrium parameters
of structural and magnetic orders (see Appendix) in
expression (2), €;, € are elastic strains describing volume
change and orthorhombic distortion (Figure 6). The
thermodynamic potential Qq(Qo, €;, ;) of the structural
subsystem, in which the structural transition from hexagonal
to orthorhombic phase is described by the microscopic
Hamiltonian (A1), was calculated in the shifted harmonic
oscillator approximation. The spin subsystem in which the
helicoidal structure with wave vector q = [0, 0, ga] arises
is described by the Hamiltonian (A2). The thermody-
namic potential of the spin subsystem Qs(Qo,Y, €1) is
calculated in the space-periodic mean-field approximation
h¥ = hUK = h(q)UK(q). The direction of the mean field for
thekth atom Mn in the nth lattice cell in the presence
of an external magnetic field Hy = [0, 0, Ho] is determined
by the unit vector UK(q) (see Appendix). The relation
between the magnetic order parameter y and the uniform
magnetization M of the spin half-system in a magnetic field
Hy = [0, 0, Hy] is described by the relation

M = My(s)y cos(¥?), (3)

where ¥ = ¥ (Hp, Qo) is the angle between the direc-
tions H and h.

The bulk elastic deformations €; = ey + €yy + €, and
deformations in the basis plane (Xy) € = (exx—€yy)
= (c/b—+/3)/+/3 of the lattice cell are described by the
TP of the elastic subsystem Qe¢(€2, €):

1 1
Qe(ez, el) = E e%k() —+ 5 k1(82)2 + Pe; — T(Voel), (4)

where €; are the elastic strains along the corresponding
axes; strains €, describing distortions of the orthorhombic
cell as a whole arise from optical displacements of Ni
and Ge atoms (Figure 6) and act as secondary order
parameters.
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Figure 6. Structural transitions of the ,displacement” type in MnNiGe: a — high-temperature pre-transition hexagonal phase

hex(P63/mmc), lattice cell is highlighted by bold lines; b — low-temperature orthorhombic phase orth(Pnma), the lattice cell indicated
by dashed lines is characterized by displacements of Ni, Ge, Mn atoms and orthorhombic distortions (€; = (¢/b—+/3)/v/3 # 0).

Equilibrium value of magnetization
M (H(), T) =M (H(), y(T), Q()(T))

is determined by the equilibrium values of the magnetic
and structural order parameters, which are solutions of the
system of equations of state

(02/0Qo) =0, (3/3y) =0,
(0Q/30) =0, (0Q/de) =0,
(09/36;) =0, (3/39) = 0. (5)

The transition from the hexagonal paramagnetic (PM)
state  PMhex to the orthorhombic paramagnetic state
PMorth at decreasing temperature is associated in the
framework of the outlined approach with the appea-
rance of a nonzero solution Qy = Qy(T) of equations
(02/0Qp) =0, (32/dc) =0. This solution, called
the equilibrium solution, results from the competi-
tion between the intracellular V(Q, o) and intercellular
—% Novo(er, ez)Q% energies (Al,A5b). TP Qg describes
bias-type transitions with one-minimum potential V (Qy, o)
at w3 > 0,y > 0, T > 0 [8]. It should be noted also that if
the applicability condition of the shifted harmonic oscillator
approximation @? < vy < 2w? and weak interactions with
the elastic subsystem is satisfied, this transition will be a
smooth hysteresis-free transition of the 2nd order, which is
typical of structural phase transitions of the 2nd order of dis-
placement type. Under strong structural-elastic interactions,
this transition can become a transition of the 1st order with
discontinuous changes in the structural order parameter,
elastic strain values, and different lability temperatures for
the hexagonal Ti; and orthorhombic Ti; > T;; phases. In
the simple case, when I' = 0, the value of T;; is determined
by expression (6a). The paramagnetic Curie temperature

Ohex of the spin subsystem in the hexagonal phase is
determined by expression (6b)

