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A modified Yafet—Kittle model is applied to investigate the magnetic properties and magnetic phase transition of

the intermetallic compound GdMnyGesy. Theoretical analysis and calculation show that there are five possible magnetic

structures in GdMnaGes. Variations of external magnetic field and temperature give rise to the first-order or second-

order magnetic transitions from one phase to another. Based on this model, the magnetic curves of GdMn2Ges single

crystals at different temperatures are calculated and a good agreement with experimental data has obtained. Based
on the calculation, the H-T magnetic phase diagrams of GdMn2Ges are depicted. The Gd—Gd, Gd—Mn, intralayer
Mn—Mn and interlayer Mn—Mn exchange coupling parameters are estimated. It is shown that, in order to describe the

magnetic properties of GdMn2Ges, the lattice constant and temperature dependence of interlayer Mn—Mn exchange

interaction must be taken into account.
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1. Introduction

In recent years, the ternary intermetallic com-
pounds RMnyGey, where R is rare earth element or
Y, have been extensively studied due to their unusual
magnetic properties. RMnsGey compounds crystallize
in the body-centred-tetragonal ThCr;Sis-type struc-
ture (space group I4/mmm), which consists of R, Ge
and Mn layers stacked in the sequence R-Ge-Mn-Ge-
R- along the c-axis.!! From the magnetic point of
view, RMnyGes compounds have two different mag-
netic subsystems: R- and Mn-subsystems, and their
magnetic properties are mainly determined by these
two subsystems and their interactions. There are dif-
ferent kinds of exchange interactions in RMnsGes.
A number of research works!!! indicate that the in-
tralayer Mn—Mn exchange interaction is the strongest
and gives rise to the magnetic order temperature of
RMnyGes as high as 350450K, depending on R.
The interlayer Mn-Mn and R-Mn exchange inter-
actions have the same order but they are substan-
tially less than the intralayer Mn—-Mn exchange in-
teraction; however, their interplay is reflected in the

magnetic properties of magnetically ordered state.

The smallest one is the R—R exchange interaction.
Many studies>® have shown that the interlayer Mn—
Mn exchange interaction is very sensitive to the in-
tralayer Mn—Mn distance, and consequently the lat-
tice constant a. When a is larger than a criti-
cal value ay, the interlayer Mn—Mn exchange cou-
pling is ferromagnetic, otherwise it is antiferromag-
netic. For this reason, the Mn-sublattice in most
of light rare-earth compounds has a ferromagnetic
structure, and the intrinsic magnetic structure of Mn-
sublattice in the compounds with heavy rare earths
is antiferromagnetic. Venturini and co-workers®~6l
have performed extensively neutron diffraction stud-
ies on RMnyGey. Their studies indicated that in the
light rare-earth compounds the Mn magnetic struc-
ture of the same sublayer is not collinear ferromag-
netic, but there is a large antiferromagnetic compo-
nent perpendicular to the c-axis. Their investigations
have also shown that the intralayer Mn—Mn exchange
interaction is ferromagnetic for the intralayer Mn—Mn
distance dyp—mn lower than 0.248 nm and antiferro-
magnetic for dyr, v, greater than 0.289 nm, whereas
the mixed planes, where ferromagnetic and antifer-

romagnetic components coexist, are observed for in-
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termediate distances. Recently, we have studied the
spontaneous magnetic phase transition by using the
x-ray diffraction method.[”8] Our studies show that
the high-temperature paramagnetism-antiferromag-
netism magnetic transitions in light rare-earth com-
pounds will accompany the negative magnetoelastic
anomaly of lattice constant ¢, whereas a does not
change, indicating that the antiferromagnetic compo-
nent of intralayer Mn—Mn exchange interaction is cor-
related to c. Just because of these peculiar properties
of exchange interactions, the RMny;Ges compounds
display abundant magnetic properties.

