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ABSTRACT

The magnetic ordering of the anomalous antiferromagnet CeSb,
wvhich has a NaCl crystal structure, wvas determined in zero and
non-zero applied magnetic fields by means of neutron diffraction
investigations of single crystals and powder. Below the Néel
temperature of (16.1:0.1) K, in zero field, there are six par-
tially disordered magnetic phases of antiphase-domain type
(<100> superstructures) with <100> orientation of the magnetic
moments. At low temperatures and increasing magnetic fields, the
structures transform from antiferromagnet:!~ via ferrimagnetic
configurations to a ferromagnetic state, i.e. the magnetic prop-
erties are similar to those of Ising spins. At higher tempera-
tures (T>10 K) the existence of antiphase-domain-type super-
structures along the tetragonal ¢ axis implies considerable dis-
order even at high fields, and partially ordered, field-induced
states exist even above the Néel temperature in zero field. De-
tailed results are given (structure factor tables) of the com—
Plete structure refinements at various temperatures for magnetic

fields applied to the [001] direction.
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1. INTRODUCTION

The anomalous magnetic properties of CeSb (cf. the reviews pub-
lished by Cooper (1976a,b)) are rather unique within the large
class of rare-earth monopnictides that have a simple NaCl crys-
tal structure, because of the interplay between the strongly
anisotropic exchange interactions and the effects of the crys-
talline electric field, which are of a comparable order of mag-
nitude. Also the associated magnetoelastic effects are of
importance for the anomalous magnetic behaviour (Cooper 1976b).
One anomaly in CeSb is the experimental fact that the easy

axes of magnetization are along the <100> directions, while in
sufficiently diluted Cel_x(Y,La)be the <111> directions are
favoured as easy axes. In the diluted compounds, the anisotropic
Ce-Ce interaction is decreased and therefore the easy direction
is that characteristic of the crystal-field anisotropy alone
{Cooper 1976a).

Recently, we summarized and discussed in detail the results ob-
tained from an elastic neutron scattering investigation of
single crystals and powder of CeSb in both zero (Fischer et al
1977) and non-zero (Meier et al 1978) applied magnetic fields.
The present report is a compilation of the results of the struc-
ture refinements carried out in order to derive the phase dia-
gram and determine the corresponding magnetic structures. In
section 2 are listed the measured intensities and the structure
factor tables. Section 3 gives the Fourier representation of
the magnetic structures in both zero and non-zero applied mag-
netic fields.

2. RESULT OF STRUCTURE REFINEMENTS

2.1, Short Summary of the Experimental Procedures

Several CeSb single crystals and one powder sample were inves-
tigated in the present neutron diffraction study. The powdered
sample was kindly supplied by Dr. N, Nereson from the Univer-
sity of Californis, Los Alamos, and was identical to that used
by Nereson et al (1972). The single crystals were grown at the
laboratory of solid state physics of the "Eidgendssische Tech-
nische Hochschule” in Ziirich.



The investigations of the single crystals were carried out using
neutrons of various incident wavelengths. The experimental de-
tails are summarized in table 1. Generally, the collimations in
front of and behind the sample were defined by the dimensions
of the monochromator, sample and detector. Whenever necessary

Table ). Experimental detsile of the soutrea diffracties studies.

Sasple o, e Orieststios .:i-n remator Asector
7.8 (zone asis, t) (R)
1 3,1,4 o5 17176 Sty OR mues
::;:::x 1 32,25 (001) 1.1 Ge 111 DR )/Rise
I 3.7,3.1,4.8 1001} { 18 om :a':".:{(:"::“’
vocontainer Naight 50" 230 ooz Rt e

*pyrolytic graphite

*pyrolytic graphite and filter

the collimation in front of and after the sample was improved
by Soller slits. Because of the limited resolution, the magnetic
reflections are indexed in the pseudo-cubic cell.

The neutron diffraction measurements indicated that the magnetic
structure of CeSb is sinusoidal. Such a structure gives rise to
magnetic satellite peaks originating from the nuclear Bragg
peaks. In the single crystals investigation these satellites

were located in reciprocal space by performing systematic scans
(general linear scans (Lebech and Nielsen 1975)) with equidistant
steps in reciprocal space. These scans were preferentially paral-
lel to symmetry directions, but other types of scans such as
w=scans (rock-scans) or 0-260 scans through selected reciprocal
lattice points were also used. In most cases 0~-20 scans were used
to determine integrated intensities. For neutron wavelengths of
the order of 1 A, extinction, which presents no problem in powder
measurements, appeared to be of minor importance. Only the most
intense nuclear reflections were found to be affected by extinc-



tion and were therefore generally omitted from the refinements.
Corrections for absorption are negligible and were not takea into
account.

H; 1l [001]

Hyp 1 [011)

Figure 1. Section of the reciprocal space (pseuwdo-cubic) of
CeSb showing the positions of magnetic satellite peaks (three
domains along X, Y and 2) corresponding to a ++-- configura-
tion (type IA). The filled circles indicate the nuclear Bragyg
reflections.