1
Tu = vo (Vo — @
1 Koy Uo(Vo — ),
vo = vo(1 + Lre; + Lsey) = Z Vr s (6a)
n
Onex = To(1 + 32), (6b)

where
Vo =vo(l+Lier +Lher), er =€ (Q =y =0),

e = GQ(QO = 0), To = Joo S(S + 1)2/3'(]3,

Joo, Z — Fourier component parameters of the exchange
interaction integrals in the ferromagnetic hexagonal state
J(@q=Qy=0); s=3/2 (see Appendix). According
to (6a), by varying the value w within 0? < vy < 2w?
it is possible to vary the temperature Ti; and also the
temperature Tp. Two limiting cases are of interest in this
case:

1) Ti1 > Oorth > Ohex- Ti1 exceeds the paramagnetic
(PM) Curie temperature of the orthorhombic phase (Oortn )
and is significantly larger than the Ti; > 6Gpex PM Curie
temperature of the hexagonal phase (fhex). This case is
characteristic of slowly cooled Mng g9oCrp 11NiGe samples,
in which the helicoidal ordering temperature Ty is in
the following ratio with other characteristic temperatures
Ti1 > TN > Oorth > Ohex-

2) Ti1 2 Oprih > Opex.  In the framework of the model
of point (jump) transitions of the 1st order, this case can
be applied to the description of single magnetostructural
transitions of the 1st order PMhex <> PMorth, observed in
rapidly quenched samples Mng g9Cro 11NiGe.

2
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Thus, the different magnetostructural behaviors of the
samples given in the previous section can be understood
from the position of the point model under the following
assumptions.

1. The most optimal configuration of Ni and Ge atoms,
in which each atom occupies its own positions, has time
to form and stabilize in case of slow cooling of the image
in the pre-transition region of the hexagonal phase. It is
assumed that in this case the maximum value of the lability
temperatures of the structural transition PMhex < PMorth
is reached and the condition Ty > Ty > Ourtnh > Ghex and
Ti1 > Ohex is realized for Mng goCrg 11NiGe, which ensures
the temperature separation of the structural transition of the
Ist order PMhex <» PMorth and the isostructural magnetic
transition of the 2nd order PMorth—HMorth.

2. The quenching under rapid cooling from temperature
850 °C can lead to the conservation of one of the metastable
configurations of the pre-transition hexagonal state. The
distribution of Ni and Ge atoms in positions is more chaotic
for metastable fluctuating configurations, which, from the
position of the point model of structural transitions, leads to
a less optimal ratio between the parameters of intercellular
and intracellular interactions and, as a consequence, to
a decrease in the lability temperatures of the structural
transition T;; until approaching the paramagnetic Curie tem-
perature Oy, of the orthorhombic phase Tiy > Oorn > Ohex-
In this case the magnetic ordering processes in the spin
subsystem are involved in the processes of structural
rearrangement in the structural subsystem. The alignment of
both processes leads to a single magnetostructural transition
of the 1st order PMhex «+» HMorth.

It is also necessary to note the possibility of a less-
than-optimal distribution pattern of Mn and Cr atoms from
the perspective of the probabilistic formation model of the
shortest distance between atoms Mn [7]. This can also lead
to a decrease in the magnitude of 6yex and even a change in
the type of magnetic order [7].

5. Blurred structural transitions
of the 1st order

The transition to a more realistic description of structural
phase transitions as blurred structural transitions of the
Ist order is carried out in this study according to the scheme
proposed in Refs. [3,4]. In the model of blurred transitions,
the equilibrium values of the magnetic and structural order
parameters calculated from the equations of state (4) are
transformed to the following order x < 0.18

Yen(T) = Y(T)Licn(T), (7a)
Qgc,h(T) = QO(T)Llc,h(T), (7b)

where Licn(T) is the relative number of orthorhombic
phase nucleates in the heterogeneous state of the system
under cooling (c), heating (h). It is suggested that the
dependencies Licph(T) may be associated with the temper-
ature dependence X—Intom(T) [3,4], describing the relative
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change of the orthorhombic phase content in the sample in
the region of the paramagnetic structural transition of the
Ist order PMhex «» PMorth. In the case of non-interacting
nuclei, when the change in the ratio between the relative
numbers of nuclei of orthorhombic (L), hexagonal (L)
phase L;, L, =1—L; will be caused by the mixing en-
tropy [10]:

S= —kB[Ll InL; + Ly 1n Lz]
= —kB[Ll InL; + (1 - Ll)ln(l — Ll)].

