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The crystal and the magnetic structures as well as magnetostriction of the Laves-phase compound NdCo2 are
investigated by means of temperature-dependent high-resolution neutron-powder diffraction. The compound
crystallizes in the cubic Laves phaseC15 structure at high temperature, undergoes a tetragonal distortion
sspace groupI41/amdd aroundTC<100 K and an orthorhombic distortionsspace groupFdddd at T<42 K.
The temperature dependence of lattice constants, magnetostriction constant, and magnetic moment indicate that
the magnetic and structural transitions are second order in the vicinity ofTC and are first-order around 42 K.
Refinements of magnetic structure reveal that the Nd moment distinctly exhibits an abrupt increase at the
first-order transition and the easy magnetization direction of the compound changes fromf001g in the tetrag-
onal lattice tof011g in the orthorhombic lattice, indicating a strong coupling between crystal structure and
magnetic properties at zero field. Analysis of the temperature dependence of bondlength suggests a strong
magnetic exchange striction in the tetragonal structure and that the abrupt increase of the Nd moment is
attributed essentially to a change in crystal electric field. Field-dependent neutron diffraction reveals a decou-
pling of the magnetic and structural transitions under relatively modest magnetic fields.
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I. INTRODUCTION

For more than twenty years the cubic Laves-phase com-
poundsRCo2 sR=rare earthd have been interesting in con-
densed matter physics as one of the 4f-3d systems that show
a magnetic instability of the 3d subsystem. Owing to the
simple magnetic and crystallographic structures ofRCo2, it is
possible to give a clear interpretation of most experiments
and to check various physical theories.1 RCo2 compounds
exhibit a number of characteristic properties, in particular a
metamagnetic transition induced by an external magnetic
field or by the molecular field.2–6 A large magnetovolume
effect that accompanies the magnetic ordering of the itinerant
electron system has been observed in many of these com-
pounds. Strong anisotropic magnetoelastic interactions result
in various lattice distortions at the magnetic ordering tem-
perature of theRCo2 compounds and the character of the unit
cell distortion is determined by the orientation of the easy
axis of the magnetization in all cases.7 Among the RCo2
compounds, NdCo2 and HoCo2 unusually exhibit another
structural transition at low temperature, in addition to the one
taking place atTC.7,8

X-ray diffraction sXRDd analysis revealed that NdCo2
crystallized in the Laves-phaseC15 structure above Curie
temperatureTC,100 K, in a tetragonal structure belowTC
and in an orthorhombic structure below 42 K.7,8 Mössbauer
study revealed that the easy magnetization direction is along
f100g belowTC and changes tof110g of the cubic structure at
about 42 K.9 However, early neutron-powder-diffraction
sNPDd studies did not show any change in either the crystal-
line or the magnetic structure of NdCo2 below itsTC.10,11The
study of Hendy and Lee11 did not reveal any noticeable

anomaly of the Nd moment in NdCo2 around 42 K, whereas
a decrease of Co moment with temperature was shown to
occur around 35 K, which was inconsistent with magnetiza-
tion measurements. Baranovet al. observed an abrupt in-
crease of magnetization around 42 K on the magnetization
curve of NdCo2 and explained this behavior as a spin
reorientation.12 Normally, a spin-reorientation transition in-
volves exclusively a change in easy direction of magnetiza-
tion but not in the magnitude of magnetization and crystal-
lographic structure. The XRD work of Ref. 6 demonstrated
discontinuous changes of both the lattice constants and the
anisotropic magnetostriction constantl100 at 42 K, indicating
that the tetragonal to orthorhombic transition is a first-order
one. The significant change of crystal structure may alter the
electronic structure of the compound accordingly. Therefore,
couplings between the crystal structure and magnetic struc-
ture are expected, which can lead to changes not only in the
easy magnetization direction but also in the Nd and the Co
moments, i.e., the magnetic transition at 42 K could be more
complex than a simple spin reorientation. Surprisingly, de-
tailed magnetic structure of NdCo2 below 42 K has not been
further investigated for more than two decades, though the
magnetic structure data is indispensable for constructing a
reliable physical model and for understanding the properties
of the compound. Thus, the nature of the simultaneous mag-
netic and structural transitions in NdCo2 at 42 K remains
unclear.

