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Abstract

The structural properties of Nd,Co,, _ . Ga, compounds (x = 5, 6 and 7) were studied by means of neutron diffraction.
The refinement results of the neutron powder diffraction patterns show that the Ga atoms completely avoid the 9d site in
the rhombohedral Th,Zn, , structure. Furthermore, the Ga atoms increasingly occupy the 6¢ and 18f sites at the cost of
the 18h site that shows a decreasing Ga occupancy in this concentration range. At 4.2 K, the easy magnetisation direction
is perpendicular to the c-axis for x = 5 and 6, but parallel to the c-axis for x = 7. From magnetic measurements and
neutron diffraction it is derived that the Co and Nd moments at 4.2 K strongly decrease with increasing Ga concentra-
tion. There is also a strong decrease of the Curie temperature with Ga increasing concentration. © 1998 Elsevier Science

B.V. All rights reserved.

PACS: 75.25; 75.30; 75.30.G
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1. Introduction

In a previous investigation, the magnetic proper-
ties of several series R,Co,;_,Ga, compounds
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were studied by means of magnetic measurements
and X-ray diffraction on magnetically aligned pow-
ders, including series in which the rare earth com-
ponent is Pr [1,2], Sm, Gd [3], Tb [4], Y, Dy [5,6]
and Ho [7]. These measurements have shown that
increasing Ga concentration may lead in some
cases to a sign reversal of the magnetocrystal-
line Co-sublattice anisotropy from easy-plane
anisotropy for low Ga concentration to easy-axis
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anisotropy for higher Ga concentration. From
a neutron diffraction study performed on several
Tb,Coy7-,Ga, compounds [4] we have obtained
evidence that also the rare earth sublattice anisot-
ropy may give rise to a sign change with increasing
Ga concentration. In the present study we have
extended the investigation of R,Coq,_,Ga, to com-
pounds with R = Nd which we studied by magnetic
measurements and also by neutron diffraction.

2. Experimental

The Nd,Co,-,-,Ga, samples were prepared by
arc melting starting materials of at least 99.9%
purity. After arc melting the samples were wrapped
into Ta foil, sealed into an evacuated quartz tube
and annealed for three weeks at 900°C. The X-ray
diffraction diagrams showed that the annealed sam-
ples were single phase within the detection limit of the
X-ray diffraction, their crystal structure correspond-
ing to the rhombohedral Th,Zn,, structure type.

The neutron powder diffraction experiments
were made on the ROTAX high-intensity powder
diffractometer, a facility present at the ISIS spalla-
tion neutron source [8]. Data were collected in the
backscattering mode (20 = 124.5°) and forward
scattering mode (20 = 37.5°) over the entire 20 ms
time frame between ISIS pulses, providing a range
of accessed d-spacings from 0.4 to 15 A. For mea-
surements in the paramagnetic regime, data were
taken at room temperature for the Nd,Co;, - Ga,
compounds with x = 6 and 7. For the compound
with x = 5 the data were taken at 400 K, which is
sufficiently high above the Curie temperature (see
below). All compounds were investigated also at 4.2 K.

The magnetic measurements were made on pow-
dered material on a SQUID magnetometer in the
temperature range 5-300 K in magnetic fields up to
6 T. The measurements above 300 K were made on
a home-built (Amsterdam) magnetometer based on
the Faraday principle, using polycrystalline lumps
in order to avoid oxidation at elevated temper-
atures as far as possible.

3. Results

The Nd,Co;--,Ga, compound with x = 5 has
its Curie temperature above room temperature so

that it was possible to take X-ray diffraction data
on a magnetically aligned sample. From the en-
hancement of the 3 0 0 and 2 2 0 reflections and the
simultaneous disappearence of the other reflections
it was derived that this compound has an easy
magnetisation direction perpendicular to the c-axis
at room temperature.