The dependence L;(T) is reduced to the following
order [3]

N -1
Licn(T) = (1 + e(Aulzh)/(kBT)) , (8a)

Q -Q ¢hQy — nShQ
AU = (71 2)9 +g*? (—n1 L2 2>, (8b)

N() NO

Q; = Q(orth) = Q(Qo, Y, €1, T, P, H),
Q; = Q(hex) =Q(Qo=0,y,e, T,P,H), (8¢)
where Qo =Qu(T), y=y(T), e =e(T,Py,Q),
€, = e(Qp) — the corresponding equilibrium functions

of structural, magnetic order, bulk, and orthorhombic
strain parameters calculated from solutions of the
equations of state (4) in the point transi-
tion model 2] Q(Qo, Y, T,P,H) =4 and
Q(Qy=0,y,T,P,H) = Q, — equilibrium TPs calculated
for the orthorhombic and hexagonal phases, respectively.

Thus, the model of blurred structural transitions of
the 1st order used combines two approaches: a semi-
microscopic model of point jump transitions for a homoge-
neous nucleation medium and a thermodynamic model of
nucleation mixing of competing phases for a heterogeneous
medium arising in the vicinity of real transitions of the
Ist order.

The model was validated by describing the magnetostruc-
tural properties of slowly cooled Mng g9Crp 11NiGe alloys.
At this stage, the main model parameters responsible for
the characteristic temperatures of the spaced structural
and magnetic transitions at atmospheric pressure were
selected (see Figure 7). Such parameters primarily include
the parameters of intercell (vo(1 + Loy + L3€;)), intracell
(o, y, T') interactions; parameters A, A, B, B and T respon-
sible for the helicoidal structure characteristics and the para-
magnetic Curie temperature Oyex (Figure 7,a). The parame-
ters nf’h and ng’h (8b) complement this set. The parameters
selected for describing the magnetostructural properties at
atmospheric pressure were kept as a reference and did not
change with pressure changes. A satisfactory description of
the baric effects was an additional verification of the choice
of parameters. The sets of the most important model param-
eters are summarized in Table 2 for describing the proper-
ties of the samples during slow cooling and their modified
values used to describe the effects of rapid quenching.

Figure 7 shows the combined experimental and model
dependences, which give an idea of the most characteristic
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Table 2. Main model parameters for describing the properties of slowly cooled and quenched samples Mng g9Cro 11 NiGe. Calculations

were performed for A= B =0

Slowly cooled

v/Now, vkbar | Ngvo, kbar Noy, kbar | My, emu/g | Mgo, emu/g | Ao | @, K~ ! |k, 1/kbar| A/B z |To, K| g cos(W)
4455 38976 | 1343 80.2 100 |24 |5-107° [2-1073| 9150 [1.265] 47 [190] 0.88—0.884
Rapidly quenchedl
6.597 ‘ 38976 ‘ 1343 ‘ 80.2 ‘ 133.75 ‘24.6‘ 5.10°3 ‘2.10*3‘ 11/200 ‘1.265‘ 44 ‘100‘ 0.89-0.906
Rapidly quenched2
7283 | 38976 | 1343 | 802 | 13375 [246]5.0.107%] 21072 [19.5980]1265| 42 [100]0.877—0.965

features of the magnetostructural properties of slowly
cooled Mny g9Cry.11NiGe samples and allow evaluating the
adequacy of the model provisions used. As can be seen
from Figure 6,a, the anomalous splitting of the tem-
perature dependence of the inverse susceptibility x(T)™!
into hexagonal xhex(T)™! and orthorhombic yorn(T) ™!
branches demonstrate a good qualitative agreement be-
tween the initial model assumptions and experimental
realities of the blurred structural transition of the Ist or-
der PMhex <> PMorth (in further paramagnetic structural
transition of the 1st order).