The simultaneous occurrence of the first-order structural
and magnetic transitions due to the strong magnetoelastic
interaction in NdCo2 is intriguing in physics and may be of
potential applications. For instance, the coupled first-order
magnetic and structural transitions are considered to be re-
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sponsible for the giant magnetocaloric effect, the clossal
magnetostriction and the giant magnetoresistance in
Gd5sSi,Ged4 compounds.13,14 The strong magnetoelastic in-
teraction allows a system to gain magnetic exchange energy
at the expense of elastic energy or structure distortion, which
could be released by an applied magnetic field as evidenced
by the existence of a field-induced monoclinic ferromagnetic
phase in Tb5Si2Ge2.

15 As for the NdCo2 compound, Baranov
et al. showed that an applied field greater than 6.5 T could
smear out the magnetization jump of the bulk sample at
around 42 K.12 But there is no report regarding the response
of the crystal structure to an applied field, i.e., whether the
lattice distortion coupled with the magnetic transition at zero
field could be released by an applied field.

For the above mentioned reasons, we undertook measure-
ments of the crystal and the magnetic structures of NdCo2 by
means of temperature- and field-dependent high-resolution
neutron-powder diffraction in order to understand the char-
acters of the magnetic and structural transitions occurring in
the compound. In this paper, a brief description of sample
preparation and neutron powder diffraction experiments will
be given in Sec. II. The crystal and the magnetic structures of
NdCo2 in different temperature regions are refined based on
NPD data, and the lattice parameters and anisotropic magne-
tostriction constant of NdCo2 as functions of temperature are
derived in Sec. III. A discussion on the correlation between
the structural distortion and the magnetic structure is pre-
sented in Sec. IV, and a summary is given in Sec. V.

II. EXPERIMENTAL

A polycrystalline sample of NdCo2 was prepared by arc
melting the constituent elements with a purity of 99.9% in an
atmosphere of high-purity argon. The sample was repeatedly
arc melted with the button being turned over. The weight loss
during arc melting was less than 0.1 wt. %. The ingots were
annealed at 800 °C under vacuum for 14 days. X-ray powder
diffraction analysis confirmed that the compound has a cubic
Laves-phaseC15 structure at room temperature. All the neu-
tron experiments were performed at the NIST Center for
Neutron ResearchsNCNRd. The magnetic order parameter
was determined on the BT-7 spectrometer with a neutron
wavelength of 2.4649 Å provided by a pyrolytic graphite
monochromator and filter. NPD data for refinement of the
crystal and the magnetic structures were collected on the
high-resolution, 32-counter BT-1 diffractometer. A Cus311d
monochromator was used to produce a monochromatic neu-
tron beam of wavelength 1.5402s1d Å. Collimators with hori-
zontal divergence of 15, 20, and 7 min of arc were used
before and after the monochromator and after the sample,
respectively. Data were collected in the 2u range of 10°–160°
with a step of 0.05°. The programFULLPRO16,17 was used
for the Rietveld refinement of the crystal and the magnetic
structures of the compound, using the following values of
the scattering amplitudes:bsNdd=0.769 and bsCod
=0.249s310−12 cmd.