In RMns;Ge; with heavy rare-earth elements,
both the interlayer Mn—-Mn exchange interaction
and R-Mn exchange interaction are antiferromag-
netic, thus these compounds can be considered as
two-sublattice ferrimagnet with antiferromagnetic ex-
change interaction inside one of the sublattices. The
competition between R-Mn and interlayer Mn—Mn
exchange interaction makes the magnetic structure
of Mn-subsystem unstable; when the magnetic pa-
rameters and external conditions (temperature, mag-
netic field, etc.)

of magnetic structures and different kinds of mag-

change, there may occur a series
netic transitions. In accordance with the magnetic
and neutron diffraction studies,[® 13 the heavy rare-
earth RMnyGes compounds (R=Gd, Tb and Dy) have
collinear ferrimagnetic or antiferromagnetic struc-
tures. When Ty < T' < Ty (for GAMn,Geq, T;=97 K,
Tn=365K), the Mn subsystem has a collinear anti-
ferromagnetic structure, the Mn magnetic moments
couple ferromagnetically to each other in the same
sublayer, where the interlayer Mn—Mn exchange in-
teraction is antiferromagnetic, and the Mn moments
are along the c-axis. As temperature decreases to
T;, the Mn-subsystem undergoes a first-order mag-
netic transition from antiferromagnetic to ferromag-
netic state; at the same time, the Gd sublattice be-
comes ferromagnetically ordered and couples antifer-
romagnetically with Mn-subsystem. In an external
magnetic field metamagnetic transition also occurs in
GdMn, Ge,. [t

In Refs.[12] and [13], we have discussed the mag-
netic properties of the systems Gd;_.Y,.MnsGey at
low temperatures (T' <100K) and Gd;_,La,MnsGes,,
based on a modified Yafet—Kittle model and given a
good description. In this paper we will use this model
to study the magnetic properties and magnetic phase
transition of GdMnyGes single crystals by taking into

account the lattice constant and temperature depen-

dence of interlayer Mn—Mn exchange coupling.
2.Theoretical model

As stated in the introduction, the R-Mn and in-
terlayer Mn—Mn exchange couplings in GdMn,Gesg are
all antiferromagnetic, hence it can be considered as a
two-sublattice ferrimagnet with a negative exchange
interaction inside one of the sublattices. In accordance
with the Yafet—Kittle model it should be expected that
the Mn-subsystem is split into two sub-sublattices
with the same magnetic moments, but with different
orientations to the crystal axis, signalling the forma-
tion of a triangular magnetic structure. In as much
as Gd is an S-ion with no orbital moment, the whole
magnetic anisotropy of GdMnsGey can be attributed
to the Mn-subsystem. According to the Yafet—Kittle

[14]

model,'*l the magnetic energy of the GdMn,Ge;y sys-

tem can be written as

E=—AgavMaMaa - (Myn1 + M)
— AMn-Ma M a1 - Min2 — Ay vin Mim
- %)\Gd—GdMéd + k(Mo + Mipea)
—H-(Mga+ My + Myn2), (1)

where the first term describes the exchange interac-
tion between Gd and Mn subsystems (Aga-mn < 0),
the second term corresponds to the interlayer Mn—
Mn interaction (Ayn-mn < 0 for heavy rare earth
compounds), the third term is the intralayer Mn-Mn
exchange (A, yvn > 0), the fourth term is the ex-
change interaction in the Gd sublattice, and the fifth
term is associated with the magnetic anisotropy of the
Mn subsystem (M1, is the magnetization component
along the tetragonal axis ¢ and k is related to the uni-
axial anisotropy constant K as K = —2kM%, ). The
final term reflects the Zeeman energy.