The analytical expression for the model dependence
x(T)~! allows understanding the mechanism of formation of
the anomalous transition region x(T)~! and estimating the
value Ax(T) ™! = xhex(T) ' —xorn(T) ™! (see Figure 7,a).
It turns out that Ay (Ty) ™! o< Qi (Ti1)'%° (see Figure 7,d).
The change in the phase ratio (temperature dependence of
the reflex intensity [211] of the X—Intow(T) orthorhombic
phase at Figure 7,b), demonstrates the fuzzy PM character
of the Ist order structural transition and is successfully
modeled by the theoretical dependencies Lich (8a). These
dependences and theoretical temperature dependences of
the structural order parameter Q. ,(T) show that heli-
magnetic ordering is realized in the stability region of
the orthorhombic state as a result of a hysteresis-free
smooth isostructural phase transition of the 2nd order
PMorth—HMorth (Figure 7, ¢). This transition, separated by
more than 100 ° from the blurred structural transition of the
Ist order PMorth < PMhex, is accompanied by a charac-
teristic temperature dependence of the magnetization M(T)
with a maximum M(Tpax) at Opex < Ty, . The model
dependence (Figure 7,c) of the helimagnetic state magne-
tization M(T) = Mo(x)y* cos(6(T, H,y*)) was calculated
for the case H || q=10,0,0a]. Mp(X) is the maximum
magnetic moment at collinear configuration (cos¥(T) = 1)
localized spins of Mn for the sample c given X and spin
s=3/2. Let us use the following expression for its
calculation

Mo[emu/g] = (1 — x)2sup/A(X)
— 1.116906s - 10000(1 — x)/A,  (9)

where A(X) is the atomic weight per formula unit.

The coupling between the structural and magnetic sub-
systems arising in the slowly cooled sample ensures that
the inequality Opex << Oorn 1s satisfied, but does not change
the nature of the magnetic ordering. The isostructural
magnetic phase transition PMorth—HMorth is realized as
a phase transformation of the 2nd order. Presumably, spin-
structure and structure-elastic interactions, as well as spin-
elastic interactions, lead to the characteristic P—T-diagram
of states (see Figure 8,a). By considering the dependence
of the Fourier component of the mean field h(q) (8b) in the
spin subsystem on the structural order parameters and bulk
strain €, in the form h(q) = h(Q}'"’, e;Q;'"?, Q2 Qi*),
and the dependence vy = vo(1 + Lie; + L&) in the struc-
tural subsystem, the model P—T-diagram (Figure 8,b)
agrees with the experimental one (Figure 8,a).

The phase boundaries shown in Figure 8, b, were deter-
mined based on the temperatures of the maxima of the
dependencies

AS(T,AH) = S(T,H, Q3(H, T), y*(H, T))
—S(T,0,Q5(0, T),y*(0,T)).

Tmax = Tn and the line Ty(P) corresponds to the spon-
taneous transition line for AS™h, C(Tmax) (Y*(Tmax) = 0),
as follows from the inset in Figure 8,5 regardless of the
magnitude of the external field H at which the magneti-
zation is measured. Thus, the experimental measurements
AS™h, ¢(Tmax) for a given interval of magnetic field changes
AH by Maxwell’s method for phase transitions of the
2nd order allow u determining the critical temperature of
the phase transition of the 2nd order in an external magnetic
field.

Under pressure, the character of magnetic ordering
can change from the isostructural transition of the 2nd
order PMorth—HMorth observed at P < 4kbar to the
blurred magnetostructural transition of the 1st order
PMhex < HMorth, at P > 4kbar, e.g, at 8kbar (see
Figure 9).

Analysis of Figure 8 and Figure 9 shows that the baric
lowering of the characteristic temperatures of the structural
transition of the Ist order (see Figure 8) eventually leads
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Figure 7. Combined experimental [3,4,10] (symbols) and theoretical (lines) temperature dependences of magnetostructural characteristics
at atmospheric pressure. Model dependences are calculated for g = 190. Hereafter, blue (c)/red (h) curves correspond to cooling/heating;
light/dark symbols correspond to cooling/heating. The curves Moy* define renormalized temperature dependences of the order parameter
at H = 0 (Figure 7,d); Neel’s temperature Ty & Oorn 18 determined from the condition Moy™ (Ty) = 0; splitting of the model magnetization
dependence M(T) (Figure 7,¢ and 7,d) in the structural transition region (dashed vertical lines) determines the anomalous splitting of
the inverse susceptibility into 2 branches yhex(T) ™" and yorn(T) ™" (Figure 7,a).
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Figure 9. Pressure-stimulated blurred magnetostructural transi-
tions of the 1st order in a slowly cooled sample. Symbols —
experiment [2], lines — model.