III. EXPERIMENTAL RESULTS

A. Crystal and magnetic structures

Typical NPD patterns at different temperatures are pre-
sented in Fig. 1, in which the open circles stand for the

observed intensities and the solid line is the calculated pat-
tern. The calculated patterns agree well with the experimen-
tal ones. A few weak extra peaks are contributed by the
Nd4Co3 phase, which was included in the refinements. The
Bragg peaks aboveTC are exclusively nuclear scattering in
origin. Figure 2 shows the temperature dependence of inten-
sity of the s111d peak referred to the cubic structure, mea-
sured on the BT-7 diffractometer when warming the sample.
The Curie temperature derived from Fig. 2 is a little
higher than the value determined from magnetization
measurement.18 The curve shown in Fig. 2 mimics the mag-
netization curve measured by Baranorvet al..12 The notice-
able jump of intensity around 42 K is indicative of the re-
ported spin reorientation.

Because of the exact overlap of magnetic reflections with
the nuclear Bragg reflections, the nuclear structure was first
refined by using the NPD data in the high angle region where
the contribution of magnetic ordering is negligible. The data
in the range of 2u=60°–160° were used at this stage for the
refinement of nuclear structure. The structural and profile
parameters obtained from the refinement were used to derive
the profile generated by the nuclear structure. A careful
analysis reveals that NdCo2 has the cubic Laves-phase struc-

ture with space groupFd3̄m at room temperature. With de-
creasing temperature, NdCo2 exhibits a tetragonal distortion
sspace groupI41/amdd when 42,T,TC<100 K and an
orthorhombic distortionsspace groupFdddd whenT,42 K.
These results are in good agreement with those revealed by
x-ray powder diffraction.7 Table I gives the structural infor-
mation of NdCo2. The temperature dependence of the lattice
constants and the unit cell volume per chemical formula are
showed in Fig. 3. They exhibit continuous changes in the
vicinity of TC but discontinuous changes around 42 K.

After refining the nuclear structure based on the high
angle NPD data, the intensities of magnetic reflections were
then determined by subtracting the contribution of nuclear
structure from the observed intensities. An example of this
procedure is illustrated in the inset of Fig. 1 forT=9 K. The
calculated profile in the upper partssolid lined does not in-
clude the magnetic contribution and therefore the difference
curve at the bottom shows the magnetic reflections. In
NdCo2 the contribution of the magnetic ordering to the neu-
tron diffraction intensity is very small, compared with that of
the nuclear scattering. Since the character of the unit cell
distortion ofRCo2 compounds is determined by the orienta-
tion of the easy axis of magnetization, the easy magnetiza-
tion direction of NdCo2 is expected to be alongf001g for the
tetragonal distortion and alongf011g for the orthorhombic
distortion.7

In the present model of magnetic structure used in the
refinement, it is assumed that the moments of the magnetic
atoms in NdCo2 exhibit a collinear alignment. The initial
moments are set to be equal along theb and c axes in the
orthorhombic lattice, i.e., the resultant moment is along the
f110g direction in the cubic structure, and set to be along the
c axis in the tetragonal lattice, i.e.,f100g direction in the
cubic structure, in accordance with the character of the unit
cell distortions. At room temperature the isotropic tempera-
ture factors are determined to beku2lNd,0.0065 Å2 and
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ku2lCo,0.0057 Å2. However, with decreasing temperature
the refinement ofBNd andBCo exhibits instability because of
the small moment of the Co and a strong correlation between
the temperature factorB and the magnetic moment of both

the Nd and Co atoms. Considering the fact that the tempera-
ture factor reduces with decreasing temperature, we approxi-
mately assume that bothBNd andBCo decrease linearly from
the values at room temperature to zerosor close to zero in
this systemd at 0 K. The magnetic moments of the Nd and Co
atoms at different temperatures are then derived successfully
from the refinements and those at 9, 60, and 200 K are listed
in Table I. The refinement results of the magnetic structure
indicate that the Nd moment and Co moment couple ferro-
magnetically along thef001g direction in the tetragonal lat-
tice and along thef011g direction in the orthorhombic lattice,
in agreement with the general rule of the coupling between
light rare-earth metal moment and transition metal moment
within the two-sublattice model.19 At 9 K, the Nd moment is
2.80mB, close to its free trivalent ion value, and the Co mo-
ment is 0.73mB, in agreement with the molecular-field in-
duced Co moment inRCo2 documented in Ref. 1. The total
magnetic moment of NdCo2 derived from the structure re-
finement results is about 4.26mB/ f .u. at 9 K, ingood agree-
ment with the results of magnetization measurements.18 The
temperature dependence of the magnetic moments is shown
in Fig. 4. The moment of Nd atom exhibits an abrupt in-
crease at about 42 K, in coincidence with the BT-7 data
shown in Fig. 2 and the magnetization curve reported in Ref.

