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FERRIMAGNETIC CHARACTERISTICS

AND SPIN COMPENSATION TEMPERATURES
IN THE BLUME-CAPEL MODEL

WITH MIXED SPIN-3 AND SPIN-5/2

We study the molecular mean-field theory (MMFT) based on the Gibbs—Bogolyubov free en-
ergy function of a ferrimagnetic with mized spin-3 and spin-5/2 for various magnetic crystal
fields in the Blume—Capel model. We have evaluated the free energy depending on the trial
Hamiltonian operator. By minimizing the free energy of the present system, we have obtained
the characteristic features of the longitudinal magnetizations, compensation temperatures, and
re-entrant behaviors in the ranges of low temperatures. In particular, we study the effect of
magnetic anisotropies on the critical phenomena for the proposed model. The sublattice mag-
netization dependence of the free energy function has been discussed as well. Our results predict
the existence of multiple spin compensation points in the disordered Blume—Capel system for
a square lattice.

Keywords: mixed spin Blume-Capel model, magnetic crystal field, phase transitions, re-

entrant behavior, spin compensation temperature.

1. Introduction

The researches in the ferrimagnetic materials are
normally focused on their importance in technical
applications and may be accessible for using in-
formation storage devices, microwave communica-
tions, microelectronics, and magneto-optical record-
ing systems [1-4]. Because of the increasing de-
mands being placed on the performance of mag-
netic solids, we observe the high interest in the
search for magnetic properties of molecule-based
magnets [5-8]. The crystalline nonmetallic (or inter-
metallic) compounds with A,B;_,, where A and B
are different magnetic atoms, are ferrimagnets due
to a strong negative A — B exchange interaction,
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and have been the object of a great deal of re-
search [9]. Neutron diffraction studies of the ternary
germanide TbMngGeg of HfFegGeg-type structure
(Fig. 1) showed that both rare earth and manganese
sublattices are present simultaneously at room tem-
perature. However, it has been noticed that, in rare
earths of the paramagnets, the R-Mn(R =Tb-Er)
couplings are large enough depending on the reoccur-
rence and align the manganese moments of the Mn—
R~Mn slabs. This gives the ferromagnetic assemblies
of Nd- and SmMngGeg and the ferrimagnetic prear-
rangement detected in RMngSng compounds at room
temperature [10, 11]. In other words, the ferrimag-
netic materials are made up of inequivalent moments
that interact antiferromagnetically to produce zero
spontaneous magnetization sooner than the Curie
point.
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Fig. 1. HfFegGeg-type structure

Thus, a ferrimagnetic behavior at high tempera-
tures in Tb has to be related to a dominant neg-
ative Th—Mn exchange interaction. The authors ob-
served the magnetic behavior which can be described
as “bootstrap ferrimagnetism”. At high temperatures,
these composites visibly act as archetypal ferrimag-
nets. However, the bootstrap mechanism linked to
the unit cell volume variation yields an antiferro-
magnetic behavior at low temperatures. C.A. Mer-
cado et al. presented a ground-state phase diagram
of a mixed Ising model of spins (2, 5/2) on a square
lattice. The researchers, in this respect, found a big-
ger complexity in the phase diagrams due to an in-
crease in the number of interactions and the influence
of anisotropy, exploring regions, where important fer-
rimagnetic behaviors could arise [12]. Furthermore,
M. Karimou et al. investigated the crystal field and
external magnetic field effects on the magnetization
of the mixed-spin (7/2, 5/2) ferrimagnetic system by
the Monte Carlo simulation and mean-field calcula-
tions, respectively. The authors, for specific values of
the physical parameters, obtained the compensation
temperatures, where the global magnetization van-
ishes. Particularly, a bilayer magnetic film with an
ordered Ising-type Hamiltonian was examined with
regard for an interlayer antiferromagnetic coupling
[13]. Theoretically, in this work, a point view was re-
ported regarding the extension of efforts to a mixed
spin model with one component having spin-3 and
another one having spin-5/2. Ground-state phase dia-
grams are interested to check the reliability of numer-
ical results. For such diagrams at low or high temper-
atures, some regions induce important magnetic phe-
nomena [14-28|. The aim of this paper is to construct
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the ground-state phase structure and to examine the
sublattice magnetizations of the disordered alloy un-
der the influence of the crystal fields, within molec-
ular mean-field approximation(MMFA). A Landau—
Bogoliubov expression of the free energy in the order
parameter is required in this correspondence. This
research focus has been directed to the mixed spin
system having spin-3 and spin-5/2 with a crystal
field interaction. Our work is designed to produce the
spin compensation behavior and the re-entrant phe-
nomenon as well.

