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Neutron diffraction study on composite
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The crystallographic and the magnetic structures of the composite compound Nd2Co7 at 300 K are investigated by

a combined refinement of X-ray diffraction data and high-resolution neutron diffraction data. The compound crystallizes

into a hexagonal CeaNi7-type structure and consists of alternately stacking MgZna-type NdCog and CaCus-type NdCos

structural blocks along the ¢ axis. A magnetic structure model with the moments of all atoms aligning along the ¢

axis provides a satisfactory fitting to the neutron diffraction data and coincides with the easy magnetization direction

revealed by the X-ray diffraction experiments on magnetically pre-aligned fine particles. The refinement results show

that the derived atomic moments of the Co atoms vary in a range of 0.7 up—1.1 up and the atomic moment of Nd in

the NdCos slab is close to the theoretical moment of a free trivalent Nd3+ ion, whereas the atomic moment of Nd in

the NdCog slab is much smaller than the theoretical value for a free Nd3%t ion. The remarkable difference in the atomic

moment of Nd atoms between different structural slabs at room temperature is explained in terms of the magnetic

characteristics of the NdCos and NdCos compounds and the local chemical environments of the Nd atoms in different

structural slabs of the NdaCo7 compound.
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1. Introduction

A composite compound consisting of two or more
different structural blocks may exhibit unique proper-
ties or multi-functionality. Composite materials with
special structures can be fabricated by many tech-
nologies such as molecular beam epitaxy, mechani-
cal alloying and high pressure synthesizing, yet there
are a number of natural compounds possessing com-
posite structures such as the rare earth cobalt com-
pound Nd2Co;. With the hexagonal Ce;Niz-type
structure, NdoCo; belongs to the structural series
of RyynTsmit2n (R=rare earth atoms, T'=transition
metal atoms), which is composed of m layers of
the C14 Laves-phase RT5, slabs and n layers of the
CaCus-type RT3 slabs alternately stacked along the ¢
direction.!"]

Extensive investigations have been performed on
the C15 Laves phase intermetallic RCos as a magnet-
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icaloric material below room temperature2=% and on
the CaCus-type R—T compound as a hydrogen storage
material in nickel-metal hydride battery or as a hard
magnetic material with high Curie temperature and
high saturation magnetization. Both the binary com-
pounds NdCoy (MgCus-type) and NdCos (CaCus-
type) are stable in the Nd—Co system. The NdCoqy
compound exhibits a transition from second-order
paramagnetism (PM) to ferromagnetism (FM) at a
Curie temperature of T = 100 K and a coupled first-
order magnetic-structural transition at about 42 K ac-
companied by an abrupt change of the Nd moment
and a change of the easy magnetization direction.!®
The NdCos compound experienced a PM—FM tran-
sition at Tc ~ 910 K and two spin-reorientation
transitions (SRTs) below Tc.["8 As the tempera-
ture increased, a transition from an easy-plane to an
easy-cone magnetocrystalline anisotropy occurred at
Tsr1 = 250 K and a transition from the easy-cone to
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the easy-c axis anisotropy took place at Tsgo = 290 K.
The crystal structure of Nd2Co7 can be viewed as
a composite structure consisting of alternately stack-
ing NdCos slabs with the MgZns-type structure and
NdCos slabs with the CaCus-type structure in 2:2 ra-
tio along the c axis by sharing the Kagomé lattice com-
posed of Co atoms. The Kagomé lattice is formed by
the atoms on the 6h sites in the MgZns-type structure
and by the atoms on the 3g sites in the CaCus-type
structure. The magnetization behaviour of Nd;Cor is
similar to that of NdCos. NdyCo; showed a PM-FM
transition with the T around 600 K, and it also expe-
rienced two SRTs at Tsr; = 218 K and Tgro = 261 K,
respectively.”19 Above Tsgo = 261 K, NdyCor ex-
hibited the easy-c axis magnetocrystalline anisotropy.
It seems that the intervening NdCos slab between
the NdCos slabs destabilizes the easy-plane anisotropy
and enhances the easy c-axis anisotropy. It is of inter-
est to look into the interplay of the NdCoq slabs and
NdCos slabs and the Nd-Co and Co-Co interactions
in the composite compound Nd;Cor.

