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The structure, magnetization and magnetostriction of Laves phase compound TbCo2 are investigated by temperature dependent
esolution neutron powder diffraction. The compound crystallizes in the cubic Laves phase C15 structure above its Curie temperaTC and
xhibits a rhombohedral distortion (space groupR3̄m) belowTC. By an appropriate extrapolation of the temperature factor of Co atom
C, the Rietveld refinement of the neutron powder diffraction data of the rhombohedral structure converges satisfactorily and reve
oments of Co1(3b) and Co2(9e) are almost equal. Tb moment follows well the Brillouin function. The total magnetic moment of2 is
bout 5.8µB/f.u., the anisotropic magnetostriction constantλ111 is about 4.6× 10−3 and the volume magnetostrictionωs is about 8.7× 10−3

t 14 K.
2004 Elsevier B.V. All rights reserved.

ACS: 75.25.+z; 61.12.−q; 75.80.+q
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. Introduction

For more than 20 years the cubic Laves phase compounds
Co2 (R = rare earth) have been one of particularly interesting
ubjects in solid state physics. The main reason for this is that
Co2 exhibits a metamagnetic transition due to the instability
f Co moment[1–5]. X-ray diffraction analysis revealed that
bCo2 undergoes a rhombohedral distortion around the mag-
etic ordering temperature[6]. The spontaneous anisotropic
agnetostriction constantλ111 and volume magnetostriction

onstantωs of TbCo2 reach 4.5× 10−3 and 6.8× 10−3 at
.2 K, respectively[7]. Neutron powder diffraction (NPD)
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study of some RCo2 compounds was performed by Hen
and Lee[8]. However, limited information of crystal and ma
netic structures was given in these investigations. Mag
ordering will cause a reduction of the symmetry of the cu
structure. A structural distortion occurs belowTC ≈ 240 K,
leading to two different Co atoms in TbCo2 [6,7]. It is likely
that the two different Co atoms will have different magn
moments, whereas Hendy and Lee simply considered th
the Co atoms have the same magnetic moment at low te
ature. To clear this paradox, a neutron diffraction experim
is necessary. In this paper, we re-investigate the crysta
the magnetic structures of TbCo2 by means of temperatu
dependent neutron powder diffraction. Detailed informa
of crystal and magnetic structures as well as the spontan
magnetostriction of the compounds is reported in this p
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2. Experimental procedures

Polycrystalline sample of TbCo2 was prepared by arc
melting the constituent elements with a purity of 99.9% in
an atmosphere of high-purity argon. The sample was arc-
melted 4–5 times 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 showed that the compound
has a cubic Laves phase C15 structure at room temperature.
All the neutron diffraction experiments were performed at the
NIST Center for Neutron Research (NCNR). The magnetic
order parameter was determined on the BT-7 spectrometer
with a wavelength of 2.4649̊A. NPD data for refinement of
the magnetic structure were collected on the high-resolution,
32-counter BT-1 diffractometer. A Cu (3 1 1) monochroma-
tor was used to produce a monochromatic neutron beam of
wavelength 1.5402(1)̊A. Collimators with horizontal diver-
gence 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 2θ range of 10–160◦ with a step of 0.05◦.
The program Fullprof[9,10]was used for the Rietveld refine-
ment of the crystal and magnetic structures of the compound,
using the following values of the scattering amplitudes:b(Tb)
= 0.738 andb(Co) = 0.249 (×10−12 cm).

3

pre-
s b-
s pat-
t men-
t y
t e-
p ubic
s arm-
i seen
o ails
o s are
d

with
t first
r e the
c he
d ge
f and
p used
t e. A
c se
s th
d s-
t
≈ aled
b l
i e

Fig. 1. Typical NPD patterns of TbCo2 at 14 and 300 K. The open circles
stand for the observed intensities, the solid lines are the calculated profiles.
At the bottom is shown the difference between the experimental and the
calculated intensities. In the inset is shown the calculated pattern without
the magnetic contribution in the low Bragg angle range. The difference
at the bottom represents the contribution of the magnetic structure to the
diffraction peaks. The index of the reflections refers to the cubic structure.

also derived. The temperature dependence of the lattice con-
stant and the unit cell volume of TbCo2 are shown inFig. 3.
It exhibits a second-order structural transition in the vicinity
of TC.