From the equilibrium conditions one can find five
possible magnetic phases, as shown in Fig.1. In the
first phase the magnetic moments of the two man-
ganese sub-subsystems are parallel to each other and
antiparallel to the gadolinium moment. This case
means the formation of the collinear ferrimagnetic
structure (Fi). For next two phases, the magnetic
moments of Mn sublattices are split apart from each
other and form an angle with Gd moment, giving
rise to a triangular magnetic structure (T and T’).
The difference between these two phases consists in
the Gd moment orientation with respect to the c-
axis: parallel and orthogonal, respectively. The fourth

phase presents the antiferromagnetic ordering of Mn
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subsystem (AF). Finally, when the magnetic field is
strong enough, the magnetic moment of every sublat-
tice direct along the field, signalling the formation of
collinear ferromagnetic structure (F). The energy of
each phase depends on the magnitude of exchange in-
teractions of the subsystems, the energy of magnetic
anisotropy and Zeeman energy. Variations of the pa-
rameters or external field may result in the possibility
of different phase transitions. For example, at zero
magnetic field, when the Gd—Mn exchange interaction
exceeds the interlayer Mn—Mn exchange, the phase Fi
is stable. Reduction of the Gd—Mn exchange interac-
tion leads to the second-order phase transition for the
triangle structure T. Further decrease of this interac-
tion stimulates the increment of the angle between the
c-axis and the Mn magnetic moment. As a result, the
energy of magnetic anisotropy increases, provoking a
first-order phase transition for the triangle phase T’,
because in this phase the angle between the easy axis
¢ and the Mn moment direction is less than that in
T phase and, consequently, this phase has a smaller

energy of magnetic anisotropy.

Maa Mga Mytar Myn1 Maa
T ]
% e M
u 6 MmaMym
MMnl MMn]2\4Mn2 Man nl n2
MMnlMMng
Fi T T/ AF F

Fig.1. Possible magnetic phases in the intermetallic
compound GdMnzGes.

At a finite temperature it is necessary to con-
sider the temperature and field dependence of mag-
netization of the subsystems. In this case, in order to
decide the magnetic structure one needs to calculate
the equilibrium free energies of all possible phases and
find the lowest one. Such numerical calculations were
We have extended and

modified this approach on the basis of the molecular

proposed earlier in Ref.[15].

field model. According to the molecular field approx-
imation of exchange interaction, the molecular fields
acting on the Gd and Mn ions can be written as fol-

lows:
Hex .ca = Aga-gaMaa +Agd-mn Mnn1 + Agd-Mn M2,

!
Hex Mni = Agd-MnMad+Avn-Mn Muin; +Anvin-vin MMni,

i=1,2 j=21. (2)

Here Mgq and My, represent the thermal average of
magnetization of the Gd- and Mn-subsystems, respec-
tively. We have Myim1 = Myn2-

The Hamiltonians of Gd and Mn ions have the

following form:

Hea =gspsJ - (Hex,ca + H),

-HMni :gSNBS’i . (Hex,Mni + H)7 1= ]-7 27 (3)

where 91, 9s represent the g-factors of Gd and Mn,
J and S are the total angular momentum operator of
Gd ion and the spin angular momentum operator of
Mn ion, respectively.

The free energy of the system can be given as fol-
lows:

1,2
=—kpTInZga — kBTZID INmi + = MGd Hex,cda

1,2

+ = Z Man © Ilex,Mnt + ZKSIH oza (4)
where kp is Boltzmann constant, K and 6; are the
magnetic anisotropy constant of Mn ion and the angle
between the Myy,; and c-axis, Zgq and Zyp,; are the

partition functions of Gd and Mn ions, respectively:

Zga =Tr(—Hga/ksT),

ZMm‘ :Tr(fﬁMni/kBT), 1= ]., 2.

From the stable equilibrium condition we can gain
the magnitude of thermal average Mgq and My, as
well as their directions with respect to the c-axis; con-
sequently, we can determine the magnetic structure
and the temperature and field dependence of magne-
tization of compounds.

As stated in the introduction, the interlayer Mn—
Mn exchange interaction is very sensitive to the in-
tralayer Mn—Mn distance, so it is necessary to take
into account the dependence of lattice constant a and,
consequently, the temperature dependence of molecu-
Brabers et all'%! stud-
ied the temperature dependence of interlayer Mn—Mn
Their

studies indicate that the Ay, M can be expressed as

lar field coefficient Ayvip—Mn-

exchange interaction of compound YMn,Ges.