As illustrated in figure 1, the observed magnetic peaks may be
indexed as magnetic satellites {:q00} of the nuclear Bragg re-
flections hki, i.e. the magnetic peaks correspond to X, Y and 2
domains of magnetic superstructures along the three <100> di-
rections. The domain distribution is not a statistical one; gen-
erally, the Z domains were found to be favoured. Also shown in
figure 1 are the directions (ﬁI and ﬁII) of the applied magnetic
fields. In the following we only consider the effects of applied
fields parallel to the [001]) direction (ﬁI).
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2.2. Structure Factor Tables

In the structure analysis we considered only cosmensurable

magnetic superstructures. The results of the analysis are sum-
marized in tables 2 and 3, which also list the number of Ce>'
layers (M) within a magnetic unit cell, the number of chemical
cells (M) wvithin a magnetic cell, and the pousition of the most

big 3. Mifecrvesngaetic structures of Culd ia sore swplied wepmatic (iold. B 1s the
wwpine of chanicel colle sontaineld in thw sognetic coll slemy [001) (3-~demsins). and R
> the peried of the mpgastic SRrwture, i.o. the mmber of Co—-lagess. The aageetic
Wrertares ore congevat by the stechias of blevks of Co’* loyers 17, 20d B,) 20 &e-
sscidad ia sastien 2.3.

e Twymee @ LM B n ol lwer e e e TR
4 13.9-M8.1 0.888 2/3 b I | o e, W00 -~0809) (14
n 13.3-15.9  0.817 W13 13 1) FOB¥O FOOFD 77
1z 13.7-15.3 03T W T Y rer_rorv ”
1 U.-13.7  8.953 3 9 18 s ML FFOFS ”»
12 8.911.0 e.34% &/1} M 1 rrroepr rrrorvy L 2%

@ e ¥V - o e 9 e -

vi 22.2-8.9 o.9¢ 12 2 & EF_teres--) 100
-0.002

intense magnetic satellite Q9 = I.olll. The structures listed in
table 2 (zero field) are composed of four simple, stacked blocks
(l’ and D, ). These blocks are combinations of layers of Ce atoms
in which thc C03+ moments are either completely disordered (para-
magnetic layers) or completely ordered (ferromagnetically aligned
parallel to [001])). The F_ block consists of two ferromagnetic
Ce 3+ layers that are fcrronagmttcally coupled to each other.
The D+ block consists of a paramagnetic C¢3 layer sandwiched
between two ferromagnetic Ces’ layers that are antiferromagnet-
ically coupled to each other. In the notation used to describe
the f.c.c. type IA antiferromagnetic structure (++--), P, is de-
scribed by ++ and D, by +0-. For F_ and D_, the moment di:ec-
tions are reversed (-- and -0+). In table 3 (non-zero field) we
use the notation rn , tO denote n ferromagnetic layers that are
ferromagnetically coupled. + indicates that the moments are
aligned parallel to the field and - that the moments are aligned

antiparallel to the field. Disordered (paramagnetic) layers of
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Ce-atoms with no net moment parallel to the field are denoted by
0.

Table 3. Average magnetic structures of CeSd in applied megnetic fields parsllel to [001]). These
structures consist of ferromagaetic (¢ or -) and paramegnetic (0) layers of ce® ions. N is the
member of chamical cells contained in the magnetic cell along [(001) (2 domain), and M is the
poricd of the magnetic structure, i.e. the number of CQ” layers. o/c' denotes the magnetization
(¢) relative to the magwnetisation {ag) of a ferromagnetically ordered structure.

ature L°/l n n e/0p C.” layer sequence in Order

range (K) N2 chemical cells along (001) 1y}

/11 11 11 $/11 ++004+00+00 1)

1/2 2 4 1/2 +400 . so

4/9 ] ] 5/9 ++4004++00 56
Casd 2/5 5 s /s +4400 €0
T> 10

6/11 11 11 5/11 [ Y 'llo and §(+e==dsocse-)

1/2 2 4 12 b r,, and N(ee--)

" 9 9 5/9 [ Y L% and §(see=cre==)

2/ S S k74 ) [ Lf and §(vee-=)

7 7 7 177 L2 LR O 100
Cesb 13 3 3y vo- 100
T<10

0 1 1 1 *»” 100

CeB1
T « 25

1/2 2 ] 1/2 "0 100

In order to determine the ordered magnetic moments accurately,
and to test in detail the magnetic structures of CeSb, sets of
nuclear and magnetic 1ntegra£ed intensities (from each type of
domain) were measured on CeSb III at 4.4 K (phase VI), 14.1 K
(phase III), 16.05 K (phase I) and in the paramagnetic phase at
77 K. To analyze these data a convenient description of the mag-
netic intensities is obtained by using Fourier components E(i)
of the magnetic moment configuration {n} (cf. Lyons et al 1962,
van Laar 1968). A detailed account of the Fourier representation
of commensurable structures is given in Fischer et al 1977.

