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Abstract—TbsGe, crystallizes in the orthorhombic space group Pnma, and orders antiferromagnetically below
Tn =91K. Neutron diffraction powder data at 4.2K reveal a ten-sublattice canted antiferromagnetic arrangment.
The structure, which is described by the magnetic space group Pnm’a (I's,) with propagation vector k =0, has
three-dimensional components for the atoms in the 8(d) positions, and is almost colinear for the atoms in the 4(c)
positions. The magnetic interaction in the layers formed by the Tb atoms in the (010) plane is mainly ferromagnetic,
in agreement with the high paramagnetic Curie temperature of 85K. The structure is antiferromagnetically
compensated through an antisymmetry center. The main axis of antiferromagnetism is parallel to z. Magnetic phase
transitions have been observed by applying a magnetic field in the (010) plane. The structure is stabilized through
exchange interactions via conduction electrons. Because of the low symmetry, the Hamiltonian may contain

anisotropic terms that result in a canted arrangement.

INTRODUCTION

The structures and magnetic properties of rare earth
germanium intermetallic compounds have been exten-
sively studied[1,2]. In particular the compounds ResGes
(Re =rare earth) constitute a group of isostructural
compounds with interesting magnetic properties [3-5]. All
are antiferromagnetic below their ordering temperature
and possess a high, positive paramagnetic Curie tem-
perature @ (indicating strong ferromagnetic interactions),
which varies linearly with the de Gennes factor (g -
1)2J(J + 1). For some of these compounds (e.g. GdsGe.),
two antiferromagnetic transitions were reported(3].
Since the 6/Tw ratio is positive and greater than one,
antiferro- to ferro-magnetic [*‘metamagnetic”}] transitions
may occur below Tn (as has been observed in many
layered structures where the anisotropy forces are op-
posed to the exchange forces[5-7]).

We report here a model for the magnetic structure of
TbsGes, derived from neutron diffraction powder data
taken at 4,2K. In addition we describe the dependence of
the magnetic intensity on magnetic field and on tem-
perature.

EXPERIMENTAL

A powder sample was prepared by arc melting of the
elements (Johnson and Matthey; Tb, 99.99%, Ge
99.999%) in an argon atmosphere, remelting several
times, and finally annealed at 1580°C in a Ta crucible
under vacuum for 24 hr. Small single crystals were
produced and analyzed to be Tbs.Ges. X-Ray powder
data collected with a Guinier focusing camera (CuK.,)
showed no other phases. Neutron diffraction data
(A1.14 A) were collected with a powder diffractometer at
the EL-3 reactor in Saclay. The sample was contained in

{The main part of the experimental work was done at the
Service de Physique du Solide et Résonance Magnétique, Orme
de Merisiers, F-91190 Gif-sur-Yvette, France.

a vanadium cylinder 8 mm in diameter. Three sets of
intensity data were measured, one at room temperature
and the other two at 4.2 K with and without a magnetic
field of 15kOe, applied along the scattering vector. The
data were corrected for absorption. The measured uR =
0.99(1) factor was surprisingly high, indicating the
presence of a high absorbing rare earth impurity. Figures
1 and 2 display the data after absorption corrections
were applied.

Line profile analysis[8,9] was used to refine the
structure.

The observed broadening of the (010) peak at A1.15 A
(insert to Fig. 2) is due to vertical divergence effects
only[10], since other possible explanations such as ad-
ditional reflections or short range order could be ex-
cluded from consideration of the peak shape at A 2.3 A.

Since the assymmetry correction in the line profile
analysis considers only peak broadening up to a maxi-
mum of 3 times the halfwidth, the shape of this peak was
altered to a Gaiissian having the same integrated inten-
sity in order to carry out the calculation of the profile
and the related R factors.

The nuclear structure

The calculation of the nuclear intensities at 293 K was
based on the space group Pnma, positional parameters
(Table 1), and overall temperature factor B = 0.76 A2 of
the isomorphic compound SmsGes[4]. (No attempt was
made to calculate intensities based on the alternative
space group Pn2,a of SmsGes, since there would be
more parameters.) These parameters could not be refined
because the sin /A range over which the line profile
analysis could be extended (less than 10 overlapping
reflections) was too small. The profile parameters used
for the calculation of the halfwidth, were obtained by
using refined powder data for other materials, having no
overlapping reflections.
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cm were used. In a first approximation the resulting scale
factor ¢ =0.28(1) (Icalc = clons) Was used to derive the

ab

tice parameter values given in Table 1 are in good
agreement with those published in[3). The reliability
faCIOl' Rn = 2|Iobs_1culc|/zlobs iS 0.09
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Fig. 1. Neutrondiffraction pattern from paramagnetic (293 K) Tb:Ge,. The fult curve is the calculated profile. Y, — 1, is
the difference diagram. The curve with crosses shows the measured intensities corrected for absorption.