to the appearance of a single magnetostructural transition
accompanied by the synchronous appearance of the parame-
ters of the structural (Figure 9, ¢) and magnetic (Figure 9, a)
order. A similar situation occurs when the samples are
quenched, but there are significant differences.

We will simulate the effect of quenching in this study by
increasing the intracellular interaction parameter w. 3 values
of this parameter are provided in Table 2. The first
value is used to describe the magnetic, structural, and
magnetocaloric properties of slowly cooled images. Two
further values are used to describe the properties of two
independently prepared rapidly quenched samples with dif-
fering temperatures of blurred magnetostructural transitions
of the Ist order. The associated parameters for each of
the values of w will be the parameters A, A, B, B, (A8d)
and Tp. Each increase of the parameter is accompanied by
such an increase of the parameter A that the cosine of the
angle W (cos(W)) between the resulting magnetic moments
of the nearest planes perpendicular to the wave vector
of the helimagnetic structure q[0, 0, 0a]. The decreasing
parameter Ty describes the decreasing magnitude of Opex in
each of the independent rapidly quenched samples.

The results of the calculations shown in Figure 10
and Figure 11 give an indication of the acceptability of
the model assumptions used to describe the apparent and
non-obvious properties of the quenched specimens. Thus,
the successive increase in the values of v/Now from 4.284
for slowly quenched samples (Figure 7, Figure 9) to 6.426
and further to 7.283 to describe the properties of rapidly
quenched samples (Figure 10 and Figure 11) leads to
the superposition of structural and magnetic transitions
into single blurred magnetostructural transitions of the
1st order with lower characteristic temperatures. These
processes are accompanied by an increase in magnetic and
magnetocaloric characteristics with a significant decrease in
the values of Ay ! at T = Ty (Figure 9) and structural order
parameters Qp. Analysis of the equations of state for the
magnetic and structural order parameters (3€2/0Qp) = 0,
(0€2/9y) = 0 shows that in the considered approach the
occurrence of the magnetostructural transition is induced
by the spin subsystem. Since the temperature Ti; of the
spontaneous (y = H = 0) occurrence of the structural order
parameter Qo becomes negative for selected values of w, vy.
Therefore, the emergence of orthorhombic structure is only
possible if magnetic order occurs simultaneously. It is
suggested that such a combination of energetic parameters

H=9.7kOe

2
2 ASS
ASZ O ]

_14 }F i
L 1 L 1 L 1 L 1 L 1 L 1 L
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Figure 10. Temperature dependences of magnetic and mag-
netocaloric characteristics of quenched samples at atmospheric
pressure. Symbols — experiment; lines — model.
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characteristics of a quenched sample Ne 2 in magnetic fields of
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arises from the rapid freezing of the metastable distribution
configurations of Mn and Ge atoms. The variety of such
configurations, which differ in the degree of randomness
in the population of atomic positions, can lead to a
scatter of characteristic temperatures and magnetocaloric
characteristics of rapidly quenched samples. This can be
accounted for in theoretical description by using different
values of the control parameters 2, A, B, To.

It should be noted that this result is not related to the
reduction of the lattice cell volume, which is a prerequisite
for the baric transformation of the isostructural transition
of the 2nd order into a magnetostructural transition of the
1st order.

6. Conclusion

Preliminary analysis of the measurements made on
the quenched specimens shows that the main effects of
quenching are summarized into three results.

1) Alignment of the blurred structural transition of the
Ist order PMhex <» PMorth and the isostructural magnetic
transition of the 2nd order PMorth—HMorth into a sin-

Physics of the Solid State, 2025, Vol. 67, No. 4

gle blurred magnetostructural transition of the 1st order
PMhex < HMorth.