2. Model and Formulation

We will treat the nearest neighbor Blume—Capel Ising
model in zero field on a lattice containing two sublat-
tices A, B having N sites, each site having z near-
est neighbors. The exchange interaction between A
and B atoms is assumed an antiferromagnetic. In
other words, an antiferromagnetic interaction exists
between every nearest-neighbor pair of atoms. So, the
proposed work is formulated in terms of the Hamil-
tonian operator as [ 16, 17],

H==Y JA'\P —Dad (M) -
i,j i

- DpYy (A))% 1)
J

where the sites of sublattice A are occupied by spins
)\;4 including the values +3, £2, 1,0, and the sites
of sublattice B are occupied by spins )\;-3 with the val-
ues of £1/2, £3/2, £5/2. D4/ |J|, and Dg/|J|, are
the crystal fields, i.e., magnetic anisotropies acting
on the spin-3, spin-5/2, respectively; J;; is the ex-
change interaction between spins at sites ¢ and j. A
systematic way of evaluating the MFM for a micro-
scopic Hamiltonian is to start from the Bogoliubov
inequality as [25],]

f < fo+ (H — Hp),, (2)

where f is the approximated free energy, Hy is a trial
Hamiltonian operator depending on variational pa-
rameters, and fy the corresponding free energy func-
tion. In this paper, we consider the suitable choices
of a trial Hamiltonian operator, namely,]|

Hy=—=> [Ka)'+Da(A\)?] -

=2 [T + DO, (3)
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where K 4 and K are the two variational parameters
related to the two different spins, respectively. One
can evaluate the free energy of the system, i.e., Eq. (2)
becomes

1
f= —Qﬁ{ln[%gﬁD*‘ cosh(36K 4) + 2e*PP4 x

x cosh(28K 4) + 2eP4 cosh(BK 4) + 1] +
+1In {2625/45[)3 cosh (2,31(3) + 2e9/48D8

3 1
X cosh <2ﬁKB) + 2¢1/4B8P5 ¢osh <2ﬁKB)]} +
+1/2(—zJmamp + Kgma + Kpmp). (4)

Minimizing this expression with respect to K4 and
Kp, one may get self-consistent formulae for the
mean magnetic moments (i.e., the reduced magne-
tizations). They read

ma = <)\§4>0 = %(6 sinh (38K 4) + 4e %P4 x
x sinh(26K 4)+2¢ P4 sinh(BK 1))/ (cosh(3FK 4) +

+ e %P4 cosh (28K 4) 4 e 8P4 x

x cosh(BK 4) + 0.5¢ 8P4, (5)
1 5
_ B\ _ . —48D
mB:<)\J >0— 2(5Smh <2/3KB> +36 B x

X sinh (2,6’[(3) + e~ 98D5 ginh (;,BKB>)/
/(COSh <ZBKB> + e 4PPB ¢osh (25[(3) +

+ 7P cosh (;BKB>>, (6)

where § = and

1
kpT’

Ki=2Jmp, Kp=2zJma. (7)

Theoretical studies of mixed Blume-Capel Ising sys-
tems have been intensively investigated and show the
ferrimagnetic behavior. Then, the spin compensation
behavior of the considered system can be obtained
by requiring the total magnetization as being equal
to zero for various values of crystal fields; though the
reduced magnetizations of the proposed model are not
equal to zero [23-28], i.e.,

M:%(mA—FmB). (8)
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3. Results and Discussion

3.1. Construction of ground-state
phase diagram

The mixed spin-3 and spin-5/2 Blume—Capel Ising
model exposes twelve phases with various values
of {ma,mp,va,7v5}, i.e., the ordered ferrimagnetic

phases:

= {—3, 2,9, %45} or O = {3,—;,9, 15}7
0Oy = {2, 2,4, %45} or Oy = {2, 72,4, 245},
O3 = {—1,;,1, %45} or O3 = {1,—;,1,15},
O, = {—3, 2,9, Z} or O4= {3, —2,97 Z},
Os = {—2, 2,4, Z} or Os= {2, —%,4, Z},
Og = {—1,2,1, Z} or Og = {1,—3,1,2},
O; = {—3, %,9, le} or O7 = {3, —%,9, i},
Og = {—2, %,4, le} or Og = {2, —%,47 i},
Og = {1,;,1, le} or Og = {1,;,1,31},

and disordered phases are defined as Dy =
5{070707%}7 D2 = {070707%}7 D3 = {0a0a07i}a
and the parameters v4 and vp are:

ya= (%), 18 =(07)?). ()

Let us start to evaluate the corresponding ground-
state energies per site for each of the above phases:

C15z[J] 9 25

- —Zp.-2p 1
Uo, 1 504 — 5 Ds, (10)
10z |J 25
Uo, = — 1‘ | _op,—®p,, (11)
5z|J] 1 25
- —p.-2D 12
Uo, 1 5Da— o Ds, (12)
C9zlg] 9 9
Uo, = 1 §DA gDB» (13)
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D2(0,5/2)/(-5/2,0) , 03(1,-5/2)/(-1,5/2) 1
01(3,-512)/(-3,52)

Di/LJ1 D2(0,3/2)/(-3/2,0) 'T -1
02(2,-5/2)/(-2,512) 2

D40 TN 04(3,-3/2)/(-3,3/2) -4

—r

08(2,-1/2)/(-2,172) 07(3,-1/2)/(-3,112) 7

Da/lJI

Fig. 2. Ground-state phase diagrams with the closest neighbor(z = 4) and different crystal fields
D4 and Dp. The ordered and disordered phases: O1, O2, O3, O4, O7, Og, Og, D1, D2, and (D+0):
Os, Og, D3 are separated by thin lines, respectively

De/LTI=-0.75
-1.30

KeT/1J1

ms

0 2 4 6 8 10

Fig. 3. Temperature dependences of the magnetizations of sublattices m 4, mp for the white mixed
ferrimagnet (z = 4), when the value of D/ |J| is changed, for fixed D4/ |J| = —3.0

62|/ 9 z|J| 1
. =————2D4— -Dgp, 14 =————Dy— -Dgp,
Uo, 1 A~ glB (14) | Uo, 9 AT B
3z |J 1 9 25
Uos = — 4| ‘ 9 AT gDB7 (15) Up, = —§DB7
3z |J 9 1 9
UO7 = - 4|: ‘ _iDA_gDBv (16) UD2 :_gDBa
z|J| 1 1 1
Uoy = 4 iDA — gDBa (17) | Up, = —§D3~
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Fig. 4. Temperaturen dependences of the magnetizations of sublattices m 4, mp for the mixed
ferrimagnet (z = 4), when the value of Dp/|J| is changed, for fixed D4/ |J| = —1.25
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KsT/LJI

[} 0.5 1 1.5
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Fig. 5. Temperature dependences of the magnetizations of sublattices m 4, mp for the mixed—spin
Ising ferrimagnet with the coordination number z = 4, when the value of Dp/|J]| is changed, for

fixed Do/ |J| = —1.25

From the equations (i.e., Egs. (10)—(21)), one can
compare the energies to create the ground-state phase
diagram of the system with z = 4 as shown in Fig. 2.

4. Magnetic Properties

From the ground-state phase diagram structure, one
may find the thermal variation of the magnetizations
of interpenetrated lattices m4 and mpg, solving nu-
merically the coupled equations (5)—(7). For a square
lattice, as Dp/ |J| increases from Dp/|J| = —1.30 to
—0.75, for a constant value of D4/ |.J|, the tempera-
ture dependence of m 4 shows interesting features. So,

ISSN 2071-0194. Ukr. J. Phys. 2022. Vol. 67, No. 9

it is observed that phase transitions occur. In other
words, within the range —1.30 < Dp/|J| < —0.75,
the magnetizations of sublattices show distinguish-
able thermal variation behaviors, as illustrated in
Fig. 3 [3, 17, 18]. It is worth to note that the proposed
system is jumped at certain temperatures before be-
ing reached the transition temperature T, i.e., the
magnetic system is passed through a first-order phase
transition. Whereas, the sublattice magnetization is
continuously altered that it does go to zero, because
the configuration goes through two phases separating
the ferrimagnetic or antiferromagnetic phase from the
paramagnetic one. So, this phenomenon is defined as
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Fig. 6. A close view of thermal variations of the

25 3 35 4

magnetizations of sublattices m 4, mp for the

mixed-spin Ising ferrimagnet with the coordination number z = 4, when the value Dg/|J| =

—3.17, for a fixed D/ |J| = —1.25
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Fig. 7. Temperature dependences of the total magn:
with the coordination number z = 4, when the value

the second-order phase transition or the Curie tran-
sition [3, 17].

