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Abstract

The structure, magnetization and magnetostriction of Laves phase compound dieCavestigated by temperature dependent high
resolution neutron powder diffraction. The compound crystallizes in the cubic Laves phase C15 structure above its Curie tefgpemeture
exhibits a rhombohedral distortion (space grd&8m) belowTc. By an appropriate extrapolation of the temperature factor of Co atom above
Te, the Rietveld refinement of the neutron powder diffraction data of the rhombohedral structure converges satisfactorily and reveals that the
moments of Col1(3b) and Co2(9e) are almost equal. Tb moment follows well the Brillouin function. The total magnetic moment @& ThCo
about 5.8/f.u., the anisotropic magnetostriction constant is about 4.6x 10~ and the volume magnetostrictian is about 8.7x 1073
at 14 K.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction study of some RCpcompounds was performed by Hendy
and Led8]. However, limited information of crystal and mag-
For more than 20 years the cubic Laves phase compoundsetic structures was given in these investigations. Magnetic
RCo (R =rare earth) have been one of particularly interesting ordering will cause a reduction of the symmetry of the cubic
subjects in solid state physics. The main reason for this is thatstructure. A structural distortion occurs beldw ~ 240K,
RCo, exhibits a metamagnetic transition due to the instability leading to two different Co atoms in Th6,7]. It is likely
of Co momenfl1-5]. X-ray diffraction analysis revealed that that the two different Co atoms will have different magnetic
ThCao undergoes arhombohedral distortion around the mag- moments, whereas Hendy and Lee simply considered that all
netic ordering temperatufé]. The spontaneous anisotropic the Co atoms have the same magnetic moment at low temper-
magnetostriction constahti1 and volume magnetostriction  ature. To clear this paradox, a neutron diffraction experiment
constantws of ThCo reach 4.5x 103 and 6.8x 103 at is necessary. In this paper, we re-investigate the crystal and
4.2 K, respectively[7]. Neutron powder diffraction (NPD) the magnetic structures of Tbhgby means of temperature
dependent neutron powder diffraction. Detailed information
*+ Corresponding author. Tel.: +86 1082649085; fax: +86 1082649531, ©! CTystal and magnetic structures as well as the spontaneous
E-mail addressghrao@aphy.iphy.ac.cn (G.H. Rao). magnetostriction of the compounds is reported in this paper.
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2. Experimental procedures 160004 . ™ 8
Polycrystalline sample of TbGowas prepared by arc 12000 woo, | ;g g

melting the constituent elements with a purity of 99.9% in

an atmosphere of high-purity argon. The sample was arc- _ 80001 Mo T

melted 4-5 times with the button being turned over. The £ 400 E 1020 90 4050 %0

weight loss during arc-melting was less than 0.1 wt.%. The § 2

ingots were annealed at 800 under vacuum for 14 days. = °T—
X-ray powder diffraction analysis showed that the compound
has a cubic Laves phase C15 structure at room temperature 2 5, |
Allthe neutron diffraction experiments were performed atthe = ‘ 300K
NIST Center for Neutron Research (NCNR). The magnetic 2000+
order parameter was determined on the BT-7 spectrometet
with a wavelength of 2.4648. NPD data for refinement of 10004 ¢
the magnetic structure were collected on the high-resolution, o
32-counter BT-1 diffractometer. A Cu (31 1) monochroma- : : : : : : :
tor was used to produce a monochromatic neutron beam of 20 40 60 80 100 120 140 160
wavelength 1.5402(1!"}\. C_ollimators with horizontal diver- 26 (Deg.)
gence of 15, 20, and 7 min of arc were used before and after
the monochromator and after the sample, respectively. Datarig. 1. Typical NPD patterns of ThGat 14 and 300 K. The open circles
were collected in the@range of 10—160with a step of 0.05. stand for the observed intensities, the solid lines are the calculated profiles.
The program Fullprof9,10]was used for the Rietveld refine- At the bottgm is _s‘hown the Qiﬁere‘nce between the experimental an_d the
ment of the crystal and magnetic structures of the Compounc|'calculated mtensmgs. I.n thg inset is shown the calculated patterr\ without
. . . . the magnetic contribution in the low Bragg angle range. The difference
using the following values of the scattering amplitudg€3b)

D) at the bottom represents the contribution of the magnetic structure to the
=0.738 and(Co) = 0.249 10~ *“cm). diffraction peaks. The index of the reflections refers to the cubic structure.