Table 1. Structure parameters assumed for TbsGes at 293 K (from SmsGe4[4]) and refined lattice parameters. Refined
parameters from the neutron intensities of ThsGe, at 4.2 K. The estimated standard deviations are given in parentheses and
correspond to the last digit. u is the ordered magnetic moment of Tb. p,, p,. p. the x, y, z, components of p and 6., 8,, 6,
the angles between u and x, y. z; a, b, ¢ the lattice parameters, R,, Rm, R.,. the agreement values for nuclear, magnetic

and weighted profile intensities (Rietveld [8])

a

R, T b
R. [K] Tb Tb' Tb" Ge Ge' Ge" ¢

i at 8(d) at 8(d) at 4(c) at 8(d) at 4(c) at 4(c) (A]
0.09 X 0.1205(5) 0.9747(5) 0.2880(8) 0.2206(11)  0.9132(16)  0.1761(15) 7.613(3)

293 ¥y 0.1157(3) 0.1004(3) 0.25 0.9551(6)  0.25 0.25 14.633(5)

0.13 z 0.3888(5) 0.8219(5) 0.0024(8) 0.5312(11)  0.1115(15)  0.6333(15)  7.691(3)
0.08 X 0.1358(25) 0.9795(25) 0.3162(36)  0.2206(11)  0.9132(t6)  0.1761(15)  7.581(3)
0.039 4.2 y 0.1216(9) 0.0889%(9) 0.25 0.9551(6)  0.25 0.25 14.565(5)
0.066 z 0.3438(32) 0.807233)  -0.065135)  0.5312(11)  0.115(15)  0.6333(15)  7.645(3)

plusl 7.12) 8.4(2) 7700 Overall temp. factor = 0.76 (A?)

elps] O.fdeg] 12020 80 ~-43(2) -59 0.03(3) 88 Scale factor = 0.220(3)

wlngl  O0deg) 112 8 2602) 72 0 9
mlu,]  Oldeg] 69(D 13 67(Q) 37 7.70015) 2

Profile parameters PH =28 x 10°, QH = ~12.9x 10°, RH =2x 10*.

The scattering lengths b, =0.76, bg. =0.819x 10>  The magnetic structure of TbsGes

The 20 Tb atoms in TbsGes are distributed in two
general 8(d) and one special 4(c) sets of positions in the
solute measured magnetic intensities. The refined lat.  Pnma space group. In the present study these atoms are
numbered in the sequence of the International Tables
and will be referred as follows: Th{1-8), Tb'(1'-8") at 8(d)
and Tb"(1"—4") at 4(c) (see Tables 1 and 3).
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Fig. 2. Neutron diffraction patterns from antiferromagnetic TbyGe, at 4.2 K. (a) the calculated profile in the space
group Pnm'a and the difference diagram. (b) and (c) the absorption corrected/observed intensities with (crosses) and
without (solid line) a magnetic field (15 kOe) applied in the direction of the scattering vector.

In the powder diagram recorded at 42K additional
magnetic superstructure lines are present, which do not
correspond to the extinction rules of the Pnma group.
However, the additional lines could be indexed in the
same orthorhombic cell, the magnetic propagation vector
being k = 0.

The very strong intensities of the superstructure lines
(010), (030) and (070) allow preliminary statements to be

made concerning the magnetic structure. The magnetic
structure is most probably two-dimensional, with the
moments of the magnetic atoms almost confined to the
(010) plane. Since there is no ferromagnetism, each one
of the three non-equivalent positions might have an
antiferromagnetic arrangement. In addition the crystal-
lographic mirror plane m becomes an antisymmetry mir-
ror plane m’ for the 4(c) atoms having their moments in
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Table 2. The irreducible representations 'y of Pnma[12] and the
cotresponding magnetic modes along x. y, z for the symmetry
positions 4(c) and 8(d)