In the present work, multi-pattern refinement
with neutron diffraction (NPD) data and X-ray
diffraction (XRD) data was used to investigate
the crystallographic and the magnetic structures of
NdsCo7. The preparation of the sample and powder
diffraction experiments are described briefly in Section
2. The results and the discussion on magnetic struc-
ture and atomic moments are presented in Section 3,

and a summary of the work is given in Section 4.

2. Experimental details

Polycrystalline NdCo7 alloy was prepared by arc-
melting Nd (+99.9% purity) and Co (+99.98% purity)
metals, followed by annealing at 1353 K in high-purity
argon atmosphere for one week. The loss of weight of
the alloy during melting and annealing was less than
0.3 wt%.

The sample was examined by X-ray powder
diffraction and thermo-magnetic analysis. XRD data
were collected on a Rigaku D/max-2500 diffractome-
ter with Cu K, radiation and a graphite monochro-
mator. The XRD data were collected in a step-scan
mode with a sampling time of 3 s and a sampling step
of 0.02 ° in the 260 range of 10°-145°.

Temperature dependence of magnetization was
measured under a field of 0.1 T with a vibrating-
sample magnetometer (VSM) from room temperature

to above the Curie temperature. The ac magnetic

susceptibility below 300 K was measured by a mutual
inductance bridge at a fixed frequency of 320 Hz. Field
dependence of magnetization at 300 K was measured
on a SQUID magnetometer in magnetic fields up to
7 T and the saturation magnetization was derived ac-
cording to the law of approach to saturation.

The easy-magnetization direction of the sample at
room temperature was identified on the basis of the
XRD pattern of magnetically pre-aligned specimens,
which were prepared by solidifying the mixture of fine
alloy particles with epoxy resin at room temperature
in a field of about 1 T perpendicular to the specimen
surface. More details of the experiment were described
previously.[!]

NPD experiment was performed at the NIST Cen-
ter for Neutron Research (NCNR). The data for refine-
ment of the crystallographic and the magnetic struc-
tures were collected on the high-resolution, 32-counter
BT-1 diffractometer. A Cu (311) monochromator was
used to produce a monochromatic neutron beam of
wavelength 1.5403 A (1 A=0.1 nm). Collimator with
horizontal divergences of 15, 20, and 7 min of arc was
used before and after the monochromator and after
the sample, respectively. The NPD data were col-
lected in a 26 range of 3°-167.75° with a step of 0.05°.
The program FULLPROF[!213] was used for the Ri-
etveld refinement of the crystallographic and the mag-
netic structures of the compound, and the following
values of the scattering amplitude for the atoms were
used: b(Nd)=0.7690, b(Co0)=0.2490 (x10712 cm).

3. Results and discussion

Single-phase sample of NdsCo; was prepared.
The Curie temperature of the compound was deter-
mined to be T = 628 K, and two SRTs were de-
tected by thermo-magnetic analysis at Tgg; = 219 K
and Tsgre = 261 K, respectively. The saturation mag-
netization at room temperature of the compound is
11.5 pp/fu. (Fig. 1).