also derived. The temperature dependence of the lattice con-
3. Results and discussion stant and the unit cell volume of Thgare shown irFig. 3.
It exhibits a second-order structural transition in the vicinity
Typical NPD patterns at different temperatures are pre- of Tc.
sented inFig. 1, in which the open circles stand for the ob-  As the second step, the intensities of the magnetic reflec-
served intensities and the solid lines are the calculated pat-tions were determined by subtracting the contribution of nu-
terns. The calculated patterns agree well with the experimen-clear structure from the observed intensities. Example of this
tal ones. The pattern aboVe is contributed exclusively by  procedure is illustrated in the inset Bfg. 1 for 14 K. The
the nuclear structure. IRig. 2is shown the temperature de-  calculated profile in the upper part (solid line) does not in-
pendence of intensity of the (11 1) peak referred to the cubic clude the magnetic contribution and therefore the difference
structure measured on the BT-7 diffractometer when warm-
ing and cooling the sample. An evident hysteresis is seen
on the curves in the vicinity of Curie temperature. Details
of the refinement of the magnetic and crystal structures are
described as follows.
Because of the overlap of the magnetic reflections with S 15000- = “".
the nuclear Bragg reflections, the nuclear structure was first g m%i;%:ig_
1 =5
T

20000

Tb002

ubic structure

refined by using the NPD data in high angle region where the ﬁ \
contribution from the magnetic ordering is negligible. The 10000+ ~
data in the range ofé2= 100-160 were used at this stage K £y
for the refinement of nuclear structure. The structural and © ) + Warming % ‘1

(111) i

profile parameters obtained from the refinement were used*g = Cooling Y

to derive the profile generated by the nuclear structure. A § 50004 Y

careful analysis reveals that Tb£leas a cubic Laves phase § | . S
. . o —

structure with space grouf/3m at room temperature. With 0 50 100 150 200 050 300

decreasing temperature, Thexhibits a rhombohedral dis-
tortion (space grou3m) when the temperature is beldw
~ 240K. This resultis in good agreement with that revealed Fig. 2. The temperature dependence of the NPD counts of (111) peak in

_by X'ray_ powder diffractior{6]. Table 1gives the structural the cubic structure measured on the BT-7 diffractometer. The errors bars are
information of ThCae, where the lengths of Ge&Co bonds are also shown.

Temperature (K)
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Table 1

Structural parameters and atomic moments of Th&elected temperatures

Parameters 14K 50K 100K 150K 200K 300K
a(A) 5.0824(6) 50832(2) 50864(2) 50900(2) 50932(3) 72099(1)
c(A) 12.5351(5) 125344(6) 125266(6) 125140(7) 124981(9)

V (A3) 46.73(2) 4674(1) 4677(1) 4679(1) 4679(1) 4685(1)
Tbz 0.1264(1) 01268(2) 01264(3) 01258(0) 01241(9)

M. (uB) 8.30(5) 817(9) 746(9) 633(9) 454(10)

ColM, (uB) 1.30(4) 111(6) 123(7) 108(8) Q76(10)

Co2M;, (uB) 1.19(3) 123(4) 112(5) 110(6) Q94(9)

deo—colave.) &) 2.5470(2) 25472(1) 25478(2) 25481(1) 25481(1) 25491(1)
dcoi—coz (A) 2.5530(1) 25525(1) 25521(2) 25510(1) 25501(3)

dcoz—coz (A) 2.5410(2) 25421(3) 25429(3) 25448(2) 25471(1)

Rp (%) 4.84 679 7.08 659 731 424

Rup (%) 6.36 915 946 861 987 588

%2 1.86 131 134 121 155 140

WhenT < Tc ~ 240K, the compound has a rhombodedral structure (space gt8up with atomic sites: Tb(6c) (0,8, Co1(3b) (0,0,0.5) and Co2(9e)
(0.5,0,0). WherT > Tc, the compound has a cubic structure (space g¢ei8m) with atomic sites: Tb(8a) (0.125,0.125,0.125), Co(16d) (0.5,0.59.58)the
volume per chemical formulalcoi—co2 is the lengths of CotCo2 bondsdcoz—coz is the lengths of Co2Co2 bonds in one tetrahedron adigh(ave.) is the
average bond length (sé&g. 7). The magnetic moments of Tb and Co are set alodgection in the rhombohedral structure, i¥, =M, =0.

