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Abstract: The temperature dependence of lattice parameters @ and ¢ of intermetallic compounds RMnyGey(R= La, Sm and
Gd) were measured in the temperature range of 10 ~ 800 K by using the X-ray diffractometer . It is found that the high temperature
magnetic transitions of Mirsubsystem in light rare earth compounds from paramagnetic to antiferromagnetic state accompany the
negative magnetoelastic anomalies of lattice parameters ¢, where a does not change. This indicates that the antiferromagnetic com-
ponent of intralayer Mir Mn exchange coupling is correlated with lattice constant ¢. The low temperature first order ferromagnetism
- antiferromagnetism transitions( or an[ifermmagnelism—> ferromagnetism transition) of Mir subsystem in SmMn,Ge; and GdMn,Ge,
accompany the abruptly decrease( or increase) of lattice parameter a, and Aa/ a =0. 15% . This demonstrates that the interlayer
MirMn exchange interaction is very sensitive to the intralayer MirMn distance. The critical value of lattice constant a;, at which

the interlayer Mir Mn coupling changes its sign, is 4. 044 5x 10~ '

m. Based on the molecular field model of exchange interaction
the magnetic curves of GAMnGe; single crystal at different temperatures were calculated and a good agreement with experimental

data had gotten. The GdGd, GdMn, intralayer MirMn and interlayer Mir Mn exchange coupling parameters were estimated.
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1 INTRODUCTION

The intermetallic compounds RMnyGe; crystallize in
the  body-centered-tetragonal  ThCr,Sirtype —structure
(space group is 14/ mmm), which is consisted of R, Ge
and Mn layers, stacked in the sequence R-Ge-Mmr Ge-R-

along the c-axis''!.

From the magnetic point of view,
RMn,Ge, compounds have two different magnetic subsys-
tems: R- and Mirsubsystem. In RMnyGe,, there are dif-
ferent kinds of exchange interactions. A number of re-
search works'!! indicate that the intralayer MirMn ex-
change interaction is the strongest and gives rise to the
magnetic order temperature of RMnyGe; as high as 350 ~
450 K, depending on R. The interlayer MrrMn and R-
Mn exchange interactions have the same order but they are
substantially less than the intralayer MirMn 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 stud-
ies!”?! have shown that the interlayer Mn-Mn exchange
interaction is very sensitive to the intralayer MorMn dis-
tance, and consequently the lattice parameter . When «a
is larger than a critical value a;, the interlayer Mn-Mn

exchange interaction is ferromagnetic, otherwise it is anti-
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ferromagnetic. For this reason, the Mmrsublattice in most
of light rare earth compounds has ferromagnetic structure,
and the intrinsic magnetic structure of Mirsublattice in
the compounds with heavy rare earth is antiferromagnetic.
Recently, Venturini et al have extensively performed neu-
tron diffraction study on RanGez[ O Their studies in-
dicate that in the light rare earth compounds the Mn mag-
netic structure of the same sublayer is not collinear ferro-
magnetic, and there is a large antiferromagnetic compo-
nent perpendicular to the c-axis. Their investigations have
also shown that the intralayer MirMn exchange interaction
is ferromagnetic for the intralayer MirMn distance dwyirmn
lower than 2. 84 x 10" ' m and antiferromagnetic for
dyieyin greater than 2. 89 % 10” ' m, whereas the mixed
planes, where ferromagnetic and antiferromagnetic compo-
nents coexist, are observed for intermediate distances.
Just because of these peculiar properties of exchange in-
teraction the RMn,Ge, compounds display abundant mag-
netic properties.

In this paper we have studied the lattice constant de-
pendence of exchange interactions in RMnyGey( R= La,
Sm and Gd) compounds by using the X-ray diffractome-
try. Based on the molecular field model of exchange inter-
action, we calculate the magnetization curves of
GdMnyGe; single crystal with the field along the different
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crystallographic axes at different temperatures by taking
i t of the lattice constant dependence of interl .
into account of the lattice constant dependence of interlay- 422 LaMn,Go, e o

er MirMn exchange interaction.
2 EXPERIMENTAL AND RESULTS

The polycrystalline samples of RMnoGe; (R= La,
Sm and Gd) were prepared by induction melting the con-
stituent elements in a water-cooled crucible under argon
atmosphere. Melting was repeated several times in order
to ensure homogeneity. Then ingots were sealed in a
quartz tube for further annealing at 750 C for one week.
The quality of the samples was verified by X-ray diffrac-
tion, and the samples were found to be single phase.