2) Multiple increase of the magnetocaloric effect with
decreasing characteristic temperatures of the magnetostruc-
tural transition.

3) Uncontrolled variation of characteristic magnetostruc-
tural transition temperatures for independently prepared and
independently quenched samples.

The attempt to explain the effects of quenching by anal-
ogy with the effects of hydrostatic and chemical (increase
in concentration X) pressure does not correspond to the
realities. Indeed, on the one hand, both types of pressures
can lead to a single magnetostructural transition of the
1st order with decreasing characteristic temperatures and
increase of MCE [5,11]. However, a significant discrepancy
between these analogies is uncovered when analyzing the
X-ray diffraction results of quenched and slowly cooled
samples.

Thus, it was found that in the slowly cooled sample,
the baric stimulation of the appearance of a single mag-
netostructural transition of the 1st order PMhex «» HMorth
is attributable to the convergence and overlap of magnetic
and structural transitions as the pressure [2,11-13] increases
and, accordingly, the compression of the initial lattice cell of
the slowly cooled sample increases [5].

A completely different situation is observed in
the quenched sample. According to the data in
Ref. [14], the magnetostructural transition of the st order
PMhex <~ HMorth takes place in the quenched sample
under such conditions when the initial (in the hexagonal
phase) cell volume of the quenched sample) exceeds
the initial cell volume of the slowly cooled sample at
atmospheric pressure. Hence, the effect of quenching
leading to the occurrence of the magnetostructural transition
of the 1st order PMhex < HMorth, cannot be analogized to
baric action since there is no compression of the lattice cell.

We hypothesize that the quenching process of the
samples and their subsequent magnetostructural properties
are related to the freezing of high-temperature metastable
configurations of the distribution of Ge and Ni atoms
at their eigenpositions. At the same time, fluctuations
in the initial quenching temperature and its rate can
lead to freezing of metastable configurations with different
distributions of Ge and Ni atoms at these positions. It
implies the difference in the degree to which the positions
of Ni atoms are filled with Ge atoms and, respectively,
the positions of Ge atoms with Ni atoms. Conservation
of the chemical composition for any of the metastable
configurations does not lead to a change in the lattice
cell volume, but presumably may be responsible for the
lowering of the intercellular interaction energies of the
structural subsystem responsible for the occurrence of the
structural transition. This can lead to such a decrease in the
characteristic temperatures of the structural transition that
in the process of combining the structural and magnetic
transitions will form a single magnetostructural transition of
the Ist-order. In this case, the temperature of the single
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transition can fluctuate depending on the fluctuations of
the atomic distribution of the freezing configurations. This
assumption does not contradict the following facts: at slow
cooling of the sample from the homogenization temperature
850°C, it is quite admissible that a stable configuration
of atoms is realized in the structural subsystem, when Ge
atoms occupy the Ge positions, and Ni atoms occupy the Ni
positions. It is with this configuration, which is characteristic
of slowly cooled samples, that the structural subsystem
possesses the maximum structural transition temperature
and the separation of the characteristic temperatures of the
structural and magnetic transitions. Consequently, if a less
stable configuration is frozen in the structural subsystem
as a result of quenching, it is quite acceptable to assume
a reduction in the stability region of the orthorhombic
phase and a decrease in the structural transition temperature
without compression of the original crystal cell.
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Appendix

It is assumed that a structural subsystem con-
sisting of Np elementary hexagonal cells can ex-
perience a structural transition of the 1st order
PMhex(P63;/mmc) < PMorth(Pnma).  This transition is
interpreted as a jump-like cooperative displacement of Ni
and Ge atoms (see Figure 6) in all cells at a strictly
defined temperature. This cooperativity arises from inter-
cell interaction between local displacements in individual
cells. We will hereafter refer to these transitions as point
transitions of the 1st order.

To describe the thermodynamics of the structural tran-
sition PMhex(P63/mmc) < PMorth(Pnma) we use in the
system Mn;_xCryNiGe the Hamiltonian of the structural
subsystem in the form of

H(Qn) = > V(Qn) - % Y vmways (Al

nn’

1 1 1
V(Qn) = 3 w§Qh + 7 yQh + 3 ras,

wi>0, yp>0 T>0.