X v 2 x ¥y z group
I=T C, Co. Gp Ag. Pnma
=T, G F. Gg Cu Fa: Pn'm'a
Fi=Ty F. C. Fy,  Asy Ga: Pram'a’
Ti=T,, F, Age  Fue  Ca: Prn'ma’ =
I'e=Ts A G: R Q L Pn'm'a’ = 06 0+t 4
To=Tu A, QG R P Prnma’ i .=
=1 G, P, L, Q. Pn'ma : § Bl o4+ o+ ]+ [ S IR
lv=Tw G A, L. P, R Puma T | €°
b S+
the plane. Provided that the chemical space group at g - N
4.2K remains Pnma, the number of independent mag- g = Sl v
netic moment components is eight. For the 8(d) position g E . .
the reflection operation through the antimirror plane m', & CAEE S S O I R
perpendicular to b, relates atoms 1 to 7,2 to 8, 3 to 5 and “i [
4 to 6, leaving the sign of p. and u., for these atoms, & - “
unchanged while changing the sign of their transverse g £ Elrrrr e e i+
component p,. The large absolute (0k0) intensities in- g &£ 5
dicate that the contributions of the 20 Tb atoms to the & e
{0k0) structure factors are in phase. The (0k0) phase é P RPN Ol
factors for each set of 8(d) atoms: & o
_f_ ; g U+
cos2mky(I—1—=1+1+1-1=1+1 £ £ <
~isin2mky(l+1=1-1=1-1+1+1) s Sl T
- T T T S e SR B T S S
show that the cosine term makes an intensity con- f ;u“
tribution only if the relative signs of the magnetic mo- 2 ES s e e
ments are (+—--++~—+). Because of the antimirror 5 & x 3
plane, these signs might be attributable to the g, com- E S R R
ponents alone; but p, cannot contribute to (0k0} inten- 5 =
sities (g = 0). = = .
The sine term on the other hand. contributes only if § g Di AR T A
the relative signs are {(++————++), agreeing with the 'z A
antimirror operation, requiring an antisymmetry center, .: 3 R e
. . e 5 s
and su‘ggestl‘n~g only one magnetl'c mode conmbutmg.to E PGl R
(0k0) intensities. The configurations for the 8(d) site 3 £
(++ — — — — ++)and for the 4(c) one (+ — — +) (derived z i R e L R N IR
by similar arguments) are called R and A[11]. Moreover % S R
since the two 8(d) positions have the same y value[3], they = E . .
ought to have the same sign for g, and . in the R mode: "f Sl R A
otherwise (010), (030) and (070) would have a very small -3.; al |+
intensity resulting from the 4{c) atoms alone. E N oM om N
Using three observed magnetic (0k0) absolute intensities 2 noLmEm A mmr
scaled by the nuclear scale factor (assuming no essential §n g .. _— . -
parameter shifts), we can derive the absolute magnetic E | AT ELT s
structure factors. These are linear functions of the three fa & o = m - e
. and p. magnetic moment components. If ., ! and - AT el
w7 are the z-components of magnetic moment for Tb, Tb’ % N RN e
=

and Tb", then the absolute measured structure amplitude
in [uy] expressed as P=3u;e™=A+iB, will depend
only on the imaginary part of this expression for the R
and A configurations. The equations for the (0k0) refl-
ections are:

010 5.32pu:+4.72p  + 4u' = 105.8[ ugl

(©30)  6.56p. +7.592ut— 4u” = 69.5 s
(050)  —3.78u. — 0.104u 1+ 4" = 0.
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The resulting different moment values p.=
8.35{uslil=6.2{us], and u? = 8.04[pp] indicate that the
structure is non-colinear. On the basis of the (£00) + (00/)
intensities, which also (because of the antisymmetry
center) will depend only on the imaginary part of the
structure factor, we can presume (a) that there is no
contribution from a g, component (b} that the modes R
and A, are in fact paralle! to the z direction, and (¢} that
the magnetic modes of the x direction are Ly
{+——+—++-) and G, (+—+-)[11}. Let us consider
the contribution to the structure factors, from the 8(d)
positions for the (200)+(002) and (300) +(003) reflec-
tions:

200) isin2whx(l+1—-1=-1=1=1+1+1)
@2 isin2wlz (1-1~1+1-141+1-1)
(300) i sin2whx(1 =1~ 14+ 1-1+1+1-1)
(003) isin2mfz(1+1=1-t—=1=1+141).