Each Pourier term corresponds to a pair of magnetic satellite

- -> ->
peaks at Trke * kOOq of the nuclear reflection at Thki® The in-
tensity of each sateilite is proportional (for qj < 1) to

> 2,3 -+ 2 2 > -+
I(kj) = 4Au(kj){§royf(xj)) sin‘é, Au(kj) E(kj), (1)
where I is the classical electron radius, y is the gyromagnetic
ratio of the neutron, and f(;) is the neutron magnetic form
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factor at the scattering vector :, and

(ltqj)’
Sinzts = 1 - -
h’+k’+(qu)z

For qj =1, I(ij) shoulg be multiplied by 4. In the case of an
incommensurable q., Au(kj) is equal to y, where j is the maximum
moment on any Ce3 ion.

The observed and calculated intensities and the results of the
refinements of the single crystal data at various fields and
temperatures are listed for zero applied field in tables 4 to 7
and for non-zero field parallel to [001] in tables 8 to 12. The
good agreement between the observed and calculated intensities

is reflected in the low reliability factors (R or Rw) and implies

A hkl all odd
O hkl all even
102 - 1’ . ——
€ T
B
3
< & O
[
£10 - ——— —0-0-Q- gy~ - —
k = “ %
p S

<%1, I\ f?

0 0.5 1.0
sin8/\ or T/4r (AY)

Yigure 2. Average of I‘,m/lc.1c (table 4) over equivalent nu-
clear reflections versus scattering vector. The error bars

indicate the upper and lower limits of I___/1I

obs’ “calc’
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negligible extinction (when excluding intense reflections such
as 200 and 022) and 1l:1 stoichiometry of the sample. The R-fac-

tors given in tables 4 to 8 are defined as

R = {gllobs - Icalclj}/g(lobs)j and

1
2 . - 2 2 - —
R, = {glgj(Iobs Icalc)j] }/{Z[globs]j}' qj Aj ’
where Aj is the statistical uncertainty in Iobs 5° Usually, the
’
inclusion of the anisotropy of the form factor fJ in the MJ =J

approximation resulted in slightly better agreement between the
calculated and the observed intensities than the use of the form
factor fd in the dipolar approximation. Similarly, possible dif-
ferences between the calculated and the true neutron magnetic
form factor were allowed for by determining the Debye-Waller
parameter of Ce from both the nuclear and the magnetic intensi-
ties. The goodness of the refinements is also illustrated in
figures 2 and 3, which show the average over equivalent reflec-

tions of Iobs/I versus scattering vector for the nuclear

calc
reflections (table 4) at 4.2 K (figure 2) and the magnetic sat-

ellites (tables 5 to 7) at 4.4, 14.1 and 16.05 K (figure 3).

For a powder sample, the intensity relation of equation (1) is
modified to

1 - > 2
(>r vyE(x)A (k.))‘M 2
_ 2 270 | ) - L - 2
Im = 4C sinésin29 (1 H’+K’+L’]xex9[ ZBCe(81ne/A) 1 (2)

with tetragonal multiplicities M as well as H = h, K = k and

L = 1:q referring to the f.c.c. unit cell. The Ce3+ neutron mag-
netic form factor f(;) was calculated in the dipolar approxima-
tion (Lander and Brun 1970).

From least-squares refinement of the integrated intensities of
the nuclear peaks at 4.2 K, the scale factor C and the Debye-
Waller parameter were obtained. The results are listed in table
13. The low R value indicates 1:1 stoichiometry of the powder
sample investigated. In the refinement of the magnetic inten-
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12} 1+ I .
° * %

o kbt T oaéxe.} T
08 } - + -
06 | cxxvn 4 wIK (N T 605K -{L

< i 1 < 1 i < ' [

0 02 04 O 02 046 0 02 04

sin ©/\ or /4w (AY)

Pigure 3. Average of !obsllcnlc (tadbles 5 to 7) over equivalent

magnetic satellites versus scattering vector. The error bars
indicate the upper and lower limits of Iobsllcn ic* FPilled signs
indicate that only one reflection was measured.
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sities the Debye-Waller parameter of Ce was also refined in order
to allow for deviations of f(x) from the dipolar approximation.
These results are also listed in table 13. The good agreement
between the observed and the calculated magnetic intensities
confirms the proposed model with moments along (001].

3. FOURIER REPRESENTATION OF THE MAGNETIC STRUCTURES OF CeSb

In real space, the Fourier representation of the magnetic moments
of commensurable structures is

u (r,) = { l‘-:(k )cos(k T n~P3) with
3=0 (3)

23
pj amtm(ﬂj/uj) -%“ ’

where M is the number of layers of magnetic ions within a mag-
netic unit cell. In equation (3)

> 235~»
kjy = 01 * 95700152

with j = 0,1,...,m, where 2m = M-1 for M odd, and 2m = M for
M even. E(ij) is given by

E(ij) = zéz."’_’a +87 and E(ij.) = e /"’"" ’.' ror 2j' = 0 and M

3 )
M (M even).
ay = % I, (r )cos (k ; + -iw) and
n=1
=1 _1,,
By anlu (r )sin(kjr + ),

where n denotes the ferromagnetic layers of magnetic ions with
moments parallel to [001] that are contained in the magnetic
unit cell., For the f.c.c. Ce lattice, ;1 = (0,0,0}; ;2 = {1/2,0,
1/2}, etc.

