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E�ect of Tb/Gd Substitution on Crystal Structure

and Exchange Interactions of Gd1−xTbxNi3
Intermetallic Compounds

A. Chrobak∗, A. Bajorek and G. Cheªkowska

A. Cheªkowski Institute of Physics, University of Silesia, Uniwersytecka 4, 40-007 Katowice, Poland

In the paper an in�uence of Tb/Gd substitution on crystal structure and exchange interactions of
Gd1−xTbxNi3 (x = 0.0, 0.5, 0.8, 1.0) polycrystalline compounds have been studied. The crystal structure of all
samples was checked at the room temperature by means of X-ray di�raction. Exchange integrals of R�R (JRR),
T�T (JTT) and R�T (JRT) atoms were evaluated from M(T ) magnetization curves (2�300 K, 2 T) based on
the mean �eld theory calculation. As it was shown the samples examined are single phase and crystallize in
the PuNi3 (space group R-3m) type of crystal structure. The Tb/Gd substitution causes the decrease of lattice
parameters as well as the volume of the unit cell. With increase of the x parameter the magnetic moment of Tb
atoms increases from 6.94 µB (x = 0.5) to 8.12 µB (x = 1). The M(T ) dependence of the examined compounds
depends almost 8 times stronger on exchange interactions within the R�R site than the interactions between the
two antiferromagnetically coupled magnetic sublattices R�T.

PACS: 75.50.Gg, 75.30.Et, 71.20.Lp

1. Introduction

Intermetallic compounds of rare earth (R) and tran-
sition (T) elements are very interesting from scienti�c
point of view because of a mixture of localized (R) and
itinerant (T) magnetism [1�6]. Generally, in a crystal
structure magnetic properties of the transition elements
are susceptible to their surroundings regarding the fact
that responsible for magnetism 3d electronic band par-
tially overlaps conduction band. In contrast to this the
rare-earth (R) elements such as gadolinium and terbium
have a localized magnetic moment of 4f electrons (inter-
nal shell) which are shielded by outer electronic shells.
Magnetic interactions between 4f (R) and 3d (T) elec-
trons are possible only via conduction electrons of R ele-
ments which leads to an appearance of the two antiferro-
magnetically coupled R and T sublattices. Gadolinium
as an element with orbital momentum L = 0 (no spin�
orbit coupling) is usually non-sensitive for crystal �eld
and therefore in intermetallic compounds retains its mag-
netic moment of 7 µB. In the case of terbium (L > 0) the
strong spin�orbit coupling makes its magnetic moment
dependent on the crystal structure. Therefore, partially
substitution of Tb by Gd atoms in R�T type of inter-
metallic compounds causes not only a change of their
average magnetic moment but also can in�uence internal
exchange interactions. The aim of the paper is to study
crystal structure and exchange interactions (based on the
MFT calculations) of Gd1−xTbxNi3 (x = 0, 0.5, 0.8, 1)
intermetallic compounds.
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2. Experimental details

The polycrystalline samples Gd1−xTbxNi3 (x = 0.0,
0.5, 0.8, 1.0) were prepared by arc-melting from high pu-
rity elements (Gd � 99.9%, Tb � 99.9%, Ni � 99.99%)
under argon atmosphere. To ensure homogeneity the
samples were remelted several times. Afterwards all sam-
ples were wrapped in tantalum foil, placed in quartz
tubes and annealed at 900 ◦C for one week. The crys-
tal structure of all samples was checked by means of
X-ray di�raction (XRD) using Siemens D5000 di�rac-
tometer. XRD measurements were done at the room
temperature. Magnetization M of the examined sam-
ples was measured with the use of SQUID magnetometer
(MPMS XL7 Quantum Design) in the temperature range
of 2�300 K and magnetic �eld equals 2 T.

3. Results and discussion

The analysis of the di�raction patterns shows that the
Gd1−xTbxNi3 samples are single phase and in the whole
range of studied concentrations crystallize in the PuNi3
(space group R-3m) type of crystal structure. In this
structure the rare earth atoms are located in two inequiv-
alent positions: RI 3a (0, 0, 0) and RII 6c (0, 0, z) where
z = 0.1414. The transition metals elements occupy three
positions with di�erent structure environment: TI 3b
(0, 0, 1/2), TII 6c (0, 0, z) where z = 1/3 and TIII 18h
(1/2, −1/2, z) where z = 0.0829. In the present studies
the Rietveld method has been applied to re�ne the crys-
tal structure. In this method the FullProf program was
used.
The X-ray di�raction line pro�le has been done by us-

ing pseudo-Voigt function. Besides crystal structure pa-
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rameters also background coe�cients, temperature coef-
�cients, occupation numbers and full width of half maxi-
mum (FWHM) have been re�ned. The Rietveld analysis
showed that the values of occupation numbers for each
position are similar. The change of the lattice parameters
obtained from the re�nement show that Tb/Gd substi-
tution causes the decrease of all unit cell parameters (see
Fig. 1). It is obvious because terbium atoms have smaller
ionic radius (1.00 Å) than gadolinium atoms (1.02 Å).
Moreover the values of a and c parameters for GdNi3
and TbNi3 compounds are close to previously obtained
[1, 4, 7]. The re�nement of occupation indicates that
Tb atoms prefer to occupy 6c position. The occupation
number of this position in all doped compounds is almost
twice higher than 3a site.

Fig. 1. Lattice parameters and volume of the unit cell
(inset) for the Gd1−xTbxNi3 compounds.

Fig. 2. Thermomagnetic curves M(T ) and MFT anal-
ysis for the Gd1−xTbxNi3 (x = 0.0, 0.5, 0.8, 1.0) com-
pounds.