From these expressions we find the following: (a) In all
structure factors the atoms related by an antimirror
operation (i.e. 1+7) are in phase, meaning that their
magnetic intensities can only contain modes parallel to
m’ (leaving the sign unchanged) and in no case a py
component. (b) If we assume R, (++~———++)and A,
(+-~+) modes along x, the calculated intensity of (003)
is incompatible with the observed values. On the other
hand, if we assume R, and A, modes, the calculated
intensities of both (300) and (200) agree with the ob-
served. (¢) From the (002) structure factor, the only
possible modes are L, (+——+~++-)}and G, (+—+-).

Using the two-dimensional information, the tine profile
method was applied {for the first 28 magnetic reflections)
for the iterative parameter refinement.t Of all possible
#y modes, P, gave the best agreement with the data.
Thus the magnetic structure contains L P,R. modes for
the atoms at 8(d) and G.A, for those at 4{c).

Finally the 8 Tb positional parameters and the scale
factor were introduced in the refinement of the entire
neutron diffraction pattern. The total number of
parameters was 17 (apart from the lattice constants) for
71 reflections. According to Bertaut's macroscopic
theory{12}, as well as other works{13, 14], there are only
eight possible space groups associated with the magnetic
propagation vector k = 0 of the Pnma space group. Their
irreducible representations{12] are given in Table 2
together with the corresponding magnetic configurations
for the 8(d) and 4{c) sites. Because of the many
symbols needed, it seems useful to give the sign change
of the three magnetic moment projections g, gy, gt for
the sites 8(d) and 4(c) under those 8 representations
{Table 3. The magnetic group Pnm'a
which contains the couplings L.P,R. and G:A, belongs
to the I's. representation. The occurence of couplings
belonging to the same representation, indicates that the

*We would like to thank the referees for the suggestion to
introduce p, and positional parameters. The original data inter-
pretation had considered the structure as two-dimensional.

Hamiltonian contains significant terms of order two (15).

The calculated profile intensities corresponding to the
space group Pnm'a are shown together with the
difference diagram (Y, ~ L} in Fig. 2(a). The domain
distribution was included in the calculations by using the
Halpern and Johnson equation for all equivalent reflec-
tions. For this Shubnikov space group the magnetic and
nuclear reflections have the same multiplicity. The
domain distribution can be described by the following 8
couplings:

* (LxPyR29 GxAz)a * ('_LxPszg - GxA.Z)
+(Ly — PyR., G:A:), 2 (L:Py - R., G — A:),

all resulting in the same magnetic intensity. The refined
parameters and the three R factors are given in Table 1.
The different moment values obtained 7.1(2), 8.4(2),
7.7(1), [rs] for the three non-equivalent atoms Tb, Tb’,
Th” probably reflect the different local symmetry of the
three positions. Their absolute accuracy however is
limited by uncertainties in the parameters which we were
unable to refine, such as individual temperature factors
and Ge positional parameters.

The Tb form factor used was that given by Steinsvoll
et al.{16]. The observed and calculated intensities are
given in Table 4. The resulting magnetic structure can be
described as a canted ten-sublattice antiferromagnet.

If the angle of 2° between the moments and the 7 axis
is ignored, the 4 Tb” occupy two colinear and oppositely
directed sublattices along the z axis. The 8 Tb and 8 Tb’
moments each occupy 4 “cross” sublattices with the
major component of the moments along the z axis; the
angles made with z are 13° and 37° and the angles made
with the (810} plane are 9° and 18° for Tb and TV
respectively (see Figs. 3-5).

This structure has been described with the help of
three kinds of layers G, S, Cl4], which extend per-
pendicular to the b axis. The G layer contains only
germanium, the S only terbium and C is a mixture of
both. The S nets populated by 2 Tb and 2 Tb' are
ferrimagnetic while the C net populatted by 2 Tb" are
practically ferromagnetic, and both change sign through
the antisymmetry center 1’ thus making the siructure
antiferromagnetically compensated. The sequence and
change in sign of the ferrimagnetic layers along the
orthorhombic b axis can be symbolized as GS1 C 1
St GGSL ¢l S| (Fig 4a).

The moment directions seem to have a certain relation
to the two kinds of polyhedra, trigonal prisms and cubes,
formed by the rare earth atoms in this structure (Figs. 4b,
4c).

The moments of Tb and Tb' 8(d) atoms occupying the
prisma base do not deviate much from it. The Tb” atom
in the center of a deformed cube possessing 4 Tb and
4TV at the corners moves towards the cube face center
of the face that contains the 4 TH' atoms.