Here the variable Qn = Qp; describes the group static
displacements of the equilibrium positions for Ni atoms du-
ring stabilization of the orthorhombic phase. The statistical
mean of this quantity (Qy) is the structural order parameter;
V(Qn) is the intracellular potential energy stabilizing the
original hexagonal structure ({(Q,) =0). The presence of
intercell interactions in the Hamiltonian vymQnQn under
certain conditions can lead to cooperative displacements
with (Qn) > 0 and stabilization of the orthorhombic phase
orth(Pnma). The Hamiltonian of the magnetic subsystem
(Hs) and its coupling to the spin subsystem (ﬁSQ) is
accounted for in the following form:

Ho=— ) JWSKsl —2upHo) sk (A2)
nk,n’k’ nk
Hoo=— 3 [LKQuQu + L4K (QuQn)?] 8455

nk,n’k’

= D (L QuQu + L4 (QuQn)?)

nk,n’k’

— D (S (LK QnQn + LA (QnQw)?].
nk,n’k’

(A3)
where sk is the spin operator of thekth atom in nth
hexagonal lattice cell; I = JKK(Qp), LK is the energy
parameters of effective spin-spin, spin-structure interactions,
respectively Hy = [0, 0, Hy] is the external magnetic field,
ug is the Bohr magneton. The parameters JX (Qp) and LK
determine different types of relationship between the spin
and structural subsystems.

The total thermodynamic potential of the system € is
determined by the superposition of the TP of the spin Qs,

structural 2g and elastic subsystems (e

The TP of the structural subsystem €2q of Np structural
units per unit volume is calculated in the shifted harmonic
oscillator approximation (SHOA) and can be represented
in the following form

Qo =U(Qu.0) =TT, 0), (A5a)

2
U(Qo, o) = No “’7 (@ +0)+No % (Q¢ + 6Q20 + 302)

r
+No ¢ (Q§ + 15Q¢c + 45Q302 + 1507)

1
-3 NoVo(er, €2)Q3, (ASb)

S(T,0) = Noks

Ino(T), (A5c)
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where kg is the Boltzmann constant. The averages in the
SHOA are calculated using the scheme

Qo = an_/\/_exp[_(Qon)

o = <[Qn - QO]2>

and are treated as independent variable TP,

:|QndQn,

€ = exx + €yy + €22

and

& = (ex—€y) = (¢/b—V3)/V3 #0

elastic bulk and orthorhombic deformations of the lattice
cell as a whole.

The thermodynamic potential of the spin subsystem s
with helicoidal magnetic ordering is calculated in the mean
space-periodic field approximation

hyy = hUg = h(q)Uy(q) (Aba)
h(q) = 2sy[J(q) + 2LQ§ + 2L4Q* — AJ(q) cos*(¥)],
(A6b)

where J(qa), L, L4 are the Fourier components of the
effective spin-spin and exchange-structure interactions:

J(@) =3(0a) = ) J(IAR]) cos(gAR) ~ Jo(Q. 1)

AR
+ J31(Qo, €1) cos(¥) + J2(Qo, €1) cos(2W)

= J0(Qu. €1) + (267 + 1)|32(Qu. &1)|

= Joo[rar + |Qo[*(2ar + A1ar€1)2],

AJ(q) = J(q)

x 2z (cos(W) —

(A7a)
—J(q=0) = Joo[1 + 2|Qo[** (120 + A21€1)]
1) (26(Qo) — cos(W) — 1),
(A7b)
where W = (aChex/2, 2W = QaCpex are the parameters of
the helicoidal structure described by the wave vector

q = (0,0, ga], 9 — angle between the direction of the local
quantization axis h¥ and the direction of the external field

H, = [0, 0, HJ;

UK = Uk(q) = [cos(qRY) sin(®9), sin(qRE) sin(9), cos(1))]

— unit vector defining the direction of the mean spatially
periodic field (MSPF) h = hUX, which is taken as the
local quantization axis for the atomic spin operator sX at
position RY in the presence of an external magnetic field Ho,

(s = UK(SKUR)n = US(ME)n = UK(M), = Ukys,

rae =1+ K(W, Q).