FIG. 1. Typical NPD patterns at 9, 60, and
200 K for NdCo2. The open circles stand for the
observed intensities, the solid lines are the calcu-
lated profiles. At the bottom is shown the differ-
ence between the experimental and calculated in-
tensities. In the inset is shown the calculated
pattern without the magnetic contribution in the
low angle range. The difference at the bottom
represents the contribution of the magnetic struc-
ture to the diffraction pattern. The index of the
reflections refers to the cubic structure.

FIG. 2. Temperature dependence of the NPD counts ofs111d
peak in the cubic structure measured on the BT-7 diffractometer.
The errors bars are also shown and represent one standard devia-
tion. The solid curve is a guide to the eye. The arrows indicate the
TC.

MAGNETIC STRUCTURE, MAGNETOSTRICTION, AND… PHYSICAL REVIEW B 71, 064405s2005d

064405-3



8, whereas the jump in the Co moment, if any, around 42 K
is rather small, in agreement with the small volume change at
the transition shown in Fig. 3, since the magnetovolume
anomaly is directly proportional to theMCo

2 in a first ap-
proximation forRCo2 compounds.7 The temperature depen-
dence of the Nd moment is distinctly different from that
reported in Ref. 11, in which the Nd moment varied
smoothly and followed the Brillouin function forJ=9/2. The
present NPD work demonstrates that the magnetic and the
structural transitions of NdCo2 at 42 K involve changes not
only in easy magnetization directionsEMDd but also in the
magnitude of magnetization. It is also revealed that the mag-
netization jump of the bulk sample at 42 K is attributed
essentially to the change of the EMD and that of the Nd
moment.

B. Magnetostriction

RCo2 compounds exhibit a large anisotropic magneto-
striction along the direction of magnetization, giving rise to
large lattice distortions.7 Within a first approximation the
magnetostriction of a cubic crystal in any direction given by
the direction cosinesbi can be expressed as

l = s3/2dl100So
i

ai
2bi

2 − 1/9D + 3l111o
ia j

aia jbib j , s1d

where theai’s represent the direction cosines of the magne-
tization. The magnetostriction constantsl100 and l111 are
defined as the deformations along thef100g si.e., f001g in the
tetragonal structured andf111g directions, respectively. From
Eq. s1d, one can obtain the following expression:

TABLE I. Structural parameters of NdCo2 at 9, 60, and 200 K.

Parameters 9 K 60 K 200 K

Structure Orthorhombic Tetragonal Cubic

Space group Fddd I41/amd Fd3̄m

asÅd 7.2974s2d 5.1566s1d 7.2914s2d
bsÅd 7.2821s6d 5.1566s1d
csÅd 7.2775s6d 7.2708s3d
VsÅ3/ f .u .d 48.34s1d 48.33s1d 48.46s1d
Nd site 8as0,0,0d 4bs0,0,1/2d 8as0,0,0d

MxsmBd 0 0 0

MysmBd 1.98s4d 0 0

MzsmBd 1.98s4d 2.43s8d 0

MomentsmBd 2.80s6d 2.43s8d 0

Co site 16ds5/8,5/8,5/8d 8cs0,1/4,1/8d 16ds5/8,5/8,5/8d
MxsmBd 0 0 0

MysmBd 0.52s2d 0 0

MzsmBd 0.52s2d 0.59s5d 0

MomentsmBd 0.73s3d 0.59s5d 0

Rps%d 5.46 6.97 7.19

Rwps%d 7.31 9.02 9.25

x2 1.31 0.96 1.07

FIG. 3. Temperature dependence of the lattice constant and the
unit cell volume of NdCo2.