Temperature dependence measurements
According to the magnetic data reported in [3] the
ordering temperatures Tn of TbsGes, HosGes and
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Table 4. The integrated calculated and observed neutron intensities of TbsGe, at
4.2 K including the powder multiplicity and the Lorenz factor

S R A Lo tors Rkl T Img Tt Lons
010 — 200736 200736 199967 051 583 0 583 732
001 — 0 0 0 150 ~— 197 197 250
100 — -0 -0 0 202 2244 1192 3436 3776
020 9 — 94 27 212 S68 1702 2271 2209
011 64 735 799 760 042 1883 28 1911 1844
110 — 658 658 631 240 1171 4287 5459 5363
101 125 3731 3856 3990 151 1753 6 1760 2113
021 — 238 238 269 003 — 0 0 0
120 — 1371 1371 1521 300 — 0 0 0
111 104 1515 1620 1194 222 1145 89 1234 1595
030 — 8929 8929 8062 013 32 427 460 632
121 4 5714 5719 6412 142 576 4824 5401 5956
031 18 849 867 842 310 — 0 0 [\}
130 — 1329 1329 1194 241 2695 2498 5193 5176
002 41 186 228 192 060 2326 — 2326 2269
200 248 403 652 860 103 144 708 852 831
012 - 398 398 673 023 — 310 310 322
210 0 6 7 12 301 2548 1030 3578 3840
040 122 122 136 320 39 39 42
131 757 793 1551 1187 113 2530 134 2665 2786
102 136 876 1012 1816 311 1169 4114 5283 4679
201 298 2910 3208 416 321 17 262 280 223
022 17 188 206 267 033 — 808 808 883
2240 0 632 633 754 330 — 145 145 160
112 6 704 710 795 152 834 140 974 824
211 12 5251 5264 596 161 73 1545 1618 1276
041 — 1178 1178 1357 251 10 285 295 216
140 — 400 400 463 242 2t M3 135 83
122 &7 32 768 971 133 386 35 421 266
221 591 247 3062 2658 331 267 48 316 234
141 — 8127 8127 7783 213 540 787 1327 1205
032 — 3660 3660 3707 043 — 196 196 206
*230 342 5715 6057 6931 312 135 18 369 407
050 — 122 122 0 070 — 2970 2970 3567
132 6299 920 7220 7249 340 — 186 186 243
231 4321 2494 6815 6915
- \ S
VAN I\ \ 2N
\ ‘ N
Y \\\ g ,y\\\ \\
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N / =)
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/ N/ J
7 ge /
RN ~
/ /,// \\ \\\\\ ¥ ) 7
,*\ f. \\ /*\ a - &\\

C LAYER Y=0.25

S LAYER Y=0.11,ATOM Nr 1,8,1.8

Fig. 3. Magnetic moment arrangement of two of the characteristic layers C and S extending perpendicular to the b axis
(y =0.25 and y =0.11) in the structure of TbGe,. The two Tb" atoms in the C layer have their moments essentially

parallel to z (the angle is 2°). The moment projections of the 2
with z. The moment component

ErsGes are 30, 21 and 7 K, respectively. The temperature
variation of the three strongest magnetic reflections of
TbsGes: (010), (132)+(231) and (141)+(032) +(230) is
illustrated in Fig. 5. This shows that their magnetic
contribution vanishes at a much higher Néel temperature

Tb and 2 Th" atoms on the S layer make angles 9° and 33°
u, is given by a + or — sign.

Tn =91K. In a neutron pattern at 40K all magnetic
reflections are still present but they have a much lower
intensity than at 4.2 K. Therefore the reported 3] Néel
temperature for TbsGes does not correspond to a mag-
netic phase transition. This discrepancy in the T~ values
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Fig. 4(a). A two dimensional projection of the magnetic structure of Tb,Ge, in the (0yz) plane. The moment component
1, is given by a + or — sign. The angle of the moment projection (0yz) with z is 9°, for Tb and 21°, for Tb'". For Tb" it is
parallel to z. § 1 and C 1 symbolize the ferri- and ferro-magnetic layers extending perpendicular to y and the moment
direction (b) and (c) show the characteristic polyhedra: deformed cubes and trigonal prisms formed by the Tb atoms.
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Fig. 5. The temperature dependence measurements of the
strongest magnetic intensities of ThsGes.

might perhaps result from the difficulty in finding the
minimum on the very flat reciprocal susceptibility curve
characteristic of an antiferromagnetic and strongly
anisotropic compound{5].