)\Mnan =Qa— ﬂW(T), (5)

where «a is the Ay, v, value at T=0K and (§ a pa-
rameter. w(T') represents the departure of the unit-
cell volume variation with temperature from the equi-

librium value at T=0K. In our study we suppose
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that the temperature and the lattice parameter de-
pendence of Ay, _nvn in GAMnsGes is the same as that
in YMnyGes.

3. Results and discussion

In our calculation we use the values of Gd
and Mn magnetic moments equal to 7ug and 1.8up
respectively at T=4.2K.115] The other parameters
are evaluated by fitting a series of experimental
data of GdMnyGe, single crystals (the experimen-
tal data include the magnetic transition tempera-
tures, the magnetization curves along the crystallo-
graphic axes at different temperatures and the temper-
ature dependence of magnetization). They are as fol-
lows: Ay, mn=245T/ppfu., AMn-mn=10.9T/pupfu.,
/\Gd—Mn:8-4T/MBf-u-7 /\Gdde:0-97T/NBf-u- and
K=6.4T ug /Mn.

5

(a)

B/T

Fig.2. The magnetic curves of GAMn3Ges single crys-
tals under the magnetic field perpendicular to the c-
axis at 4.2K (a) and 77K (b). Lines are the calculated
curves, solid circles represent experimental data (taken

from Ref.[10]).

Figure 2 shows the calculated magnetization
curves obtained using the above listed parameters and
the corresponding experimental data of GdMnsGes
single crystals under the magnetic field perpendicu-
lar to the c-axis at T=4.2 and 77 K. It is obvious that
a metamagnetic transition occurs in GAMnyGes when
the field exceeds a critical value. In accordance with
the magnetic studies, when 7' < T;=97 K, GdMn,Ge,

is ferrimagnet (Fi). Gd- and Mn-subsystems have
a collinear ferromagnetic structure and antiferromag-
netically couple to each other, the magnetizations of
the two subsystems are both along the c-axis. When
T > T, the Gd-subsystem becomes magnetically
disordered and the Mn-subsystem transforms into a
collinear antiferromagnetic state (AF), its magnetic
Our theoret-
ical analysis and numerical calculations have shown
that, when T=77K and H L ¢, under the action of

magnetic field, the ferrimagnetic structure Fi first de-

moments being directed to the c-axis.

forms, but the Mn-subsystem keeps the ferromagnetic
structure. As the field increases up to a critical value,
GdMn;Gesy transforms from Fi into the non-collinear
triangular magnetic structure T’ through a first-order
magnetic transition; at the same time, the magnetic
moments of Gd turn abruptly to the magnetic field
direction (as shown in Fig.2(b)). Theory also pre-
dicts that this kind of field-induced first-order transi-
tion also occurs at higher fields when T=4.2 K.
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Fig.3. The magnetic curves of GdMn2Ge: single crys-
tals under the magnetic field parallel to the c-axis
at 290K (a) and 4.2K (b). Lines are the calculated
curves, solid circles represent experimental data (taken

from Ref.[10]).

The calculated field dependence of magnetiza-
tion and the corresponding experimental curves of
GdMnyGes with the field parallel to the c-axis at
T=290 and 4.2K are presented in Fig.3. When
T > Ti, as stated above, the Mn-subsystem has a
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collinear antiferromagnetic structure, numerical cal-
culation shows that the external field induces the
spin-flip transition in the Mn-subsystem from antifer-
romagnetic to ferromagnetic state (Fig.3(a)); at the
same time, the Gd-sublattice becomes ferromagneti-
cally ordered due to the Gd—Mn exchange interaction.
When T < Ti, with the increment of magnetic field
a series of transitions occur in GdMnyGey: at first,
GdMn,Ges transforms from Fi to T through a second-
order transition. With increasing the field, the angle
between the Mn moment and the c-axis increases and
the magnetic anisotropy increases gradually, and at a
critical field, the T phase becomes unstable and the
compound undergoes a first-order transition from T to
AF. Further increasing the magnetic field, GdMnsGeg
transforms again into the T phase. Finally, when the
field is strong enough, all atomic moments are along
the direction of the field, signalling the formation of a
collinear ferromagnetic structure (F) (Fig.3(b)). The
H-T magnetic phase diagram of GAMnyGes and some
available experimental data are depicted in Fig.4.
*r (=)
25