Aar = Ao + Ao K(W, Qo), Aiar = o1 + 221K(W, Qo),
(A8a)
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Mar = Aos + 24 K(T, Qo),
Joo = Jo(Qo = €1 = 0) = kgTo2/3s(s + 1);

KW, Q) = j—(z)z (cos(\If) — 1)[26(Q0) —cos(W) — 1],

(A8b)

J1(Qo, e1)
) ==
Qo) 435(Qo, e1)
~ 1 — AQ—AIQuI™ + BQj + BIQo|*;  (ASc)
J2(Qo.€e1) <0, Ji(Qo,€1) > 0. (A8d)
The most effective competition between spin-spin

J0.2(Qo, €1) and exchange-structure contributions (A3) in
terms of the formation of P—T-diagrams occurs, according
to Ref [2], with the degree exponent in (A8d) d =5/9.
The mean values are calculated in MSPF according to the
following scheme

() = ys = SpRP/z(x) = 3 me™/2(X), (A%)

Mg=—S

S
z(X) =Spe/M™M= " &M X =—_s/kgT, (A9D)
Mg=—S
where me —s, —s+1,...,s is the eigenvalue of the
projection of the spin operator M =sKUK onto the mean-
field direction UK.
The expression for the total nonequilibrium TP of
a unit volume homogeneous system under pressure P
with helicoidal magnetic ordering of spins S belonging to
N =2(1-x)No atoms Mn in case of the approximations
used can be reduced to the following form

Q = ahm(da, Qo, €1)y? — ksNT Inz(X) +U(Qq, o)

—TI%BNoln(O')—l-%

1
e%k() + E kl(ez)z + Pe; — T(V()el),
ahm=ahm(Qo, €1)=N Joo (3(a)/Joo—A I(q) cos 92/ o) s>

a = NJgs® = (3/2)s*asTo/s(s + 1)N = 2(1 — x)No.
(A10)
Equilibrium

y=Y(T), Qo=Qu(T), er =& [T, P, Qo(T),y(T)].
e = ez[Qo(T)], o = O'[T, Qo(T)],

¥ are solutions of the equations of state at given values of
pressure P and magnetic field H:

(09/0Q0) = 0, (3Q/dy) =0, (32/d0) =0,
(02/3e,) =0, (3Q/de,) = 0. (11)

The first two equations, after substituting analytic expres-
sions for the solutions, are reduced to species (A12) and
solved numerically

(392/3Qp) = 0, (Al2a)
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y= Bs(x)-

1 1 1 1
th X — [ — ) coth — X
<23+1)CO 25+ 1 <2s>°° 2s ]

is the Brillouin function.

Equations 9J(q)/00a = 0, 0Q2/d¢p = 0, define the condi-
tions for the existence of the helimagnetic structure with
Ho = 0 (A13a) and Hy > 0 (A13b)

(A12b)

Here

Bs(x) =

e {6@0) by [8(Qu)] < 1. A3
1 otherwise,
2Hous
— by s 1
O — Iy Y P =1
cost = 2Hous y ’ 2Hous ’ -1
(J(da) — J(0))y (J(da) — J(0))y '
1 otherwise.
(A13b)

The transition from the equilibrium solutions in the
point model for the magnetic and structural order pa-
rameters follows the scheme (All). To describe com-
plex functions from these parameters, e.g., magnetization
M(T) = Mgy cos(6(T, H, y)), of the inverse susceptibility,
etc., schemes could be utilized

1. M*(T) = Mgy* cos(6(T, H, y*)),
where Y ,(T) = y(T)Licn(T).

2. MZ(T)Lien(T).

3 %en(T) = xeplyen(T, H)

Ho Ho
— 9’
Mooy* COS(G(T, H, y*))

~ Mooy cos(0(T, H,y))

AT -1
where Llc,h(T)(l +e%T
It is necessary to note that the strong influence of
local spin fluctuations leads to an increase in the effective
magnetic moment. Therefore, the fitting value Moy > Mg
(see Table 2) was used to describe the inverse susceptibility.
These spin-fluctuation effects are not described within the
model used, but are evident in transition metal alloys [15].
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