FIG. 4. Temperature dependence of magnetic moments of Nd
and Co in NdCo2. The errors bars are also shown. The solid lines
are guides to the eye.
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l100=
2

3
Da/a, s2d

whereDa is the difference between inequivalent edges of the
distorted cube.20 The obtained anisotropic magnetostriction
l100 at different temperature is shown in Fig. 5. The absolute
value of l100 decreases with temperature. An anomaly is
revealed at about 42 K, where the first-order structural
transition takes place. The obtainedl100 at 9 K is about
−3.2310−3, which is a little smaller than the report of Gratz
et al.7

The RCo2 compounds show a large spontaneous volume
magnetostriction due to the magnetic ordering of itinerant
electron system. Thermal expansion measurements serve as a
useful tool to study thed-electron magnetism in theRCo2
compounds. The difference between the unit cell volume at a
given temperatureVm and the “paramagnetic” unit cell vol-
umeVp gives the spontaneous volume magnetostriction

vssTd = fVmsTd − VPsTdg/VPsTd, s3d

whereVp is obtained by extrapolation from the paramagnetic
temperature region. In a first approximation, Eq.s3d is re-
lated to the d-electron magnetic momentMCo by vs
=kCMCo

2 , wherek is the isotropic compressibility andC is
the volume magnetostriction coupling constant.19 The ob-
tained vs at 9 K is about 2.9310−3. From Fig. 4,MCo is
about 0.7mB. The value ofkC is thus derived to be about
6.0310−3 mB

−2.

C. Field dependence of crystal structure

Figure 6 shows part of the NPD patterns recorded in zero
field and in a field of 6.9 T. It is revealed that the cubic
structure can be recovered by an applied magnetic field. The
s800d, s080d, and s008d reflections for the orthorhombic
structure at 10 K and thes440d and s008d reflections for the
tetragonal structure at 50 K merge into a singles800d reflec-
tion for the cubic structure under the applied field of 6.9 T.

The splitting of thes620d reflection for the cubic structure
is also salient as the lattice distortion occurs. Thes620d re-
flection in the cubic structure splits into three reflections for
the tetragonal structure, i.e.,s420d, s332d, ands116d, and into
six reflections for the orthorhombic structure, i.e.,s620d,
s602d, s260d, s062d, s206d, ands026d. In the tetragonal struc-

ture thes420d ands332d reflections overlap severely, while in
the orthorhombic structure the first four reflections, i.e.,
s620d, s602d, s260d, ands062d, also overlap severelyssee the
inset in Fig. 8d. Figure 7 shows the field dependence of the
relative intensity ofs116dT reflection at 50 K, which indicates
that at this temperature the tetragonal structure is trans-
formed to the cubic structure atH,0.26 T. At 10 K, the
total intensityIS of the s206d and s026d reflections, with re-
spect to the total intensityIT of the six reflections, decreases
rapidly for H,0.6 T as shown in Fig. 8. The profile evolu-
tion of the NPD patterns recorded at 10 K under the same
experimental conditions except for the strength of the ap-
plied field is presented in the inset in Fig. 8. Figure 8 indi-
cates that at 10 K a transition from the orthorhombic struc-
ture to the tetragonal structure occurs atH,0.6 T and a
transition from the tetragonal structure to the cubic structure
takes place atH,2.9 T. The profile evolution shown in the
inset in Fig. 8 also ascertains the field-driven structural tran-
sitions. If the intensity decrease of the tetragonals116dT peak
or that of the orthorhombics206d and s026d peaks were due
to a field induced preferential orientation of the crystallites,
the intensity of the peaks at lower angle should be increased
accordingly.