However, as Dg/ |J| increases from Dg/ |J| = —3.5
to —2.5 for a constant value of D4/ |J|, the tempera-
ture dependence of m 4 shows interesting features. So,
as is seen, a somewhat rapid decrease from its satu-
ration magnetization occurs (Fig. 4).

Figure 5 exhibits distinctive features of the pro-
posed system such as a re-entrant behavior, when the
value of Dp/|J| is changed, for a fixed D4/ |J| =
= —1.25.

On the other hand, Figs. 5, 6, and 7, respectively,
show clearly low-temperature phase diagrams in the
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2

25 3 3s 4

etization M for the mixed—spin Ising ferrimagnet
of Dp/ |J| is changed, for fixed D4/ |J| = —1.25

(ma,T), (mp,T), and (M, T) planes for the mixed-
spin Blume-Capel ferrimagnet on a square lattice
(z = 4), in the region of —3.18 < Dp/|J| < —3.15,
at D4/ |J| = —1.25, indicating the re-entrance phe-
nomenon [3, 17, 27].

It is worth to note that the characteristic prop-
erties on a squar lattice are examined. We found
that a compensation temperature (7)) depends on
the negative values of magnetic crystal fields, i.e.,
—-1.999 < Dp/|J| < —1.95. As shown in Fig. 8,
the proposed system may exhibit interesting features
in the global magnetization based on heat varia-
tions with a given value of D,/ |J| = —2.0, that

ISSN 2071-0194. Ukr. J. Phys. 2022. Vol. 67, No. 9
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Fig. 8. Thermal variations of the total magnetization M for the mixed-spin Ising ferrimagnet with

the coordination number z=4, when the value of Dp/ |J| is changed, for fixed D4/ |J| = —2.0
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Fig. 9. A close view of the temperature dependenc

es of the total magnetization for the mixed-spin

Ising ferrimagnet with the coordination number z = 4, when D4/ |J| = —2.0 and Dp/|J| = —1.999

the system has three, four, or even five compensa-
tion temperatures for kgT'/|J| = 0 and kgT/ |J| # 0,
respectively. Figure 9 illustrates a close view the
temperature dependences of the global magneti-
zation. The system may have multiple compensa-
tion points.

As is seen from Figs. 8 and 9, in the region, where
the system may show a compensation point, the spin-
3 sublattice is more ordered than the spin-5/2 sublat-
tice below the compensation temperature. The sub-
lattice magnetization undergoes to be cancelled, but
it is still incomplete. So there is a spontaneous magne-
tization remaining in the system (i.e., M # 0). This
is the evidence of the antiferromagnetic near neigh-

ISSN 2071-0194. Ukr. J. Phys. 2022. Vol. 67, No. 9

bor interactions. As the system temperature is in-
creased, the direction of this residual magnetization
can switch because of the thermal excitation. The
compensation behaviors shown in Figs. 8 and 9 in-
dicate the crossing points between the magnitudes of
my and mp which prove the eligibility of Egs. (5)
and (6), respectively [3, 25]. It is worth mention-
ing that the molecular MFT in the ferrimagnetic
case predicts the presence of a compensation point
in the ordered phase, where the total moment vani-
shes [3, 9].

We have investigated the impact of the free en-
ergy on the thermodynamic phase steadiness of the
proposed system. The free energy of the present
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Fig. 10. Free energy variations with the magnetizations of sublattices for a z = 4 of the mixed-spin
ferrimagnet for various values of Dg/ |J|, when the magnitude of D4/ |J| = —3.0

system has been calculated according to Eq. (4);,
so, the system behaviors are illustrated in Fig. 10,
on a square lattice. The behavior of a ferrimag-
netic or antiferromagnetic state (at a compensa-
tion point T' < T¢) and paramagnetic one (at
transition temperature T > T¢) is based on the
curve of free energy that exhibits an inflexion that
correlates to a discontinuity. However, at a criti-
cal anisotropy value, the free energy of the sys-
tem is continuous [25, 31|. As a result, the magne-
tization curves constantly decrease to zero, separat-
ing the ferrimagnetic phase from the paramagnetic
phase; this occurrence is termed as a phase transi-
tion of the second-order or the Curie point. When
the magnetization falls to zero or some value, a
first-order phase transition happens, or, perhaps, the
temperature at which the magnetization leap oc-
curs [25, 27].