The temperature dependence of lattice constants of
RMnyGez( R= La, Sm and Gd) was measured in the tem-
perature range of 10 ~ 800 K by using X-ray diffractome-
try. The X-ray diffraction was carried out on the Geiger
flex diffractometer with Fe K radiation.

Fig. 1 shows the temperature dependence of lattice
parameters @ and ¢ of LaMn;Ge;. According to the mag-
netic measurements' ') , the LaMn,Ge; orders ferromagneti-
cally at temperature T.= 310 K. Recently, neutron
diffraction studies!®! have shown the Curie temperature T
is not the transition temperature of paramagnetism_)fenv
magnetism. Above T., LaMn,Ge; has some kind of anti-
ferromagnetic structure; T'n =
413K, LaMnyGer becomes magnetic disordered. Our

measurement confirms the existence of high temperature

at higher temperature,

antiferromagnetic structure. It can be seen from Fig. 1
that the spontaneous magnetic transitions at 7'y accompa
nies the negative magnetoelastic anomaly of lattice param-
eter ¢, where transition at T . accompanies the negative
magnetoelastic anomaly of lattice parameter a.

The temperature dependence of lattice parameters a
and ¢ of SmMnyGe; are depicted in Fig. 2. Magnetic mea-
surements show! 2 that, when T .= 341 K, the Mn-sub-
system in SmMn,Ge; orders ferromagnetically. When tem-
perature decreases to Ty= 150 K, the Mmrsubsystem un-
dergoes first order magnetic transition from ferromagnetic
to antiferromagnetic state due to the thermal contraction,
which causes the interlayer Mn-Mn exchange interaction
change its sign. As the temperature continues to reduce,
the Mrsublattice reentrants into the ferromagnetic state at
Tp= 100 K. At the same time the Snrsublattice becomes
ferromagnetically ordered and ferromagnetically coupled
with the Mn-sublattice. As in the case of LaMnyGes,
above T, SmMnyGe; also has some kind of antiferromag-
netic structure, and the transition into the paramagnetic
state occurs in higher temperature Ty= 385 KI® . It can
be seen from Fig. 2 that the @ —T and ¢ —T curves dir
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Fig. 1 Temperature dependence of lattice
parameters a and ¢ of

intermetallic compound LaMnaGes
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Fig. 2 Temperature dependence of lattice

parameters a and ¢ of
intermetallic compound SmMn,Ge;

splay a series of anomalies with reduction of temperature.
The high temperature paramagnetism_> antiferromagnetism
transition at Ty and antiferromagnetism - ferromagnetism
at T. of Mnrsublattice accompany the magnetoelastic
anomalies of ¢ and a, respectively. The low temperature
first order ferromagnetism - antiferromagnetism transition
at Ty (= 150 K) accompanies the abruptly decrease of
a, where the first order transition at 7', accompanies the
abruptly increase of a. At these first order transition
points the lattice constant ¢ does not change.

Fig. 3 presents the temperature dependence of lattice
parameters a and ¢ of compound GdMmGe,. In accor
dance with Refs. [9, 10] the Mirsubsystem in this comr
pound becomes antiferromagnetically ordered at Ty = 365
K. At T\= 97 K the Mirsubsystem undergoes the first or-
der magnetic phase transition from antiferromagnetic to the
ferromagnetic state; at the same time the Gd-sublattice

becomes ferromagnetically ordered and antiferromag-
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netically couples with Mrrsublattice. It can be seen from
Fig. 3 that the transition from paramagnetic to antiferro-
magnetic phase at Ty accompanies the negative magnetoe-
lastic anomaly of lattice constant a. The first order anti-
ferromagnetic to ferromagnetic state of Mn-subsystem at 7',

accompanies the sudden increase of a, where ¢ does not

change.
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Fig. 3 Temperature dependence of lattice

parameters a and ¢ of
intermetallic compound GdMn,Ge;

3 DISCUSSION

As stated in the introduction, the Mn magnetic
structure of the same sublayer in the light rare earth comr
pounds at 7> T is not collinear ferromagnetic, and there
is a large antiferromagnetic component perpendicular to
the c-axis. In the temperature range of T .< T< Ty, the
Mn magnetic structure of the same sublayer is antiferro-
magnetic and the magnetic moment is perpendicular to the
c-axis'” ¥ Tt can be seen from temperature dependence
of lattice parameters a and ¢ of LaMnyGe; and SmMn,Ge;
(Fig. 1 and Fig.
magnetism transition at Ty accompanies the negative mag-