Examples of neutron diffraction diagrams are
shown in Figs. 1 and 2. The powder neutron diffrac-
tion data were analysed by the Rietveld method
[8]. The nuclear scattering lengths employed in
the refinement were byy = 0.769 x 10~ 1% cm, b¢, =
0.249x10 2 cm and bg, =0.7288 x 10~ 12 cm.
The results of the Rietveld refinements are pre-
sented in Table 1 for the data taken in the para-
magnetic regime, and in Table 2 for the data taken
at 42 K.
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Fig. 1. Observed and calculated neutron diffraction pattern at
300 K for Nd,Co,(Ga- for forward scattering (a) and backscat-
tering (b) detector banks.
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Fig. 2. Sections of the long d-spacing refined diffraction patterns

for Nd,Co,,Gas at 400 and 4 K. The presence of a (00 3)
reflection implies that this compound is planar at 4 K.

Results of magnetic measurements showing the
temperature dependence of the magnetisation are
displayed in Fig. 3. It is seen that the magnetic
ordering temperatures of the three Nd,Co,,_ . Ga,
compounds investigated decrease strongly with in-
creasing Ga concentration.

The field dependence of the magnetisation at
4.2 K of the three Nd,Co,;_,Ga, compounds in-
vestigated is shown in Fig. 4. The spontaneous
moments, M,, obtained by extrapolation of the
magnetic isotherms to zero field strength, have
been listed in the last row of Table 2. The Ga
substitution is seen to give rise to a fairly strong
decrease of the magnetisation.

4. Discussion

In several previous investigations [9-13], neu-
tron powder diffraction was used to study the site
occupation of the non-magnetic elements M in
rare earth compounds of the type R,Fe;,_ M,
(M = Al, Ga and Si). In all examples studied, quite

Table 1

Refined neutron diffraction for Nd,Co,, _,Ga, data obtained at
400 K for x = 5, and at 300 K for x = 6 and 7. Listed are the
lattice constants, positional parameters and site occupancies.
The Curie temperatures are given in the last row

Compound Nd,Co;,Gas Nd,Co,;;Gag Nd,Co,,Ga,
a (é) 8.60111(15) 8.62115(9) 8.69658(8)
c(A) | 12.5103(5) 12.48840(27) 12.44132(23)
Veen (A%) 801.509(5) 803.837(21) 814.882(19)
Nd, 6c, z 0.3414(5) 0.34428(28) 0.34913(24)
Co/Ga, 6c, z 0.0961(8) 0.09922(37) 0.10901(29)
Co/Ga, 18f, x 0.2888(5) 0.29549(0) 0.30328(23)
Co/Ga, 18h, x 0.5023(4) 0.50220(23) 0.50215(25)
Co/Ga, 18h, z 0.1531(4) 0.15242(0) 0.15214(29)
%Ga, 6¢, z 14.7(15) 39.7(10) 73.4(10)
%Ga, 9d 0.0 0.0 0.0

%Ga, 18f 34.3(12) 42.9(7) 62.3(8)
%Ga, 18h 38.5(11) 37.8(6) 27.5(2)

Ry, 0.0166 0.0188 0.0290
Rexp 0.0111 0.0286 0.0205

72 1.553 1.269 1.303

Tc (K) 350 175 45

Table 2

Refined neutron diffraction data obtained for Nd,Co,,_,.Ga, at
4.2 K: lattice constants, positional parameters and magnetic
moments. At the bottom of the table the refined values of the
moment per formula unit (M) are compared with the spontan-
eous moments (M) derived from the magnetic isotherms at 5 K

Compound Nd,Co,;,Gas Nd,Co,;;Gag Nd,Co,,Ga,
a (A) 8.56478(0) 8.60842(0) 8.684266(0)
c(A) | 12.46233(36) 12.46833(48) 12.41713(58)
Veen (A3) 791.70 800.21 810.99