curve at the bottom shows the magnetic reflections. It can ature factorB and the magnetic moment showed a strong
be seen that the contribution due to the magnetic ordering iscorrelation in the refinemenBc, of ThCaq, is successfully
very large compared with that of the nuclear structure. From determined for the cubic phase (paramagnetic), whereas it
the difference curve it is in principle possible to determine varies irregularly with temperature in the low temperature
the orientation of the magnetic moments. Since the characterregion due to the small Co moment. Therefore, in our model,
of the unit cell distortion is determined by the orientation of the value ofBc, at low temperature is estimated by extrap-
the easy axis of magnetization in R£ahe rhombohedral  olating that in cubic structure. Théy, can be derived and
distortion of the cubic unit cell indicates that the magnetic shows an almost linear variation with temperature, as illus-
moment has a preferential orientation alofigl 1) of the trated inFig. 4 The magnetic moments at different temper-
cubic structure. atures are thus derived from the refinement. The magnetic
In the present model of magnetic structure for the refine- moments of Tbh and Co at some selected temperatures are
ment, it is assumed that the moments of the magnetic atomdisted in Table 1 The refinement of the magnetic structure
in the compound have a collinear alignment. The initial mo- reveals that the Tb moment and Co moment couple antifer-
ments are set to be along tleeaxis of the rhombohedral = romagnetically, in accordance with the general rule for the
structure, corresponding to the directi¢inl 1) in the cubic heavy rare earth RG@ompounds. The magnetic moment as
structure. The magnetic moments of Co1(3b) and Co2(9e) ina function of temperature is shownhiig. 5. The solid lines
ThCo are initially set to have different values. For the sake are Brillouin function normalized to the magnetic moments
of simplicity, Co1(3b) and Co2(9e) are set to have identical at 14 K and to the ordering temperatufie: (~ 240 K) with
isotropic temperature factor. It was found that the temper- J = 6 and 1/2 for Th and Co, respectively. The Th moment
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Fig. 3. The temperature dependence of the lattice constant and the unit cell
volume of ThCao. Fig. 4. The temperature dependence of the temperature factor 0,TbhCo
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umeVp, gives the spontaneous volume magnetostriction
Fig. 5. The temperature dependence of magnetic moments of Tb and Co in
TbCaq. The solid lines are Brillouin functions normalized to the magnetic ws(T) = Vin(T) — Ve(T) 3)
moments at 14 K and to the ordering temperatite£ 240 K) withJ =6 VP(T)
and 1/2 for Tb and Co, respectively.

whereV, is obtained by extrapolation from the paramag-

follows well the Brillouin function forJ = 6. The moments _netic temperature region. In the fi_rst approximatig, (3)
of Co1(3b) and Co2(9e) are almost equal. The Co moment "> relgted to thcd-.electro-n magnetic momeMco by ws -
also follows the Brillouin function fod = 1/2, except around kCMg,, wherek is the .|s_otrop|c cc_)mpreSS|b|I|ty and is
Tc, indicating the predominant contribution of the itinerant thg volume magngtostncnon C°“p"3”9 C‘?”S‘?”I]- The ob-
electron spin of Co atom. Both the Tb and the Co moments ‘a'”ed“’S_%t 14K is about 8.7 1077, which is larger than
are a little larger than the report of Hendy and [8f How- 6'8.X 10_ at 4.2K[7]. Taklng3M(_;<23 ~ 1218, the value of
ever, the total magnetic moment of the compound is derived kC IS estimated to be 6.8 1¢ Mg -
to be 5.8&/f.u. at 14K, in good accordance with the result Finally V\_/e calculate th_e distortion .Of thg Co tetrahedron.
of Hendy and Legs]. A sche_ma.tlc representation of a cubic unit cell of Th@o .
In RCo, the existence of structure distortion would cause srtlovx{n inFig. 7, where four C.O Fetra?edrons are embedded in
a large anisotropic magnetostriction along the direction of t_e diamond structure consisting of Tb atoms. Co1(3b) oceu-
magnetization. Within first approximation the magnetostric- pies the top of _the tetrahedron and the Co2(9e) occupies the
tion of a cubic crystal in any direction given by the direction plane perpendlcglar t.m 11). The Co-Co bond .Iengths are
cosiness; can be expressed by calculated and given imable 1 wheredco(ave.) is the aver-

3 1
A= <§> A100 <Xl: aizﬁiz - 5) + 3k111§ oo jBiBi (1) C

wherex; represent the direction cosines of the magnetization.

FromEg. (1) one can easily obtain the following expressions: c

rM11= Aa () 3 j b

where A« is a deviation of the angle between neighboring
edges of the distorted cube from2 [11]. The obtained
anisotropic magnetostriction constant; at 14K is about 'Tb
4.6 x 1073, in good agreement with the result of Levitin . c
and Markosyaifil1]. The temperature dependence.gf; is & / /j
shown inFig. 6. ( el ( ) <y§—

The RCe compounds have a large spontaneous volume 4
magnetostriction due to the magnetic ordering of the itinerant
electron system. The thermal expansion measurement serve&i9- 7. Schematic representation of the structure of cubic Laves phase (space

as a useful tool to study thieelectron magnetism in the Rgo groude§m), in which four Co tetrahedrons are embedded in the diamond
. y g - structure consisting of Th atoms. In the cubic structure, the lengths of all
compounds. The difference between the unit cell volume at a co—co bonds are equal. Wha< Tc, the tetrahedron is distorted, leading

given temperatur®y, and the “paramagnetic” unit cell vol-  to a reduction oficez-co2 and an increase afo1—coz.
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age bond length. In the cubic structure, all the-Co bond 102 and the volume magnetostrictiaq is about 8.7 103
lengths in the tetrahedron are equal. WAenTc, the value at 14 K.

of dcoz—co2 is smaller andlco1—co2 is larger thardce(ave.).

Therefore, the tetrahedrons of Co atoms elongate along the

(111 direction of the cubic structure. The variation of the Acknowledgements

bond length agrees with the fact that ThQwas a positive

anisotropic magnetostriction along the easy magnetization National Nature Science Foundation of China and State
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