2) that the paramagnetism  antiferro-
netoelastic anomaly of lattice constant ¢, where a almost
does not change. This indicated that the antiferromagnetic
component of intralayer MmrMn exchange interaction is
correlated with lattice constant ¢. The low temperature
first order magnetic transition of Mirsubsystem in
SmMn,Ge; and GdMn,Ge; from ferromagnetic to antiferro-
magnetic state( or from antiferromagnetic to ferromagnetic
state) accompanies the abrupt reduction( or increment) of
constant @, where ¢ does no change( Fig. 2 and Fig. 3) .
These results are in agreement with Ref. [ 2], confirming
that the interlayer MirMn exchange interaction is very
sensitive to the intralayer Mn-Mn distance, as this first
order transition is related with the change of interlayer
MmrMn coupling from ferromagnetic to antiferromagnetic.
The critical lattice constant value a; estimated from our

experimental result is 4. 044 5% 10” ' m. The change of

lattice constant Aa/ a caused by the first order ferromag-
netism  antiferromagnetism in Mrrsublattice is about O.
15% .

In Ref. [ 11],

constant dependence of interlayer MirMn exchange inter-

we have demonstrated that the lattice

action has strong influence on the magnetic properties of
polycrystalline Gd,Lai- ,~-MnxGe system. In the follow-
ing we will see, in order to describe the magnetic proper-
ties of GdMn,Ge, single crystal,
take into account of the lattice parameter dependence,

it is also necessary to

and consequently, the temperature dependence of inter
layer Mn-Mn exchange coupling.

According to the molecular field approximation of ex-
change interaction, the molecular fields, acting on the Gd
and Mn ions, can be written as follows:

H o, ca= XecaMcat deavinMymi+ MoamaM v
H oo, Mni= MavinMcat MevinMuni+ MeorvinM vn
(=1, 2, j=2, 1) (1
where  XNacd, MdMus  MrMn and Aprumn represent the
coefficients of molecular field of GdGd, Gd-Mn interlayer

MmMn and intralayer Mn-Mn exchange interactions. M ¢4
and My, are the thermal averace of maenetization of Gd-
and Mirsubsystem, respectively. Myni= Muno.

The Hamiltonians of Gd and Mn ions have the fol-
lowing form:

A AN

HCd: g]l’]B.]'(Hm cat+ H)

HMm ngS (Hex Mni+ H) (l: 17 2) (2)

A

where gy, g, represent the g-factor of Gd and Mn, J

and § are the total angular momentum operator of Gd ion
and the spin angular momentum operator of Mn ion. H is
the magnetic field.

The free energy of system can be given as follows:

C= — ksThZei— kT ZanMm

2 EWMIU °
Hex, Mni T BSinz ei (3)

kg is Boltzman constant, K and 6; are magnetic

M(;d (-‘)( Gdt+

where
anisotropy constant of Mn ion and the angle between M,
and c-axis, respectively.
tions of Gd and Mn ions:

A
Z(‘,d: Tr(— H(‘,d/ kBT) 5
A
ZMni: Tr(— HMni/ kBT) (L: 1’ 2)

From the stable equilibrium condition, we can get

Zcd, Zwmi are partition func

the magnitude of thermal average M¢q and My, as well
as their directions respect to the c-axis, consequently,
decide the magnetic structure and the temperature and
field dependence of magnetization.

As above mentioned the interlayer MirMn exchange
coupling is very sensitive to the intralayer MirMn dis-
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tance. Brabers et all'” studied the temperature depen-
dence of interlayer MirMn exchange interaction of com-
pound YMn,Ge; by using the high magnetic field measure-
ment. Their studies indicate that the Airmn can be ex-

pressed as
Mrya= 0= Bo(T) (4)
where o is the My, value at T= 0K and B is a pa

rameter. ©( T) represents the departure with temperature
of the unit-cell volume from the equilibrium value at 7=
0 K. We suppose that the temperature and the lattice pa-
rameter dependence of Ay in GAMnyGe; are the same
as that in YMnoGes.

In our calculation, we use the values of Gd and Mn
magnetic moment as equal to 7 Mg and 1.8 Mg at T= 4.
2K!"™ The other parameters are evaluated by fitting a
series of experimental data of GAMn,Ge; single crystal( the
experimental data include the magnetic transition tempera
tures, magnetization curves along the crystallographic axes
at different temperatures and temperature dependences of
magnetization) . They are as follows Xotryin = 245 T/

Bpf. u., Mema= 10. 9 T/ Uf. u., Mgma= 8.4 T/
Bpfu., Meci= 0.97 T/ Hpf. u. and K= 6.4 T Ly/
Mn.