The (010) intensity depends only upon the u. com-
ponent of the magnetic modes, while the other reflections
depend upon all components. Within the limits of statis-
tical errors it seems from the temperature dependence of
(010) that the moments of the three non-equivalent Tb
positions behave in much the same way. In addition we
can conclude that no second magnetic phase contributes
to those intensities except in the unlikely event that its
transition temperature is identical. In the case of
HosGes, for example, it was found that there were two
transition temperatures, 18 and 21K. They were at-
tributed to two different magnetic structures, although in
the nuclear pattern the compound appeared to be single
phase.

One of these magnetic structures is similar to that of
TbsGes, but with another direction for the main axis of
antiferromagnetism. The second structure is associated
with a propagation vector (k = 1/2, 0, 0). Reference will be
made to these experimental results at a later stage.

Field dependence measurements
In Figs. 2(b) and 2(c) the 4.2K neutron pattern is
plotted for a magnetic field H =0 (full curve) and H =

3

0] 1
4 I a) b)
- mmmm e o mmmmem e Background
6 4+— T —T T H
(¢} 5 10 15 kQe

Fig. 6. The field dependence of the magnetic intensities (002) +
(200) and (003)+(300) (open circles). The dotted lines --- cor-
respond to calculated values of (002)+(200), while the broken
lines correspond to those of (003) + (300) for the mechanisms
shown in the upper part of the figure (a), (b). In the upper part of
the figure the field influence on the x and z directions are shown
separately. The magnetic moment projections are drawn with a
common origin in the (x0z) plane.

15kOe (cross curve) applied along the scattering vector.
Two cases may be immediately recognized: (a) the field
perpendicular to the (010) plane and (b) the field in the
plane (010). From the (0k0) reflections it is evident that at
most a very small F, component appears. The structure
remains unchanged (L.PyR., G:A.) when the field is
perpendicular to (010).

This behaviour is in accord with the preliminary as-
sumption made that the transverse magnetic components
are very small and that [010] is the hard direction of
magnetization.

On the other hand, a field acting in the (010) plane
gives rise to magnetic phase transitions that can be
assumed from the increase in the (002)+(200) and
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(004) + (400) reflections and the appearance of the (003) +
(300) reflection even for fields below 1kQOe. The inten-
sities of the three lines did not change on turning or
shaking the sample. On reversing the field some
hysteresis was observed. Other effects such as move-
ment of Bloch walls{18], or preferred orientation of the
crystallites, giving rise to nuclear contributions, can be
excluded from the fact that the (003) +(300) line has zero
nuclear and magnetic intensity. The strong influence of
the magnetic field in the directions (00/) and (/00) is in
good agreement with the conclusion that the magnetic
structure has its main axis of antiferromagnetism parallel
to z. In Fig. 6 (lower part) the observed intensities of the
two reflections (002) +(200) and (003) + (300) are plotted
vs the applied field.

Since the magnetic cell is pseudotetragonal (a = ¢), it
was not possible to follow separately the field influence
along the x and z directions. Therefore the critical fields
(at least 6) could not be derived from the transitions as-
sociated with the 10 sublattice cross structure of TbhsGes.
Figure 6 shows that the observed neutron intensities of
the (002) + (200) and (003) + (300) lines both increase with
the field but each with a different slope for very low field
values. They achieve saturation at SkQOe. At about
10 kOe (region b) a second transition with a less steep
slope is visible but not saturation is achieved up to
15kOe. In fact from pulsed field measurementst the
ferromagnetic transition is found to occur in fields much
higher than 15 kQOe.

In order to make some quantitative estimates of those
effects, all possible spin flip transitions as described by
other authors{15, 17], have been tried for canted spin
systems along the x and z directions.

In Fig. 6 (upper part) the projections of the 10 mag-
netic sublattices onto the plane (x0z) are shown with a
common origin. They are denoted in the same way as the
correpsponding atoms (Tables 1 and 3), which implies
that the sublattices of Tb and Tb’ and Tb” each contain 2
atoms. The mechanisms we have found to explain the
distinct regions (a, b) of the experimental data are shown
separately for the x and z directions.