The compound Nd,Co; crystallized into the
CesoNiz-type structure with space group P63/mmec.
The XRD experiment on the magnetically pre-aligned
sample indicates that it exhibits the easy-c axis mag-
netocrystalline anisotropy at room temperature.[“]
Therefore, a magnetic structure model with the mag-
netic moments of all the atoms aligning along the [001]
direction is constructed. Using the proposed model
for the crystallographic and the magnetic structures,
a satisfactory fitting is achieved to both the XRD
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and NPD data at room temperature as shown in
Fig. 2. The derived structural parameters and atomic
moments are listed in Table 1. From the refinement
results the saturation magnetization of 11.1(5) pp/f.u.
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Fig. 1. Field dependence of magnetization of Nd2Co7 com-
pound at 300 K. The insets show the temperature dependence
of magnetization of Nd2Coy (1 Oe=79.5775 A/m).

is derived for the compound at 300 K, which is in good
agreement with the value determined experimentally.
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Fig. 2. Observed and calculated X-ray diffraction (a) and
neutron powder diffraction (b) patterns of the compound
Nd2Cor at room temperature.
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Table 1. Results of multi-pattern Rietveld refinement using neutron and X-ray diffraction data collected at 300 K.
Space group P63/mmec, a = 5.06281(4) A, ¢ = 24.4469(2) A.

Wyockoff Nd:4f Nds:4f Co1:2a Cos:4e Cog:4f Coy4:6h Cos:12k
site (1/3,2/3, 2) (1/3,2/3 ,2) (0, 0,0) (0,0, 2) (1/3,2/3, 2) (z, 2z, 1/4) (z, 2z, z)
T 0.8305(4) 0.8341(2)
z 0.02721(2) 0.17237(3) 0.17183(8) 0.83503(5) 0.08861(3)
Moment /g 1.6(3) 3.0(2) 0.7(6) 1.1(4) 1.1(2) 0.9(2) 0.9(2)
B/A? 0.74(1) 0.81(1) 0.82(4) 0.47(2) 0.47(2) 0.78(3) 0.71(2)
R-factors XRD NPD
Rwp/% 6.34 7.9 total moment (up/f.u.) 11.1(5)
Ry /% 4.67 6.3
x> 1.87 0.99

The crystallographic structure of NdsCor is
shown in Fig. 3. Two NdCoj slabs (CaCus-type) with
chemical formula Z = 1 intergrowth with an NdCoq
slab (Z = 2, half the unit cell of the MgZns-type struc-
ture) by sharing a common Kagomé lattice composed
of Co atoms (Cos). The 4e and the 4f sites (i.e. the
Coy and the Cog sites) in NdoCor correspond to the
2¢ sites in the NdCos structure and are located almost
in the same plane as that the Nd atoms on the 4f sites
(i.e. the Ndj sites) are located in. The 6h and the 12k
sites (i.e. the Coy and Cos sites) correspond to the 3g
site in the NdCos structure and form the Kagomé lat-
tices, respectively. In addition, the 12k sites in the
Nd;Co7 structure also correspond to the 6h sites in
the hypothetic MgZns-type NdCos structure. There-

fore, the Kagomé lattice composed of the 6h sites is
within the NdCos slabs, while that composed of the
12k sites is shared by the NdCos slab and the NdCos
slab. The Nd; and the Nd, sites are located in the
NdCog slabs and the NdCos slabs, respectively.

The derived magnetic moments at room temper-
ature for Co atoms are in a range of 0.7 ug—1.1 ug,
which are very close to the Co moments in Y,Cor
at 280 K.Y The fact that the Curie temperature
of NdyCor (T = 628 K) is close to that of YoCoy
(Te = 639 K[%]) implies a weak Nd-Co interaction,
thus the replacement of nonmagnetic Y by magnetic
Nd does not affect much the magnetic moments of the
Co atoms. However, the atomic moments of Nd; and

Nd; are remarkably different. The atomic moment of

106101-3



Chin. Phys. B Vol. 20, No. 10 (2011) 106101

Ndsy at room temperature is close to, while that of
Nd; is much smaller than, the theoretical moment of
a free trivalent Nd ion (= gJup = 3.27 up). This
observation can readily be understood by considering
the magnetic characters of the NdCos and the NdCos
compounds and the local chemical environments of the
Nd; and Nd; atoms in the Nd2Co7; compound.