FIG. 5. Temperature dependence of the anisotropic magneto-
striction constantl100 of NdCo2.

FIG. 6. NPD patterns at 10 and 50 K under zero field and
6.9 T.

FIG. 7. Field dependence of the relative intensity ofs116dT re-
flection of the tetragonal structure at 50 K.
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IV. DISCUSSION

The temperature dependence of lattice constants, aniso-
tropic magnetostriction constant, and magnetic moments of
NdCo2 shown in Figs. 3–5 indicate that the magnetic and the
structural transitions are second-order transitions in the vi-
cinity of TC and are first-order transitions around 42 K.
Based on the data shown in Fig. 3, it is easy to derive the
lengths of Nd-Nd, Nd-Co, and Co-Co bonds in the structure.
Figure 9sad illustrates the cubic Laves phase structure for
NdCo2 at room temperature and the coordination polyhedra
of the Co atom and the Nd atom. Figure 9sbd presents the
temperature dependence of the bondlengths of a Nd atom to
its ligand atomss4Nd+12Cod and of a Co atom to its ligand
atomss6Nd+6Cod. In Fig. 9sbd, dNdNd is the length of the
Nd-Nd bonds,dNdCosidsi =a,b,cd the length of the Nd-Co
bonds with the largest projection along thei direction and
dCoCosi j dsi , j =a,b,cd the length of the Co-Co bonds along
the si + jd or si − jd directions.

Figure 9sbd shows thatdNdNd varies smoothly as the tem-
perature decreases, whereasdNdCosad and dNdCosbd increase
and dNdCoscd decreases obviously belowTC. At 42 K an
abrupt decrease or increase occurs fordNdCosbd or dNdCoscd.
For dCoCo, similar feature is observed, i.e.,dCoCosabd in-
creases,dCoCosacd and dCoCosbcd decrease belowTC, while
an abrupt decrease or increase takes place fordCoCosabd or
dCoCosacd. Therefore, the coordination ployhedra of both the
Nd and the Co atoms in the magnetic states are compressed
in the easy magnetization direction for both the tetragonal
and the orthorhombic structures.

SincedNdNd does not exhibit any obvious jump at 42 K,
the abrupt increase of Nd moment should be associated with
the abrupt changes in length of the Nd-Co bonds. However,
the average lengthdavesNdCod of Nd-Co bonds is almost
independent of temperature belowTC as indicated by the
dashed line in Fig. 9sbd. It implies that the abrupt increase of

Nd moment is essentially due to the change in the chemical
environment around Nd atoms. In the tetragonal structure a
Nd atom involves in eight long and four short Nd-Co bonds
to its ligand Co atoms, whereas in the orthorhombic structure
it participates in four long and eight short Nd-Co bonds to its
ligand Co atoms. Therefore, the spin reorientation due to the
temperature dependence of the anisotropy energy results in
the structural transition via strong magnetoelastic interaction,
which in turn alters the crystal electric fieldsCEFd acting on
Nd atoms and leads to the increase of the Nd moment. How-
ever, although the bondlengths of a Co atom to its ligand
atomssdNdCo anddCoCod also change discontinuously at 42 K,
the Co moment changes only slightly as shown in Fig. 4.
This phenomenon is coincident with the metamagnetic char-
acter of the Co moment inRCo2 compounds, which ap-
proaches to the saturated value of 0.8–1mB rapidly once it is
induced by the molecular-field or an external field.1