Below we give the FPourier representation of the magnetic struc-
tures observed in CeSb (cf. Fischer et al 1977 and Scheid 1968).
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3.1. 2erv Field Magnetic Structures

a) Phase I with moment sequenceD_ D_ corresponds to one ;j vec-

tor giving
s 5 2, _ 2
¥n A ( )e cos(3 001 n 6'n) with Au(3) = .

/3

b) Phase II with moment sequence F D D F D F D DF_D corre-

sponds to six ij-vectors giving

- 5
My = e {A (13)cos(13 001 r, - 53”)

+
!
o

4 4~ -+

A, (1308 (737001%n * 76
(3 4> >

+Au (ﬁ)cos (1—3'T°01rn - '2-6")
8 8-0 >

+Au(T§)c°s(T§T001rn - 73")

10> > 25
+Au(I§)cos(1310°1rn - 53")

+
a
[ -]
]
~—
—~
-

12+ <>
+AD(T§)COS(T3T001rn

with ( )/u ~n 0.2016,

A (=2)/u ~ 0.1692

L '13//¥ . ’

A (=2)/u v 0.1725

w13 : ’

A (=2)/u ~ 1.1934

u 13 Ll L4 ’

12
Au(Ti)/“ ~ 0,0648,

c) Phase III with moment sequence F D F_F D F_ corresponds to
three kj-vectors giving
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-> = ’ - -5
b, = e, (A (5 ’°°"7 0015n ~ 14"

4 4+ + 3
+Au(7)cos(71°°1rn - —T')
6 6-. -
+Au(7)cos(71001rn 1‘1t)}.
with Au(%)/u ~ 0.3583,
A (3)/u ~ 1.2518, and
w7 * '
A (ﬁ)/u ~ 0.1376
u 7 [ ]

d) Phase IV with moment sequence F D F F_ P_D*P*P- corresponds
to four ij-vectors giving

- ~ 1 1+ > 1
u, = €,{A (gleos(gry,, r, + &7
+A ( )cos( - l«)

9 001 n 2

5 5~ > 1l
+Au(§)cos(31001rn - 3')

5
*A 3 ’°°"9 001¥n ~ 2V}
with Au(%)/u A~ 0.0809,
A (3)/u ~ 0.3849
u'9 : !
A (2)/u A 1.2603
w9 ' ’
A (Z)/u ~ 0.1865
u 9 . .

e) Phase V with moment sequence P ¥ F D F_ F’F_P’D-P_ corre-
sponds to five ij-vcctors giving

Hp © ez{Au(TT)co'(TT1001rn 531)
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+Au(i%)c°3(1%¥001;n - 5"
+Au‘i%’“"i%;om;n - 73"
+Au (T:') cos ('l'g?om;n + -2-31:)
+Au (-lr%)cos(i—g-%m‘fn - ;—gﬂ) '

2
with Au (ﬁ-)/u ~ 0.1169,

4

e

6
Au(ﬁ')/u 1.2646,

8
A\I (n)/u A~ 0.2098,
10 |

f) Phase VI with moment sequenceF + Fo corresponds to one x j_
vector giving

-

ca bacosdt oo 1
' Au(z)ezcos(ztOOIrn 1)+ vith Au(z) 2y .

3.2. Non-zero Field Magnetic Structures (A 11001]).

a) The moment sequence ++00++00+00 corresponds to six fj-
vectors giving

..-. _2 2+ +__5
Wy = € (A, (0) + A (F])cos(ziTyg, Ty ~ TT™)

4 4 *> 1
* A gp)ees (11700158 * 11V
6 6+ = 4
* A, fqp)ees (170018 ~ TI)
8 8+ -
* 7108 70015 * TIV)

10 10+ =+ _ 185
*+ A, (§T)cos (1700175 ~ 11}/



with Au(O)/u
Au(T%)/u
A, g/
Au(T%)/“
A, L)/

10
Au(TT)/u

~ 0.9091,

~ 0.1081,

~ 0.2188,

~ 0.6388,

~ 0.1388,

v 0.0948.
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b) The moment sequence ++00 corresponds to two ij-vector giving

n

2

= 1, _ 72
Au(O) u and Au(z) = Yo

2

e ~ 1" et 1
] = ez{Au(O) + cos(ETOOIrn - -4'“)}, with

c) The moment sequence +++00++00 corresponds to five ij-vectors

giving

U, = e, (A (0) +
+
+
+

with Au(o)/u
A, )/
Au(%)/u
A, (@) /u

8
Au(g)/u

2=+
cos (=

cos(i*
6~ -+
c08(37001%n

8-+ +
-

cos(91001rn
~v 1.1111
~v 0.1450
~ 0.6399

~ 0.2222

~ 0.1182,

’ -
957001 n

-’
970010 ~

+

+

9

m)},
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d) The moment sequence +++00 corresponds to three ij-vectors

giving
b, = éz{Au(O) + cos(%?om?n - -g-n)
+ cos(%?OOI;n + %ﬂ)}.
with A (0)/u ~ 1.2000
A (3)/u ~ 0.6472
u's