NdCo,

NdCos

NdCos

NdCo,

Fig. 3. Illustration of the crystallographic structure of
Nd2Cor.

NdCos is a strong ferromagnetic compound with
a strong Co—Co interaction, which gives rise to the
Tc as high as 910 K.[78 At high temperature, the or-
dering of Nd moments is stabilized by the Nd—Co ex-
change interaction, thus the observed Nd moment at
relatively high temperature depends on the strength of
the Nd—Co coupling and the number of the neighbor-
ing Co atoms. In contrast, the MgCus-type NdCoq
exhibits an exchange enhanced paramagnetism or a
metamagnetism of the Co sublattice, i.e., the ordering
of the Co moments is induced by the molecular field
exerted by the Nd sublattice.
netic ordering in NdCos is determined essentially by
the Nd—Co and Nd—Nd exchange interactions, leading
to the relatively low T¢ of 100 K.[6]

The distances of each atom to its coordination

Therefore, the mag-

atoms in the MgCus-type NdCos, the CaCus-type
NdCos, and the CesNiz-type NdsCor compounds are
listed in Table 2. The Nds atoms are located in the
NdCos slab in NdsCo7 and each Ndy atom has 6+12

Co atoms and 2 Nd atoms as the nearest neighbour

atoms. The local chemical environment of the Nd,
is similar to that in NdCos, which can lead to the
high atomic moment of the Ndy via strong Nd—Co
interaction. Similarly, the Nd; atoms are located in
the NdCos slab and have 12Co+4Nd atoms as the
nearest neighbour atoms, among which three of the
four coordinating Nd atoms are within the NdCoq
slab. Therefore, the local chemical environment of
the Nd; is also very similar to that in the NdCos com-
pound. The relatively weak Nd—Nd and Nd—Co inter-
actions within the NdCoy slab, in comparison to the
Nd—Co and Co—Co interactions in the NdCos slabs,
are susceptive to thermal fluctuation, which could be
the reason for the seemingly lower atomic moment of
Nd; at room temperature than that of Nds. Such a
low atomic moment of Nd was also observed in the
NdCos compound in a temperature range of 80 K-
90 K (< Tc = 100 K).[' At low temperature, the
thermal fluctuation is reduced and, in particular, the
Nd-Nd exchange interaction is enhanced significantly,
the average atomic moment of Nd will be increased.
This is supported by the observation that the satu-
ration magnetization of NdsCo; could reach as high
as 13.6 up/fu. at 5 K.['Y Because of the instability
of Co moment in RyCo7; with respect to both elec-
tron concentration in the 3d band and the Co—Co ex-
change interaction,'® the average Co moment varies
around 1.1 pup in Ry Co7.115:18=20] Then it can be de-
duced from the saturation magnetization at 5 K that
the average atomic moments of both the Nd; and the
Nds in NdyCo7 are close to the theoretical value of
a free trivalent Nd ion.'" Therefore, the ordering of
the Nd moments in the NdCos slabs is more suscep-
tive to the thermal fluctuation than the ordering of
the Nd moments in the NdCos slabs. The different
susceptibility to the thermal fluctuation of the mag-
netic ordering of the Nd atoms in different structural
blocks implies a weak magnetic coupling between the
NdCosg slabs and the NdCojs slabs in NdyCor.

Table 2 shows that the local chemical environ-
ment of Co; in NdyCor7 is the same as that of Co in
the NdCoy compound with six equidistant Co atoms
and six equidistant Nd atoms as the nearest neigh-
bour atoms. In particular, all the coordinating atoms
of the Co; in NdyCor are located within the NdCoq
blocks. Considering exclusively the nearest neighbour
interactions within the first order approximation, it is

anticipated that the magnetism of the Co atoms on
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the Co; sites in NdyCo7 will exhibit the characteristic
of the Co atoms in the NdCos compound. Since the
Co sublattice in the NdCoy compound is of metamag-
netic feature and the Nd; moment in NdyCo7 at room
temperature is much lower than the theoretical value
of a free trivalent Nd ion, the molecular field experi-

enced by the Co atoms on the Co; sites may not be

strong enough to trigger the metamagnetic transition.
In this case, the atomic moment on the Co; site will
be too small to be detected accurately by the NPD
experiment at room temperature, leading to the large
estimated standard deviation for the derived atomic
moment of the Co atoms on the Co; site as shown in
Table 1.