As the second step, the intensities of the magnetic reflec-
tions were determined by subtracting the contribution of nu-
clear structure from the observed intensities. Example of this
procedure is illustrated in the inset ofFig. 1 for 14 K. The
calculated profile in the upper part (solid line) does not in-
clude the magnetic contribution and therefore the difference
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. Results and discussion

Typical NPD patterns at different temperatures are
ented inFig. 1, in which the open circles stand for the o
erved intensities and the solid lines are the calculated
erns. The calculated patterns agree well with the experi
al ones. The pattern aboveTC is contributed exclusively b
he nuclear structure. InFig. 2 is shown the temperature d
endence of intensity of the (1 1 1) peak referred to the c
tructure measured on the BT-7 diffractometer when w

ng and cooling the sample. An evident hysteresis is
n the curves in the vicinity of Curie temperature. Det
f the refinement of the magnetic and crystal structure
escribed as follows.

Because of the overlap of the magnetic reflections
he nuclear Bragg reflections, the nuclear structure was
efined by using the NPD data in high angle region wher
ontribution from the magnetic ordering is negligible. T
ata in the range of 2θ = 100–160◦ were used at this sta

or the refinement of nuclear structure. The structural
rofile parameters obtained from the refinement were

o derive the profile generated by the nuclear structur
areful analysis reveals that TbCo2 has a cubic Laves pha
tructure with space groupFd3̄m at room temperature. Wi
ecreasing temperature, TbCo2 exhibits a rhombohedral di

ortion (space groupR3̄m) when the temperature is belowTC
240 K. This result is in good agreement with that reve

y X-ray powder diffraction[6]. Table 1gives the structura
nformation of TbCo2, where the lengths of CoCo bonds ar
ig. 2. The temperature dependence of the NPD counts of (1 1 1) p
he cubic structure measured on the BT-7 diffractometer. The errors ba
lso shown.
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Table 1
Structural parameters and atomic moments of TbCo2 at selected temperatures

Parameters 14 K 50 K 100 K 150 K 200 K 300 K

a (Å) 5.0824(6) 5.0832(2) 5.0864(2) 5.0900(2) 5.0932(3) 7.2099(1)
c (Å) 12.5351(5) 12.5344(6) 12.5266(6) 12.5140(7) 12.4981(9)
V (Å3) 46.73(2) 46.74(1) 46.77(1) 46.79(1) 46.79(1) 46.85(1)

Tb z 0.1264(1) 0.1268(2) 0.1264(3) 0.1258(0) 0.1241(9)
Mz (µB) 8.30(5) 8.17(9) 7.46(9) 6.33(9) 4.54(10)

Co1Mz (µB) 1.30(4) 1.11(6) 1.23(7) 1.08(8) 0.76(10)
Co2Mz (µB) 1.19(3) 1.23(4) 1.12(5) 1.10(6) 0.94(9)

dCo–Co(ave.) (̊A) 2.5470(2) 2.5472(1) 2.5478(2) 2.5481(1) 2.5481(1) 2.5491(1)
dCo1–Co2 (Å) 2.5530(1) 2.5525(1) 2.5521(2) 2.5510(1) 2.5501(3)
dCo2–Co2 (Å) 2.5410(2) 2.5421(3) 2.5429(3) 2.5448(2) 2.5471(1)
Rp (%) 4.84 6.79 7.08 6.59 7.31 4.24
Rwp (%) 6.36 9.15 9.46 8.61 9.87 5.88
χ2 1.86 1.31 1.34 1.21 1.55 1.40