4
Au(g)/u ~ 0.2472.

e) The moment sequence ++--++-- corresponds to four Kj-vectors
giving

+> oA 2 2—» > 2
o= ez{Au(O) + Au(7)cos(71001r“ + 7ﬂ)
4 4~ - 3
+ A (9)cos(zToaFn - T
( )cos( - lN)}
7 7t 001 n 7 !
with AU(O)/u ~n 0.2857

2
Au(7)/u ~ 0.4583

4
Au(7)/u ~ 1.2840

6
Au 7)/u ~ 0.3171.

f) The moment sequence ++- corresponds to two Ej-vector giving

in = 8,8, (0) + & 2 2)cos (2 - %n)}, with

3" 001 n

A (0) = -§-u and A (3) = 3u.



4. APPENDIX (Tables 4 to 13)

Table 4. Calculated (lc.lc) and observed (xob.:A) integrated nuclear in-
tensities at 4.4 K. Scattering lengths: bc. = 4.0 F and bg, = 5.6 F3
Debye-Waller parameter B = 0.046(5) 12; scale factors C(X) = 75.5(2) and
C{x/2) = 0.00366; lattice constant & = 6.400 A and neutron wavelength

A = 1.03) A. The intensity is proportionsl to C(\)2exp(-2B(sine/3)2). The
agreement values are ln = 1.50 and 'nv = 1.8%, where

Rp= g one - xcalclj)/g Tope'y 204

2 . 2 2 .
L g ‘91"ob- 'caxc’j’ 174 § lgxob.lj}. 9, = 1/3,.

h k [3 I*. tA le.lc ] x t ld’l 4 lcnlc
1 1 2023 1393 2391 8 0 97079 597 96559
-1 1 2787 1396 2591 -8 0 99229 603 96558
-1 -1 2599 1597 2591 o 8 96659 597 96538
1 =1 2018 1598 2391 o -8 96612 599 963538
3 1233 123 1184 8 2 97712 59 93628
-3 1 1416 724 1184 -8 2 98020 598 95628
1 3 137 723 1104 -8 =2 97382 598 95628
-1 ) 1424 723 1184 8 -2 97152 59 95628
46 O 154032 852 160016 2 8 96812 5% 95628
-4 0 153697 854 160016 -2 8 97875 598 95628
0 4 153827 854 160016 -2 -8 98765 601 93628
o -4 155075 855 160016 2 -8 97720 598 95628
3 ] 8%¢ 546 908 6 ¢ 91534 581 94976
¢ 2 14244% 793 144929 -6 6 91856 581 94976
-4 2 143082 797 144929 -6 -6 93089 586 94976
-4 =2 144037 799 144929 6 -6 91679 581 94976
4 =2 1438352 799 144929 s 4 95447 589 94439
2 4 143559 795 144929 -8 4 95644 591 944359
-2 4 143769 797 144929 -8 -4 96157 591 94439
-2 -4 143769 799 144929 s -4 94289 587 94459
2 ~4 145779 803 144929 4 8 94597 587 94459
S 72% 462 773 -4 8 94874 587 94459
1 873 463 773 -4 -8 95442 593 944%9
4 120121 697 119302 4 -8 95244 509 94459

121803 699 119302 s ¢ 96273 596 97936

1
L
L]
WROELLVN-
0000000000000 0000000009000000000000O000000O00CO

-4 119236 695 119102 -8 ¢ 96696 590 97936
4 119786 695 119102 -8 -6 97171 600 97936
3 633 410 oS -6 97536 599 97936
3 3 844 414 (1] 6 8 96031 594 97936
6 0 116484 676 114124 -6 8 97111 600 97936

-6 0 116794 676 114124 -6 -8 98368 600 97936
[ 114189 672 114124 ¢ -8 96776 S99 97936
0 =6 115609 676 114124 10 O 926061 3596 97936
6 2 111638 658 109914 -10 O 97773 600 97936

-6 2 112816 660 109914 o 10 94993 392 97936

-6 -2 112391 660 109914 0 -10 95133 598 97936
6 -2 111876 658 109914 10 2 100613 608 99619
2 6 111183 658 109914 -~-10 2 99393 606 99619

-2 6 112261 660 109914 ~10 -2 101490 610 99619

-2 =6 112731 660 109914 10 -2 9957) 606 99619
2 -6 113203 662 109914 2 10 99073 606 99619
6 4 102440 619 101263 -2 10 96155 604 99619

-6 4 101912 619 101363 -2 -10 99100 606 99619

-6 -4 102060 619 101263 2 -10 98238 606 99619
¢ -4 100320 615 101363
4 6 100427 615 101263