Table 2. Atomic coordinations and bond distances in NdCo2, NdCos, and Nd2Co7 compounds. The crystallo-

graphic data are taken from Refs. [16] and [17] and present work.

Centre atom & site Coord. atom & count Bond distance/A

Centre atom & site Coord. atom & count Bond distance/A

NdCos space group: Fd3m

Nd 8a —Cox12 3.0285
—Ndx4 3.1631

Co 16d —Cox6 2.5827
—Ndx6 3.0285

NdsCor pace group: P63/mmc

Nd; 4f —Cosx6 2.943(1)
—Co1 %3 2.9977(2)
—Cosx3 3.190(1)
—Ndi x3 3.2115(3)
“Ndax1 3.5487(9)

Coi 2a —Cosx6 2.609(1)
~Nd; 6 2.9977(2)

Cos 12k —Cogx1 2.375(2)
—Copx1 2.501(2)
—Cosx2 2.520(2)
—Cosx2 2.543(3)
—Coyx1 2.609(1)
—Nd x2 2.943(1)
—Nd; x1 3.190(1)
~Ndax2 3.256(1)

NdCos space group: P6/mmm
Nd 1la —Cox6 2.9018
—Cox12 3.2024
—Ndx2 3.9700
Co 2c —Cox6 2.4587
—Ndx3 2.9018
—Cox3 2.9018
Co 3g —Cox4 2.4587
—Cox4 2.5130
—Ndx4 3.2024
Nd 4f —Co2x3 2.9230(2)
—Cozx3 2.9286(2)
—Cosx6 3.164(3)
—Cop x6 3.257(1)
—Nd; x1 3.556(2)
—Nd2x1 3.796(1)
Cog 4e —Cog %3 2.441(2)
—Cosx3 2.501(2)
—Nd2x3 2.9230(2)
—Co3zx3 2.9278(3)
Cog 4f —Copsx3 2.375(2)
—Cogx3 2.527(2)
—Co2x3 2.9278(3)
—Nd2x3 2.9286(2)
Coy4 6h —Cogx2 2.421(3)
—Cogx2 2.488(3)
—Cozx2 2.527(2)
—Cosx2 2.574(6)
—Nd2 x4 3.164(2)

4. Summary

The crystallographic and the magnetic structures
at room temperature of the composite compound
Nd5Cor are determined by a multi-pattern refinement
with NPD and XRD data. The compound crystallizes
into the CesNir-type structure. The magnetic struc-

ture model with the moments of all atoms aligning

along the c axis at 300 K fits the experimental NPD
data satisfactorily and coincides with the easy magne-
tization direction revealed by the XRD experiments
on magnetically pre-aligned fine particles. At room
temperature, the derived atomic moments of the Co
atoms vary in a range between 0.7 ug and 1.1 ugp,
the atomic moment of Nd in the NdCos slab is very
close to the theoretical moment of a free trivalent Nd
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ion, whereas the atomic moment of Nd in the NdCo,
slab is much smaller than the theoretical value for a
free trivalent Nd ion. The remarkable difference in
the atomic moment of the Nd atoms between differ-
ent structural slabs at room temperature is interpreted
in terms of the magnetic characteristics of the NdCoq
and NdCos compounds and the local chemical envi-
ronments of the Nd atoms in different structural slabs
of the NdsCo7; compound. The seemingly low atomic
moment of the Nd atom in the NdCoy slab at room
temperature is attributed to the thermal fluctuation

of the ordering of the Nd moments in the NdCos, slabs.
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