In the inset of Fig. 9sbd we show the temperature depen-
dence of the strain on Nd-Co bonds measured by«
=ksdNdCo−daved2l1/2/dave. Below TC, the strain increases pro-
nouncedly as temperature decreases and as the long-range
magnetic ordering develops, indicative of a strong magnetic
exchange striction. A magnetic exchange striction results
from a geometrical degree of freedom which allows the two
coupled ions to accommodate their distance in order to gain
magnetic exchange energy at the expense of elastic
energy.21,22 The strain is partially released by the structural
transition and almost independent of the temperature below
42 K. It implies the exchange energy gain by the striction is
negligible in the orthorhombic structure and the magneto-
crystalline anisotropy dominates the stable magnetic struc-
ture. For the tetragonal NdCo2, in which the exchange stric-
tion is strong, an applied field can release the lattice strain by
gaining Zeeman energy to recover the cubic symmetry. For
the orthorhombic NdCo2, however, an applied field first

FIG. 8. Field dependence of
the relative intensity of thes206d
ands026d reflections for the ortho-
rhombic structure at 10 K.IS is the
total intensity of thes206d and
s026d reflections,IT the total in-
tensity of thes620d, s602d, s260d,
s062d, s206d, ands026d reflections.
The inset shows the profiles of the
NPD patterns at 10 K in magnetic
fields of 0.2, 0.6, and 2.3 T. The
vertical bars indicate the expected
Bragg positions for tetragonal
s420d, s332d, ands116d reflections
supper rawd, and fors620d, s602d,
s260d, s062d, s206d, and s026d re-
flections, in sequence of increas-
ing angle.
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drove the system to a less distorted tetragonal symmetry at
relatively low field and then recovered the cubic symmetry at
a much higher field than that required for the tetragonal
phase, since the exchange striction is week below 42 K.

Recalling that a much higher field,,6.5 T, than that for
recovering the cubic structure,,2.9 T at 10 K, was required

to smear out the magnetization jump at 42 K,12 it is antici-
pated that the easy magnetic magnetization direction does
not alter although the cubic structure is recovered. It implies
that the simultaneous magnetic and structural transitions ob-
served at zero field can be decoupled by a relatively modest
applied field. Similar phenomenon was also reported in
monoclinic Tb5Si2Ge2,

15 in which a field-induced paramag-
netic to ferromagnetic transition could occur without the
structural transition that usually accompanies the magnetic
transition in otherR5sSi,Ged4 systems.13,14 However, be-
cause of the cubic symmetry and the influence of the applied
magnetic field, it is not possible to determine the accurate
magnetic structure by powder-neutron diffraction, and simi-
lar field-dependent neutron diffraction works on single crys-
tals are desired. Unfortunately, we have not got high-quality
single crystals for the NPD experiments under our experi-
mental conditions.

V. CONCLUSIONS

The crystal structure, magnetic structure, and anisotropic
magnetostriction of NdCo2 have been investigated by means
of temperature- and field-dependent high-resolution neutron-
powder diffraction. NdCo2 has the cubic Laves-phaseC15
structure above Curie temperatureTCs,100 Kd. With de-
creasing temperature, NdCo2 undergoes a second-order tran-
sition from the cubic to a tetragonal structuresspace group
I41/amad at TC and a first-order transition from the tetrago-
nal to an orthorhombic structuresspace groupFdddd at T
<42 K. The temperature dependence of the magnetic mo-
ment and the anisotropic magnetostriction constant is deter-
mined by neutron powder diffraction. The Nd moment and
the magnetostriction exhibit abrupt changes at 42 K, indica-
tive of a strong coupling between magnetism and crystal
structure. Analysis of bondlength reveals a strong magnetic
exchange striction in the tetragonal structure and a dominat-
ing contribution of magnetocrystalline anisotropy in the
orthorhombic structure. The structural transition atTC is at-
tributed to the strong magnetoelastic interaction, whereas the
structural transition at 42 K is caused via the magnetoelastic
interaction by the spin reorientation due to the temperature
dependence of the anisotropy energy. The structural transi-
tion at 42 K alters the crystal electric field acting on the Nd
atoms, leading to the increase of the Nd moment. The cubic
symmetry of the structure can be recovered belowTC by an
application of relatively modest magnetic fields, indicating a
decoupling of the magnetic and crystal structural transitions
under the applied magnetic fields.
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FIG. 9. sad Crystal structure of the cubic Laves phase for NdCo2