-4 6 101855 621 101263

-4 =6 102060 621 101263

(-E-A-X-X-J-JF-3-X-X-X-J-X-3-K -N-X-N-R-R-J N _X-X -F-N-T_J_Z-J-N-N-X-X-R-R-T _K-X-T1-R-J B J 2 2 4 N J

101647 617 101363
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Table 5. Integrated magnetic intensities of CeSd III at 4.4 K. The neutron magnetic form fector l_, is calcu-
lated in the llJ = J approximation (Lander and Brum 1970). l‘ is the form factor in the dipolar approximation.
The total moment u = 2.06(4°*) vy and amplitude Au = 2.91(7%) uge

X-domains Y-domains 3- ins
AY = 16201 uy, B, = 0.1(2) A? N = 1,210 by, By * =0.2¢0 A? AD e 2.0901) by, By = 0.4t A2
for f = £, for f = £, for £ = £,
URE S T SR WY R, =020, R =000 R, =28, B = 2.0
for £ = £, for t = £, for £ = £,
l- = 9.29, l. =9.20 l- = 10.48, l- = 10.1% l. - 2,68, I- = 2.9
h k t !w. *4 !c.lc h k t Im *8 xcnlc h k 1 Im A l(.‘llc
0.504 0 0 0 134 0 0 0.508 0 o 8 0 11 0.49¢ 25986 175 26137
1.4 0 0 0 134 0 0 1.49% 0 o o 0 -1 1 0.49¢ 26108 176 26137
0.504 2 0 10914 67 10757 2 0,54 0 6392 40 6089 -1 -1 0.49¢ 25677 177 26137
-0.504 2 0 11032 69 10757 2-0.504 0 6273 ST 6089 1 -1 0.4% 26508 179 26137
~0.504 -2 0 10859 134 10757 -2 0.504 O 6290 109 6089 31 0.49 8899 113 879l
0.504 -2 0 11028 137 10757 -2-0.504 0 6247 111 6089 1 3 0.49% %021 113 8791
1.6 2 0 6169 55 5637 2 1,096 0 3524 S2 3213 33 0.4% 4934 91 4737
-1.49 2 0 6173 105 5637 =2 1.496¢ 0 3380 @4 3213 S 1 0.49 2951 81 2916
-1.496 -2 0 6035 103 5637 <2-1.496 0 3674 107 3213 1 5 0.49¢ 2777 83 2916
1.496 -2 0 5970 108 5637 2-1.496 0 3618 92 3213 S 3 0.49 1711 71 1859
2.504 0 0 0 92 0 0 2.504 0 o 92 0 305 0.49 1923 73 1859
2,504 2 0 2624 80 2435 2 2,54 0 1453 2 1407 2 0 0.504 18492 152 18319
-2.504 2 0 2514 80 2435 -2 2.5%04 0 1710 74 1407 O 2 0.504 18445 149 18319
-2.504 -2 0 278 79 2438 =2-2,5%4 0 147 73 1407 -2 0 0.504 195081 160 18319
2.506 -2 0 2799 87 2435 2-2.504 0 1706 61 1407 0 -2 0.508 18744 165 18319
1.4% 0 0 0 2 0 2 3496 0 655 59 854 22 0.508 10059 86 10685
.06 2 0 1158 34 1109 4 0.504 0 1074 74 2021 -2 2 0.504 10820 121 10685
0.504 4 0 3241 (2] 3424 4 ~0.504 O 197¢ 73 2021 -2 -2 0.504 10629 11% 10685
-0.504 4 0 3240 88 426 4 1496 0 1535 72 1647 4 0 0.504 5352 95 5482
1.6 4 0 2794 a2 21 4 256 0 1149 68 1163 0 4 0.504 5252 o1 5482
.54 0 0 o 39 0 2 454 0 231 65 32l 4 2 0,54 3984 8 4123
2.504 4 0 1856 37 1929 4 2.4% 0 706 61 768 2 4 0.504 4168 87 4123
.54 2 0 580 30 s28 2 549 0 o 61 168 4 4 0.508 2068 75  206)
3.496 4 0 1269 36 1247 ¢ 0,54 0 511 S6 1S 6 0 0.504 1909 83 1687
5.496 0 0 o 30 0 6$-0.%4 0 735 65 M5 0 & 0.504 1607 71 1687
5.496 2 0 195 23 267 4 4506 0 420 69 400 ¢ 2 0.504 1361 7 1398
0.506 6 0 855 62 1129 ¢ 1,496 0 481 76 652 i 6 0.508 1411 68 1395
-0.5%04 6 O 720 56 1129 ¢ 2.504 0 402 71 548 20 1.49¢ 11756 131 11679
.54 4 0 760 31 758 2 6.504 0 0 71 98 0 2 1.496 11602 130 11879
1.6 6 0 1000 70 1023 1 0,49 1 10365 137 11204 1 1 1.506 13137 138 13810
2,%4 6 0 742 62 847 sl 0,496 1 9685 132 11264 -1 1 1.506 12563 137 13810
6.504 0 0 o 6 0 1 1,54 1 3501 87 3665
6.504 2 0 o 31 148 -1 1.506 1 3698 91 3665
0.49 1 1 17840 162 20041 3 0.4% 1 3100 87 327
-0.49 1 1 10453 164 20041 3 1.508 1 2303 80 2422
1,506 1 1 6508 112 6476
-10506 1 1 6429 115 6476
.49 1 1 2120 15 1978
3504 1 1 825 61 187

eIncludes the uncertainty in the scale factor C arising from an uncertainty in the nuclear scattering lengths
of sb e 0.1 7.