WhenT < TC ≈ 240 K, the compound has a rhombodedral structure (space groupR3̄m) with atomic sites: Tb(6c) (0,0,z), Co1(3b) (0,0,0.5) and Co2(9e)
(0.5,0,0). WhenT > TC, the compound has a cubic structure (space groupFd3̄m) with atomic sites: Tb(8a) (0.125,0.125,0.125), Co(16d) (0.5,0.5,0.5).V is the
volume per chemical formula.dCo1–Co2 is the lengths of Co1Co2 bonds,dCo2–Co2 is the lengths of Co2Co2 bonds in one tetrahedron anddCo(ave.) is the
average bond length (seeFig. 7). The magnetic moments of Tb and Co are set alongc direction in the rhombohedral structure, i.e.,Mx = My = 0.

curve at the bottom shows the magnetic reflections. It can
be seen that the contribution due to the magnetic ordering is
very large compared with that of the nuclear structure. From
the difference curve it is in principle possible to determine
the orientation of the magnetic moments. Since the character
of the unit cell distortion is determined by the orientation of
the easy axis of magnetization in RCo2, the rhombohedral
distortion of the cubic unit cell indicates that the magnetic
moment has a preferential orientation along〈1 1 1〉 of the
cubic structure.

In the present model of magnetic structure for the refine-
ment, it is assumed that the moments of the magnetic atoms
in the compound have a collinear alignment. The initial mo-
ments are set to be along thec axis of the rhombohedral
structure, corresponding to the direction〈1 1 1〉 in the cubic
structure. The magnetic moments of Co1(3b) and Co2(9e) in
TbCo2 are initially set to have different values. For the sake
of simplicity, Co1(3b) and Co2(9e) are set to have identical
isotropic temperature factor. It was found that the temper-

F nit cell
v

ature factorB and the magnetic moment showed a strong
correlation in the refinement.BCo of TbCo2 is successfully
determined for the cubic phase (paramagnetic), whereas it
varies irregularly with temperature in the low temperature
region due to the small Co moment. Therefore, in our model,
the value ofBCo at low temperature is estimated by extrap-
olating that in cubic structure. ThenBTb can be derived and
shows an almost linear variation with temperature, as illus-
trated inFig. 4. The magnetic moments at different temper-
atures are thus derived from the refinement. The magnetic
moments of Tb and Co at some selected temperatures are
listed in Table 1. The refinement of the magnetic structure
reveals that the Tb moment and Co moment couple antifer-
romagnetically, in accordance with the general rule for the
heavy rare earth RCo2 compounds. The magnetic moment as
a function of temperature is shown inFig. 5. The solid lines
are Brillouin function normalized to the magnetic moments
at 14 K and to the ordering temperature (TC ≈ 240 K) with
J = 6 and 1/2 for Tb and Co, respectively. The Tb moment

Co

ig. 3. The temperature dependence of the lattice constant and the u
olume of TbCo2.
 Fig. 4. The temperature dependence of the temperature factor of Tb2.
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Fig. 5. The temperature dependence of magnetic moments of Tb and Co in
TbCo2. The solid lines are Brillouin functions normalized to the magnetic
moments at 14 K and to the ordering temperature (TC ≈ 240 K) with J = 6
and 1/2 for Tb and Co, respectively.

follows well the Brillouin function forJ = 6. The moments
of Co1(3b) and Co2(9e) are almost equal. The Co moment
also follows the Brillouin function forJ= 1/2, except around
TC, indicating the predominant contribution of the itinerant
electron spin of Co atom. Both the Tb and the Co moments
are a little larger than the report of Hendy and Lee[8]. How-
ever, the total magnetic moment of the compound is derived
to be 5.8µB/f.u. at 14 K, in good accordance with the result
of Hendy and Lee[8].