Figure 2 shows M(T ) thermomagnetic curves, for all
studied compounds, and result of the following MFT
analysis. With the assumption that magnetic moments
of R and Ni atoms are coupled antiferromagnetically, one
can determine magnetization of the systemM as a super-
position of the two R (site R) and Ni (site T) sublattices,
i.e., M = |MR − MT|. In the MFT approximation one
can describe magnetization of the sites [8�10]:

MR = −NRµBgR⟨JR⟩

= −NRµBgRJRB

(
gRJRHR

kBT
µB

)
,

MT = −NTµBgT⟨JT⟩

= −NTµBgTJTB

(
gTJTHT

kBT
µB

)
, (1)

HR =
2JRRZRR(gR − 1)

2

NRg2Rµ
2
B

MR

+
2JRTZRT(gR − 1)(gT − 1)

NTgRgTµ2
B

MT +HEXT

HT =
2JTRZTR(gR − 1)(gT − 1)

NRgRgTµ2
B

MR

+
2JTTZTT(gT − 1)

2

NTg2Tµ
2
B

MT +HEXT, (2)

where B is the Brillouin function, N is a number on
corresponding atoms per unit volume, µB is the Bohr
magneton, g is the Landé factor, J is total angular mo-
mentum, H is magnetic �eld acting on the corresponding
site, HEXT is an external �eld, kB is the Boltzman con-
stant. Making use Eqs. (1) and (2) one can determine
the exchange integrals of R�R (JRR), T�T (JTT) and
R�T (JRT = JTR) sites via �tting the dependences to
the empirical thermomagnetic curves. The fact that the
Brillouin function possesses di�erent curvature for di�er-
ent ground state allows determining also JR and JT if the
parameters are considered as independent. In the case of
Tb one can expect that atoms take di�erent positions
with di�erent magnetic moments. The presented anal-
ysis refers to an average value of magnetic moment on
this site. The external magnetic �eld of 2 T was chosen
in order to saturate the samples and what follows avoid
an in�uence of magnetic domain structure on M(T ) de-
pendence. From the XRD analysis one can determine av-
erage coordination numbers of R�R, R�T, T�R and T�T
surroundings that equal 6, 12, 4.5, 8 respectively. In the
case of x = 0.5 and x = 0.8 it was assumed that the R
site consists of two kinds of rare-earth atoms (described
by the Brillouin functions with di�erent ground states)
with one average exchange integral within the site. Ad-
ditionally, assuming that magnetic moment of Gd atoms
is 7 µB, one can calculate magnetic moment of Tb and
Ni atoms (in the ground state).
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TABLE

The Curie temperature TC, exchange integrals, magnetic moment of Tb atoms
µTb and Ni atoms µNi for all the studied compounds.

Compound TC [K] JRR −JRT JTT µTb µNi

[10−23 J] [10−21 J] [µB]

GdNi3 114 1.58 7.05 2.01 � 0.24

Gd0.5Tb0.5Ni3 100 2.05 1.85 3.54 6.94 0.22

Gd0.2Tb0.8Ni3 72 1.62 1.63 4.12 7.46 0.11

TbNi3 65 1.18 1.42 4.41 8.12 0.16

The best �tting quality was obtained with the param-
eters listed in Table where the Curie temperatures deter-
mined as in�ection points of the M(T ) curves are addi-
tionally included. Let us notice that with increase of Tb
content the Curie temperature decreases from 114 K to
65 K for the GdNi3 and TbNi3, respectively. Simulta-
neously, with increase of the x parameter the magnetic
moment of Tb atoms increases and antiparallel aligned
magnetic moment of Ni atoms decreases. Let us dis-
cuss the obtained values of exchange integrals JRR, JTT

and JRT. Taking into account that the µNi values are
relatively low, JTT parameter does not signi�cantly in-
�uence the MFT �t quality and only JRR and JRT are
responsible for the change of the M(T ) dependence. The
Curie temperature re�ects exchange interaction so ac-
cording to the MFT theory a relation of TC ∼ J is ex-
pected to be present. In our case the JRR values reveal
a maximum at x = 0.5 and the JRT parameter decreases
with a decrease of TC but the main change of JRT is ob-
served between the compounds with x = 0 and x = 0.5.
It seems that in our case TC can be proportional to a
combination of JRR and JRT. A balance between these
two quantities can be found by a de�nition of, let us say,
an apparent exchange integral JAP = aJRR + |JRT| and
searching a proper value of a for which TC ∼ JAP.
Figure 3 presents such linear correlation and the best

result was obtained for a = 7.76. The slope does not
have a physical meaning but the value of a indicates
how many times JRR in�uences the M(T ) dependence
stronger than JRT.

4. Conclusions

The main conclusions of the paper can be summarized
as follows:
i) All studied samples crystallize in the PuNi3 crystal

structure. The Tb/Gd substitution causes the decrease
of lattice parameters as well as the volume of the unit
cell. The re�nement of the crystal structure indicates
that terbium atoms prefer localization in the 6c position
more than 3a.
ii) In the presented MFT approximation model one

can state that with the increase of the x parameter the
magnetic moment of Tb atoms increases from 6.94 µB

Fig. 3. Correlation between apparent exchange inte-
gral JAP = 7.76JRR + |JRT| and the Curie tempera-
ture TC.

(x = 0.5) to 8.12 µB (x = 1). The JRR values reveal
a maximum at x = 0.5. The JRT parameter decreases
with a decrease of TC and the main change of JRT is
observed between the compounds with x = 0 and x =
0.5. The M(T ) dependence of the examined compounds
depends almost 8 times stronger on exchange interactions
within the R�R site than the interactions between the two
antiferromagnetically coupled magnetic sublattices R�T.
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