Table ¢é. Integrated magnetic intensities of CeSb III at 14.1 K. A scale factor € = 77.1()) yields AB(C/'H -
2.%4{%) uge Au(zﬁ) = 0.7{\) uge and u = 2.0} vy

E-domaine I-domaine Icdenaine
ATV = LA U) wye B, = 0.0t A2 A/n = 1.0000) by By = 0.5 A7 AJW/TY = 1,7500) uy, By = 0.3(0) A
for t = £, for t = ¢, for t = ¢,
Ry = 138, R, = 1.60 Ry = 308, R = )68 L 1.38, B = 1.9%
for t = ¢, for t = ¢, for t » £,
R ™ 338, R, = 4,58 Ry = 378, R, = 4.68 Ry = 13% A, = 1.08
AN = 0.2912) ug. Bq = 012) A2 A2/ = 0.2002) ug. By = 1N A2 AS(2/) « 0.3600) uy, B, = 0.4(2) A
for f = ¢, for t = {, for f = ¢,
Ry = 608, R = 6.90 Ry ® 8.38 R, = 308 Ry = .78, R, = 420
for t = £, for £ = £, for t = {,
Ry ® 6.9%, R, = 7.00 Ry = 5,08, R = 4.9% Ry = 498, A = 4.0
h k t ‘Ob! ) 'ealc L] k t l*. L1 'ealc h & ) l“. th lecle
1.4280 0 © 0 40 0 2 o.M 0 473 9 473} 1 1 0,438 196612 147 19749
0.572 2 0 9007 100 9137 3 -0,3712 0 408 B 8) “l 1 0,420 19703 147 19749
<0.872 2 0 3168 113 NY 3 1.8 0 3590 71 2600 I 1 0.430 6687 91 e6le
1.420 2 0 3233 08 317 3 3.512 0 999 30 1019 =) 1 6.428 €729 97 6616
23,872 2 0 20712 61 196 3 2.0 0 4N 8 3 1) 0,420 6642 90 e6le
3,428 2 0 ) & . ¢ 0,572 0 1366 S6 146 “l ) 0,420 €302 90  e6ls
0.572 ¢ 0 2817 13 2048 4 =0.372 0 1334 57  M4es ) ) 0.2 381 M )els
<0.872 4 0 203¢ 1 2048 ¢ 1.8 o 129 $7 122 =) ) 0,420 e T )els
1.2 ¢ 0 247 68 2334 4 25712 0 168 4 18 S 1 0,430 2138 61 1Y%
2.372 4 ¢ 1307 S8 1338 2 4372 0 248 ¢ 0 =5 1 0.420 301 6) 2199
45712 32 0 a0 Qo 20,207 0 168 16 179 1S 0,630 2364 63 1%
1.3 0 o o 12 ° 3 -0.207 0 107 13 1M “1 8 0,420 UM a1
0.207 2 o al 1y 3 1L 0 13 10 7] S ) 6.430 144y 5% 140)
-0.287 2 O 356 18 e 2 2.207 o 0 )7 [} ] =5 3 0.420 19% $? 1463
1.3 2 0 1 18 182 3} S 0,428 1048 58 146
2.207 2 o 9 1 9 *) 8 0.020 1036 35 146D
30 0.307 1463 2% 1449
0 2 0,207 1670 24 1449
32 0387 NS 20 e
€0 0,307 )8 17 4l
6 ¢ 8,207 43} 18 4
€ 3 0,207 N6 11 e
304 0,387 N8 M6 e
¢ 4 0,207 1713 0 1%
€ 0 0200 13 17

€T
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Tobie 1. Intoprotad angeatic Sateneition of Cald III okt 16.03 B. A sxnle fastax € = 77.2(3) yielde A ~
L9013 .y and » = L.6BIS) oy