In RCo2, the existence of structure distortion would cause
a large anisotropic magnetostriction along the direction of
magnetization. Within first approximation the magnetostric-
tion of a cubic crystal in any direction given by the direction
cosinesβi can be expressed by

λ =
(

3

2

)
λ100

(∑
i

α2
i β

2
i − 1

9

)
+ 3λ111

∑
i≺j

αiαjβiβj (1)

whereαi represent the direction cosines of the magnetization.
FromEq. (1), one can easily obtain the following expressions:

λ111 = �α (2)

where�α is a deviation of the angle between neighboring
edges of the distorted cube fromπ/2 [11]. The obtained
a t
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Fig. 6. The temperature dependence of the anisotropic magnetostriction con-
stant of TbCo2.

umeVP, gives the spontaneous volume magnetostriction

ωs(T ) = Vm(T ) − VP(T )

VP(T )
(3)

whereVp is obtained by extrapolation from the paramag-
netic temperature region. In the first approximation,Eq. (3)
is related to thed-electron magnetic momentMCo by ωs =
kCM2

Co, wherek is the isotropic compressibility andC is
the volume magnetostriction coupling constant[11]. The ob-
tainedωs at 14 K is about 8.7× 10−3, which is larger than
6.8× 10−3 at 4.2 K[7]. TakingMCo ≈ 1.2µB, the value of
kC is estimated to be 6.0× 10−3µ−2

B .
Finally we calculate the distortion of the Co tetrahedron.

A schematic representation of a cubic unit cell of TbCo2 is
shown inFig. 7, where four Co tetrahedrons are embedded in
the diamond structure consisting of Tb atoms. Co1(3b) occu-
pies the top of the tetrahedron and the Co2(9e) occupies the
plane perpendicular to〈1 1 1〉. The Co Co bond lengths are
calculated and given inTable 1, wheredCo(ave.) is the aver-

F (space
g ond
s of all
C ing
t

nisotropic magnetostriction constantλ111 at 14 K is abou
.6 × 10−3, in good agreement with the result of Levi
nd Markosyan[11]. The temperature dependence ofλ111 is
hown inFig. 6.

The RCo2 compounds have a large spontaneous vo
agnetostriction due to the magnetic ordering of the itine
lectron system. The thermal expansion measurement s
s a useful tool to study thed-electron magnetism in the RC2
ompounds. The difference between the unit cell volume
iven temperatureVm and the “paramagnetic” unit cell vo
sig. 7. Schematic representation of the structure of cubic Laves phase
roupFd3̄m), in which four Co tetrahedrons are embedded in the diam
tructure consisting of Tb atoms. In the cubic structure, the lengths
o Co bonds are equal. WhenT < TC, the tetrahedron is distorted, lead

o a reduction ofdCo2–Co2 and an increase ofdCo1–Co2.
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age bond length. In the cubic structure, all the CoCo bond
lengths in the tetrahedron are equal. WhenT < TC, the value
of dCo2–Co2 is smaller anddCo1–Co2 is larger thandCo(ave.).
Therefore, the tetrahedrons of Co atoms elongate along the
〈1 1 1〉 direction of the cubic structure. The variation of the
bond length agrees with the fact that TbCo2 has a positive
anisotropic magnetostriction along the easy magnetization
direction〈1 1 1〉.

4. Conclusions

In present investigation, the crystal structure, magnetiza-
tion and anisotropic magnetostriction of TbCo2 are investi-
gated by temperature dependent high resolution neutron pow-
der diffraction. It is revealed that the compound retains the
cubic Laves phase C15 structure above Curie temperature
TC. As temperature decreases, TbCo2 exhibits a rhombohe-
dral distortion belowTC. The temperature dependence of the
unit cell volume, the magnetic moment and the anisotropic
magnetostriction constantλ111 are derived. It is revealed that
the moments of Co1(3b) and Co2(9e) are almost equal. The
Tb moment follows very well the Brillouin function forJ= 6.
The obtained magnetic moment of TbCo2 is about 5.8�B/f.u.,
the anisotropic magnetostriction constantλ111 is about 4.6×

10−3 and the volume magnetostrictionωs is about 8.7× 10−3

at 14 K.
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