20

i 15
m
10

5

0

100

B/T

100 150 200 250 300 350
T/K

Fig.4. The magnetic phase diagrams of GdMnyGeg under the
magnetic fields perpendicular (a) and parallel (b) to the c-axis.
Calculated critical fields are given by curves for the second-
(dashed) and first-order (solid) phase transitions. Experimen-
tal data from magnetic measurement of single crystall% and
[20]

from our magnetostriction of polycrystalline sample are in-

dicated by open and closed circles, respectively.

It is worth to mention that our estimated value

of Apn—Mn 18 much lower than the value obtained for
YMn,Ges.[*6] This is because, as mentioned in the
introduction, the interlayer Mn—Mn exchange interac-
tion is very sensitive to the lattice constant a. The
lattice constant of the compound GdMnsGes is larger
than that of YMnyGes, consequently, the antiferro-
magnetic Mn—Mn interlayer coupling in GdMnyGe,
should be weaker than in YMny;Ges. Our evaluated
value of intralayer Mn—Mn exchange coupling Ay, o
is slightly higher, as compared with that reported in
Ref.[15].

to the necessity of taking into account the lattice

This disagreement can also be attributed

constant dependence of interlayer Mn—Mn exchange
parameter and, consequently, its temperature depen-
dence. Besides, the value of Agqq gq obtained in our
work is positive, which is inconsistent with Ref.[15], in
which the Gd—Gd exchange coupling is antiferromag-
netic. It is worth noting that, according to the study
in Ref.[17], the Dy-Dy exchange coupling is also ferro-
magnetic. Tils et al'8! studied the Gd-Mn exchange
coupling in GdMnsGes by inelastic neutron scatter-
ing, the value they derived is 7.67/upf.u., which is in

good agreement with our data.

It is necessary to point out that the calculated
magnetization after the metamagnetic transition with
the field parallel to the c-axis at T=290K is larger
than the experimental data (Fig.3(a)), whereas the
calculated value of magnetization with the field per-
pendicular to the c-axis at T=77 K is smaller than the
experimental value (Fig.2(b)). In our model we con-
sider that the transitions are pure magnetic and sup-
pose that the electronic states of the Mn-subsystem
of GdMnyGey are the same before and after the tran-
sition. However, it is possible that the electronic
state of the Mn-subsystem changes at the transition.
Neutron diffraction study of TbMnsGey !9 indicates
there is a large change of local Mn magnetic moment
(AM/M = 16%) at the magnetic transition in Mn-
subsystem from ferromagnetic to antiferromagnetic
structure. Furthermore, in our model we have ne-
glected the lattice constant and temperature depen-
dence of the intralayer Mn—Mn exchange interaction
(for this interaction is not so sensitive to the lattice pa-

rameter as the interlayer Mn—Mn exchange coupling).
4. Conclusion

Based on the Yafet—Kittle model, we have inves-
tigated the magnetic properties and magnetic struc-

ture of the GdMnyGes compounds in the molecular
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field approximation. Theoretical analysis and numer-
ical calculations show that there are five possible mag-
netic phases, and when magnetic parameters or exter-
nal conditions (temperature and magnetic field) vary,
GdMn,Ges undergoes first- or second-order magnetic
transition from one phase to another. We have applied
this model to the single crystal GdMns;Ge,; and ob-
tained a good description of the magnetization curves

along the different crystallographic axes and at differ-

ent temperatures. The coefficients of the molecular
fields of interlayer Mn—Mn, intralayer Mn—Mn, Gd-
Mn and Gd-Gd exchange interaction are estimated.
The H-T magnetic phase diagrams are depicted. It
is shown that, in order to describe the magnetic prop-
erties of RMnyGes compounds, it is necessary to take
into account the distance dependence of interlayer

Mn—Mn exchange interaction.
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