at room temperature. The coordination polyhedra of the Nd and the
Co atoms are depicted.sbd Temperature dependence of the lengths
of Nd-Nd, Nd-Co, and Co-Co bonds between the centered and the
ligand atoms in the coordination polyhedra of the Nd and the Co
atoms. The dashed lines represent the averaged lengths of the
bonds. The inset insbd shows the relative strain on the Nd-Co
bonds.

MAGNETIC STRUCTURE, MAGNETOSTRICTION, AND… PHYSICAL REVIEW B 71, 064405s2005d

064405-7



*E-mail address: ghrao@aphy.iphy.ac.cn
1N. H. Duc and P. E. Brommer, inHandbook of Magnetic Mate-

rials, edited by K. H. J. BuschowsNorth-Holland, Amsterdam,
1999d, Vol. 12, p. 259.

2M. I. Batashevich, H. A. Katori, T. Goto, H. Wada, T. Maeda, T.
Mori, and M. Shiga, Physica B229, 315 s1997d.

3T. Goto, H. A. Katori, T. Sakakibara, H. Mitamura, K. Fukamichi,
and K. Murata, J. Appl. Phys.76, 6682s1994d.

4T. Goto, K. Fukamichi, and H. Yamada, Physica B300, 167
s2001d.

5S. Khmelevskyi and P. Mohn, J. Phys.: Condens. Matter12, 9453
s2000d.

6E. Gratz and A. S. Markosyan, J. Phys.: Condens. Matter13,
R385 s2001d.

7E. Gratz, A. Lindbaum, A. S. Markosyan, H. Mueller, and A. Y.
Sokolou, J. Phys.: Condens. Matter6, 6699s1994d.

8E. Gratz, Solid State Commun.48, 825 s1983d.
9U. Atzmony, M. P. Dariel, and G. Dublon, Phys. Rev. B14, 3713

s1976d.
10R. M. Moon and W. C. Koehler, J. Appl. Phys.36, 978 s1965d.
11P. Hendy and E. W. Lee, Phys. Status Solidi A50, 101 s1978d.

12N. Baranov, E. Gratz, H. Nowotny, and W. Steiner, J. Magn.
Magn. Mater.37, 206 s1983d.

13V. K. Pecharsky and K. A. Gschneidner, Jr., Phys. Rev. Lett.78,
4494 s1997d.

14V. K. Pecharsky and K. A. Gschneidner, Jr., Adv. Mater.sWein-
heim, Ger.d 13, 683 s2001d.

15L. Morellon, C. Ritter, C. Magen, P. A. Algarabel, and M. R.
Ibarra, Phys. Rev. B68, 024417s2003d.

16H. M. Rietveld, Acta Crystallogr.229, 151 s1967d.
17J. L. Rodríguez-Carvajal, Physica B192, 55 s1993d.
18Z. W. Ouyang, G. H. Rao, H. F. Yang, W. F. Liu, and J. K. Liang,

Appl. Phys. Lett.81, 97 s2002d.
19K. H. J. Buschow, inFerromagnetic Materials, edited by E. P.

Wohlfarth sNorth-Holland, Amsterdam, 1980d, Vol. 7, p 297.
20R. Z. Levitin and A. S. Markosyan, J. Magn. Magn. Mater.84,

247 s1990d.
21C. Kittel, Phys. Rev.120, 335 s1960d.
22Th. Strässle, F. Juranyi, M. Schneider, S. Janssen, A. Furrer, K.

W. Krämer, and H. U. Güdel, Phys. Rev. Lett.92, 257202
s2004d.

OUYANG et al. PHYSICAL REVIEW B 71, 064405s2005d

064405-8