Nd, 6c, z 0.3429(12) 0.3444(12) 0.35060(79)
Co/Ga, 6c, z 0.0976(14) 0.0983(14) 0.1080(10)
Co/Ga, 8f, x 0.2896(10) 0.29003(98) 0.30569(78)
Co/Ga, 18h,x  0.50151(94)  0.49972(92)  0.4985(10)
Co/Ga, 18h, z 0.1535(10) 0.1529(11) 0.1471(10)
Ry, 0.0172 0.0178 0.0165
Rexp 0.0168 0.0191 0.0188

Va 1.05 0.87 0.77

1, Nd, 6¢, 1y 2.99(25)° 2.11(30)* 1.42(26)°

1, Co, 6¢, 1y 1.85(31) 1.5 L5

u, Co, 9d, ug 0.85(19)* 1.07(18)* 0.45(19)°

u, Co, 18f, g 0.78(25)* 1.22(33)* 0.15(50)°

u, Co, 18h, pg 1.08(31)* 0.60(32)* 0.78(15)°
M/fu., pug 18.8 15.6 8.5

Mo/fu., 1y 17.0 124 79

*Magnetic moments oriented along [1 0 0].
®Magnetic moments oriented along [00 17.
°Co moments fixed during refinements.
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Fig. 3. Temperature dependence of the magnetisation of
Nd,Co,,-,Ga, compounds measured in a field of 0.1 T.

substantial deviations from a statistical site distri-
bution of the non-magnetic atoms over the four
available Fe sites (6¢c, 9d, 18f and 18h) were ob-
served. A similar strong deviation from a statistical
distribution is observed also in the compounds
studied in the course of the present investigation.
This can be seen more clearly in Fig. 5 where we

M [us/f.u]

Nd2Co17.xGax

B[T]

Fig. 4. Field dependence of the magnetic moment of
Nd,Co,,-.Ga, compounds measured at 4.2 K with decreasing
field.

have plotted the site occupations derived from the
refinement of the neutron data listed in Table 1.
Generally, it is to be expected that the Ga occu-
pancy of a given site increases with increasing Ga
concentration. This behaviour is followed by the 6¢
and 18f sites, indeed. By contrast, the 9d site ap-
pears to be extremely reluctant to accept any Ga

80
70 —u&— BC
] Nd,Co,, Ga
— ~_.~_9d 2 17-x X
3 60-
- : —A— 18f
S %07 [—r—18h
T 40 -
Q N \
3 30
(&) 4
g 204
b |
(D 10 -
0+ ® L 4 ®
-10 T T T T T T T T
5,0 5,5 6,0 6,5 7,0
X

Fig. 5. Concentration dependence of Ga atom occupation of the four available sites in the Th,Zn,,-type structure of the

Nd,Co,--,Ga, compounds.
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atoms. The by far most prominent feature of the
results shown in Fig. 5 is that the Ga atoms occupa-
tion for the 18h site decreases with increasing Ga
concentration. In fact, the results shown in Fig.
5 can be taken as a further confirmation of the
tendency of R,Co;-_.Ga, systems to form a true
ternary compound at the composition R,Co,Gag
in which the Ga occupancy is restricted to the 6c
and 18f sites.

The tendency to form a ternary compound of
the type mentioned above is not restricted to the
Co compounds but was also observed for Fe com-
pounds. Neutron diffraction studies made on
Tb,Fe ,_.Ga, compounds [13] showed that the
Ga atoms avoid the 9d site completely and that the
6¢ and 18f sites become almost fully occupied by
Ga atoms for Ga concentrations exceeding x = 8.
In all R,Fe,,_.Ga, compounds investigated thus-
far the concentration dependence of the Curie tem-
perature forms a maximum at about x =3 and
decreases for higher Ga concentrations. However,
beyond x = 7 further Ga substitution leads again
to an increase in Curie temperature. This surprising
feature and the decrease in line broadening of the
>"Fe Mossbauer spectra in this concentration
range are further indications of the tendency to
ternary compound formation [13].