5. Conclusions

Ithe molecular mean-field approximation (MMFA) is
used on the basis of Bogoliubov inequality for the
free energy. A ground-state phase diagram of the
mixed spin-3 and spin-5/2 Blume—Capel Ising fer-
rimagnetic system is analyzed with different crystal
field domains, i.e., magnetic anisotropies have been
constructed. A compensation point exists or doesn’t
for a such system which has not yet been investi-
gated. The magnetic properties of the proposed lat-
tice have been evaluated to solve the general ex-
pressions numerically. In this respect, the character-
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istic features of the magnetization curves may ex-
press a spin compensation phenomenon (one can ob-
serve Figs. 8 and 9, respectively). One may com-
pare the obtained results with those of a system
with mixed spin-2 and spin-5/2 on a square lat-
tice [12]. The researchers presented a ground-state
phase diagram and examined the ferrimagnetic prop-
erties of the model. On the other hand, a theoret-
ical study dealing with the mixed spin-2 and spin-
3/2 Ising model was treated using mean-field theory
[25]. So, it has been determined phase diagrams of
the considered system. The authors obtained multi-
critical points and reentrant behavior, when the spin
crystal fields, i.e., anisotropies D4/ |J| D/ |J| act-
ing on both ions increase. However, the present sys-
tem may display five compensation points. In ad-
dition, we report on new magnetic re-entrant be-
haviors with the phase (1, —0.5) for various values
of crystalline anisotropies acting on B-ions (observe
Fig. 5). It is demonstrated that a decrease in the
magnetic anisotropy of B-atoms causes a decrease
in the transition temperature (see Figs. 3, 4, and
5, respectively). The recent results may be useful
for supporting the magnetic properties of a series
of molecular-based magnets. It is worth to note that
R-Mn links are large enough just to recover and
realign the manganese moments of the Mn—R-Mn
slabs. This gives rise to the ferromagnetic structures
of Nd- and SmMngGeg and the antiferromagnetic ex-
change interaction observed in RMngSngcomplexes,
respectively [10, 11].
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XAPAKTEPUCTUKU OEPIMATHETUKA
I TEMIIEPATYPU KOMIIEHCAITIT CIITHIB
B MOJEJII BJIYM-KAIIEJIA

3I BMIIITAHUMU CIIIHAMU 3 TA 5/2

PosrisinyTo Teopito MOIEKYIISIPHOIO CEPESHBOTO MOJIst 3 BUKO-
pucranaaM yskIil ['i66ca—BorosoboBa st BijbHOI eHepril
depimarneruka 3i criinamu 3 Ta 5/2 s pisHUX [OJIIB y Mardi-
THOMY KpucTaui B Mozeai Biaym—Kamens. Onineno 3uaueHHs
BIJIBHOT eHepril, 110 3aJ1eXXUTh BiJl Bubopy omneparopa [amiab-
rona. Minimisyroun BisibHY eneprito maHol cuCTeMu, MU OTPHU-

704

MaJil XapaKTEePUCTUKHU ITO30BXKHHOI MarHeTus3allil, TeMmIiepa-
Typ KOMIIEHCAIlil Ta OGOPOTHOI MOBEIIHKM IPU HU3BKUX TEM-
nepaTtypax. Mu posrisiiaeMo BILUIMB MartHiTHOI anizoTpomil na
KPUTHUYHI SBUINA I OOrOBOPIOEMO 3aJIE’KHICTH BiJIbHOI €Hepril
Bijl Maraerizarii miarparku. Hami pesynbraTtu nepeadadarTsb
iCHyBaHHS KPATHUX TOYOK KOMIIEHCAIIil CIIiHiB B PO3YHIOPSIKO-
BaHiit cucremi Biaym—Kamenst qyiss kBagpaTHol rpaTKu.

Karwwosi caoea: Mogens Birym—Kaness 3i 3mimanunmu crri-
HaMM, [I0JIe MarHiTHOrO KpucTaJa, (pa3osi mepexoau, 060poTHA
IIOBE/IiHKa, TeMIlepaTypa KOMIIeHCallil CIIiHiB.
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