The effect of a field along x
When the field is applied parallel to the x axis, a
structure with F. components will be favored (Table 3).

tPerformed by Mr. Miedan-Gross.

P. SCHOBINGER-PAPAMANTELLOS

This transition can be described as

Pnm'a — Pnm'a’.
Hlx

By making the hypothesis that the interaction between
the Tb” sublattices (having the largest distances (Fig. 3))
is the weakest one, then the ferromagnetic transition will
take place first for Tb". The two Tb" sublattices (17,3")
will be confined towards the x direction (region a). The
sublattices 2 and 3 containing Tb (2, 3, 6, 8), and 1’ and 4’
containing Tb' (', 4', 6, 7} having an x component
opposed to the field are shown to flip in region (b) for a
field 10 <H < 15kOe.

These transitions only influence the intensities of the
(200) and (300) reflections (Table 5) and it is expected
that they will fall to zero at higher field values.

The effect of a field along z

The effect of a magnetic field applied along the z
direction favors a transition to a space group with a
ferromagnetic z component such as

Pnm'a — Pn'm‘a.
HJz

This transition implies a rotation of the main axis of
antiferromagnetism from z to x that in turn leads to a
rearrangement of the magnetic moments along this
direction.

The signs of the Tb (1, 2) moments along the main axis
of antiferromagnetism are opposite for Pn'm’'a (along x)
and the same for Pnm’a (along z). For the rest of the
signs see Table 3. In Fig. 6 this transition is shown to
occur in region (a) for very low fields. This mechanism
was the only one that could explain the strong intensity
of (003) in Table 5; we expect that the (003) intensity will
fall to zero for higher fields.

CONCLUSIONS

The refinement of this magnetic structure was ac-
complished by an interative parameter least-square
method using the line profile analysis procedure[8]. 17
parameters were refined from 71 observations. The
resulting R-factor values indicate that the chosen struc-
ture model is probably correct. The refined positional
parameters of Tb at 4.2 K show that the polyhedra (Figs.
4(b), 4(c)) formed by those atoms are less symmetrical

Table 5. Calculated and scaled (to the (200) + (002) measured peak intensity for
H =0kOe) magnetic and nuclear intensities Imsg and I for the transitions
illustrated in Fig. 6, under the influence of a magnetic field along the x and z
directions (separately) in the regions (a), (b). In the last two columns is given the
total resulting intensity from the {A00) + (00!) reflections occurring at the same 26

angle
Ima! Imag Imag + Inuc Imag
(200) (300) (002) (003) (200)+(002) (300)+(003)
H kOe Hix H|z Hix and H|z
0 54 0 24 0 110 0
(a) 0-10 290 53 96 628 420 681
(b) 10-15 490 387 96 628 610 1015
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than at 293 K. Low temperature X-ray diffraction data is
required for a more detailed discussion of the structure.
Our effort to obtain such data, however, has been
unsuccessful because of serious extinction problems and
high absorption.

The magnetic structure of TbsGes described in the
Shubnikov group Pnm’a belongs to the single irreducible
representation I's, of the space group Pnma, which is
associated with the propagation vector k = 0.

The occurrence of ferromagnetically coupled fer-
rimagnetic layers parallel to the (010) plane agrees with
the high value of the paramagnetic Curie temperature 6.
The three-dimensional structure is also in agreement with
the high anisotropy of the compound, showing a charac-
teristic metamagnetic behaviour in the pulsed field
measurements, and with the occurrence of magnetic
phase transitions observed by neutron diffraction when
the magnetic field is acting in the (010) plane. The flop-
ping of the main axis of antiferromagnetism when the
field is acting parallel to it, indicates that the anisotropy
in the plane (010) should not be very high[6].

The structure is antiferromagnetically compensated
through a sign change over the antisymmetry center. The
magnetic moment values (7.1, 8.4, 7.7[ug]) of the 3 Tb
non-equivalent positions are near the saturation value of
the free ion and indicates that it is not reduced by
crystalline field effects, as might have been assumed
from the T~ and the low symmetry. The different mag-
netic moment directions and the canted spin arrangement
of this structure is most likely resulting from (a) the
different influence of the crystalline field on the three
equivalent positions and (b) the possibility of an an-
tisymmetric exchange term of the Dzialoshinski-Moriya
kind in the Hamiltonian that can be expected in the case
of such a low crystal symmetry{19]. The exchange
interactions here, as for most rare earth alloys, are
expected to take place via the conduction electrons.
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