Results of the refinements pertaining to the mag-
netically ordered regime are given in Table 2. The
moment of the Co atoms occupying the 6c sites
were fixed in this refinement because of the low
multiplicity of the 6¢ sites. For the other Co mo-
ments one may notice a tendency to decrease with
increasing Ga concentration within experimental
error. This is reflected also in the values of the total
moment per formula unit, listed at the bottom of the
table. The latter values are in fair agreement with the
spontaneous moments derived from the magnetic
measurements, given in the last row of Table 2.

The decrease in moment per formula unit is seen
in the Table 2 to be partly caused by the strong
decrease of the Nd moment. These results show
that crystal field interactions are presumably fairly
strong in these materials. In the compound with
x =5 the comparatively large Co moments and
large number of Co atoms probably lead to an
exchange splitting of a magnitude comparable to
the crystal field splitting so that the Nd moments

are only slightly below the free ion value. Evidently,
in the compound with x = 7 the crystal-field split-
ting dominates.

The Co sublattice anisotropy in R,Coy;_.Ga,
systems is still a matter of controversy. For in-
stance, the preferred moment direction in Gd,Coy-
is perpendicular to the c-axis [14], but results of
X-ray diffraction made on magnetically aligned
Gd,Co,--,Ga, samples with x > 2 showed that
the easy magnetisation direction at room temper-
ature corresponds to the c-axis in these com-
pounds, meaning that the Co sublattice anisotropy
changes sign from negative to positive with increas-
ing Ga concentration [ 3]. By contrast, similar stud-
ies made on magnetically aligned Y,Co;,_.Ga,
samples showed that no such sign reversal of the
Co sublattice anisotropy occurs in this system [6].
It is therefore difficult to make any prediction
regarding the Co sublattice anisotropy in the
Nd,Co,,-,Ga, compounds. Anyhow, the X-ray
diffraction observation of an easy-plane anisotropy
in the compound with x = 5 at room temperature
indicates that even if the Co sublattice has uniaxial
anisotropy for this composition, it is dominated by
the planar anisotropy of the Nd sublattice. From
the refinement of the neutron data shown in Table
2 it can be derived that this situation persists down
to 4.2 K. The upturn in the temperature depend-
ence of the magnetisation seen below about 45 K
in Fig. 3 is probably due a weakening of the Nd
sublattice anisotropy below this temperature. This
upturn disappears completely when the magnetisa-
tion is measured in much higher fields than applied
in Fig. 3.

It can be seen in Table 2 that the easy magnetisa-
tion direction is perpendicular to the c-axis at 4.2 K
also in the compound with x = 6. Surprisingly,
however, the easy magnetisation direction is paral-
lel to the c-axis in the compound with x = 7. Owing
to the fact that the rare earth sublattice always
predominates the 3d sublattice anisotropy in this
class of materials at low temperatures, the concen-
tration dependent change in easy magnetisation
direction implies a change in the nature of the
crystal field with increasing Ga concentration. A
similar observation was recently made in neutron
diffraction studies of Tb,Co,,_,Ga, compounds
[4] and Tb,Fe,,_.Ga, compounds [13]. In both
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systems increasing Ga concentration leads to
a change from easy-plane anisotropy to easy-axis
anisotropy. Noting that the second-order Stevens
factor for Tm is different from that of Nd and Tb,
this change in anisotropy is consistent with that
observed at low temperatures in Tm,Fe;,_.Ga,
compounds where it changes fom easy axis to easy
plane with increasing Ga concentration [15].

5. Concluding remarks

Using neutron diffraction and exploiting the
large difference in scattering length between Co and
Ga we have obtained reliable experimental in-
formation of the preferential site occupation of Ga
in Nd,Co,,-,Ga, compounds (5 < x < 7). With
increasing Ga concentration the 18h site becomes
less occupied by Ga atoms, a fact that indicates that
there is a tendency in this system to form a ternary
compound of the composition Nd,Co,Gag. We
have confirmed results obtained in previous studies
that increasing Ga concentration leads to drastic
changes in the crystal-field interaction in 3d com-
pounds of the type R,T;,_,Ga, to the extent that
a sign reversal occurs in the rare earth sublattice
anisotropy.
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