Fig. 4 shows the calculated magnetization curves at
T= 77 K and 4. 2 K with the magnetic field perpendicu-
lar to the c-axis and the corresponding experimental data
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Fig. 4 Magnetic curves of GAMnyGe; single

crystal for magnetic field perpendicular to
c-axis at 4.2 K(a) and 77 K(b).
(Lines are calculated curves, points represent
experimental data( taken from Ref. [ 10]))

(taken from Ref. [ 10]). It is obvious that a metamagnet-
ic transition occurs in GdMnyGe, when field exceeds a
critical value. In accordance with the magnetic stud-
ies!® % when T< T\= 97 K, GdMmnGe; is ferromagnet
(Fi). Gd and Mrrsubsystem have collinear ferromagnetic
structure and antiferromagnetically couple to each other,
and the magnetizations of two subsystems are all along the
c-axis. When T'> T\, the Gd-subsystem becomes mag-
netic disordered and the Mirsubsystem transforms into
collinear antiferromagnetic state ( AF), and its magnetic
moments is directed to the c-axis. Our theoretical analysis
and numerous calculation have shown that, when T= 77
K and H L ¢, under the action of magnetic field, the fer-
romagnetic structure Fi first deforms, but the Mirsubsys-
tem keeps the ferromagnetic structure. As field increases
up to a critical value, GdMnyGe, transforms from Fi into
the norr collinear triangular magnetic structure 7° with a
first order magnetic transition; at the same time the mag-
netic moments of Gd abruptly turn to the magnetic field
direction( as shown Fig. 4(b)). Theory predicts that this
kind of field-induced first order transition also occurs at
higher field when T= 4.2 K. The calculated field depen-
dence of magnetization and the corresponding experimental
curves ( taken from Ref. [ 10]) of GdMnyGe; with field
parallel to the c-axis at T= 290 K are presented in Fig.
5. When T> T\, as above mentioned, the Mir subsystem
has collinear antiferromagnetic structure. Numerous cal-
culation show that the external field induces the spirrflip
transition in Mrrsubsystem from antiferromagnetic to ferro-
magnetic state( Fig. 5) ; at the same time, the Gd-sublat-
tice becomes ferromagnetic ordered due to the GdMn ex-
change interaction. From Fig. 4 and Fig. 5, it can be seen

that , by taking into account of lattice parameter

0 5 10 s 20
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Fig.5 Magnetic curves of GdMnyGe; single

crystal for magnetic field parallel
to c-axis at 290 K
(Lines are calculated curve, points represent
experimental data (taken from Ref. [ 10]))
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dependence and consequently the temperature dependence
of interlayer MmrMn coupling, theoretical calculations
well describe the magnetic curves at different temperature
and the field-induced first order magnetic transition of
GdMnyGe; single crystal.

4 CONCLUSIONS

The temperature dependence of the lattice parameters
a and ¢ of intermetallic compounds RMn2Gex (R= La,
Sm and Gd) are measured by using the X-ray diffractome
ter. The study first shows that the high temperature mag-
netic transitions from the paramagnetic to antiferromag-
netic state in Mn-subsystem in RMnyGe, with light rare
earth elements accompany the negative magnetoelastic
anomaly of lattice parameter ¢, where a does not change.
This indicates that the antiferromagnetic component of in-
tralayer Mn-Mn exchange coupling is correlated with c.
The low temperature first order ferromagnetism  antiferro-
magnetism transition in Mn-sublattice accompanies the
abruptly decrease (or increase) of lattice parameter a,
confirming that interlayer MirMn exchange interaction is
very sensitive to a. The magnetization curves of
GdMnyGe; single crystal in different temperatures with
field parallel and perpendicular to the c-axis are calculat-
ed in the molecular field model of exchange interaction by
taking into account of the temperature and lattice parame-
ter dependence of interlayer MirMn exchange coupling.
Theoretical analysis and calculation show that, when T'<
T\, H Lc, the fieldinduced first order magnetic transi-
tion is the transition from ferromagnetic to norr collinear
triangular magnetic structure. When 7> T, and H I ¢,
the external magnetic field makes the Mir subsystem trans-
form from the antiferromagnetic to ferromagnetic state with
a first order magnetic transition.
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