Al = 1A7MD) oy B, = 0310 at

L

ek A ~en

L .55, B - 5.8

- ]

o = 0.3 uy, B, =001 a?
Nttt

%oc.ﬂ. Ry = -0

tox -8,

oo, R, =50

Cimnise

al e 1.2200 uy, B, = S0 A
e,

o220, =20
for £ = ¢,

NI R, 20

[ ) LI B S l.“ » [ [ 3 Tae ld‘ R t Tag Tenle
1-733 & O 13 ¥ [ 2 0.687 0 MY NN M2 1 1 0.333 9934 1ii¢ SO0
0.607 2 0 30080 84 MM 2 ~0.667 & MM W B2 =k 1 0.333 %03 113 *®
-5.07 2 & 330 00 MUB 2 A3 O 8¢ B 2N 3 1 6,333 NN # U
1.3 2 6 MW 73 MN&2 2 2.08Y O e 3 R «3 3 0.3 00 W @6
2.7 2 O 1M 22 1M ¢ 0.047 O 1106 2 UM 1 3 0.333 B T Ne
3.333 2 & ™®we 432 668 a ~0.667 0 M0 B UB = 3 0.333 BN N NN
-9.067 4 O 179 0} 1M2 ¢ 1.333 6 BN ® M 3 3 0.323 179 37 1e88
.87 2 O % » 22 ¢ 2.887 O ™M 3 W “3 3 0.333 Ml 3 18

$ 3 0.303 4k W 00
=3 1 0.33) 100 32 100
1 % 0.33) 1004 32 100
-1 % 0.3} 91% N 100
$ 3 0.33) MM N M2
=3 ) 0.33) 43 7 N2
) S 0.33) &8) @& 2
=3 5 0.33) M W 2
2 0 0.687 52 180 01

Table §. The chenrved. correciad. iateyrated intencitiss of Cofd III at 4.2 K fer incressing
snd ducressing segnetic fields § applied persilel te (607 ). The standard deviatisns are given
ia perentheses. -lﬁ-'mmuhnlmluhd fren the mset tatense sseellites

g » 0) and Crem 111, respastively. » » § I-lo-’l.lul-l.!f-lu- 1.8 uy we colculate

| 77 ~ Il~lml.

eale

| ] 9 ohourved Satensitios l~ .l [ ) l~ l' »
m ir.d.w.) 02 ) 28 iy irle) 1M ag!  iny)
0 /2 I e4(N8) SRR 2.0 & DIV . 5.1
.33 1/2  20579(109)  T7995(65) 0664IeE) 2.02 0  1312(eM) . 2.0
1.0 172 26836(110) 7032168} OL7Mi6H) 2.0 O 33N . 2.0
172 eI 3616 0.3
1.50 les7  INNBIWM 2.10 o eV en) 1.54 1.0
{7 2703¢00)
.19 '3/3 0184138 . ¢ 2.15 o 10Xeien 2.01 2.1
1.5 /3 eesiN . o 2.16 o 1eTIRNMED 2.97 2.1
.00 /3 0791{74) ® I 2.13 @ 11040(61) 2.10 2.1
1.5 ) e1e8%(180) . L 2.16 0 11034(8%) 2.10 2.3
b - o NI 2.0¢ 2.9
.2 - o Mo 2.02 2.0
2.90 /3 €12474103) '] 4 2.1 ¢ M) 2.1¢ 2.2
2.08 273 6194{10%) . . 2.16 o 11118100) 2.10 2.1
1.60  &/7  38219{10D) . o 3.13 o 9038) 2.0 2.1
0 /2 JIeN) e SN 2.0 ¢ IS . 3.1




Table 9. The observed, corrected, integrated inteasities of CeSd III at 10.9 K for incressing and
decreasing magnetic fields applied parailel to [001) (cf. table 3). Using the values of u deter-

nined from the experiment, we find lene“/ll) ~ 0.6!“.(4/)1) for M < 1.5 7T and ‘enle“ls, ~
2!0”(0/5) for 3.5 T « B < 4.5 T,
N q Observed intensities xm ¥y q xou vy u
(T) {r.l.u.} 02q 20 290 (ug) (r.l.u.) 111 (u.) (ug)
/11 4s18(62)
0 6211 20700198 seadee)  9214072) 2.07 0 6701460 0 2.1
4711 $309(66)
0.52  {g/11  21136(98) S668(63) 9081 (70) 2.08 0 e 0 2.1
/11 4494(62)
1.00  {g711  20018(87) SO76(71) 8040 (68) 2.02 0 27¢6146) 0 2.0
/11 4278(61)
150 Hg/i1 17680(92) s78e(63)  9208(74) 2.01 0 774 0 2.0
2.28 273 18427(124) 0 0 2.11 ) 9357(64) 1.98 2.1
2.50 2/5  38188(129) 0 0 2.10 0 9170(64) 1.95 2.0
.15 4/9  10277(78) ° 0 2. 0 20770(92) 1.96¢ 2.1
3.00 4/9  10083(104) 0 0 2.18 0 20370(116) 1.93 2.1
2/ 13(73) ° 0 2.11
1so {33 et 0 22062(122) 1.92 2.0
4.00 {}j: ’zz::;::’ 0 o .1 0 23465(120) 2.0 2.1
2/5 9930(100) ° ) 2.00
a0 (372 i 0 24979(125) 2.00 2.0
5.00 0 S4900(173) 1.04 1.9
2/5  10125(104) ° 0 2.14
e {02 150 0 23471(125) 1.93 2.0
2.90 49 9955 (105) 0 0 2.16 0 20271(80) 1.9 2.1
2.50 2/3 30287(110) 0 0 1.87 0 7000(78) 1.74 1.8
411 794010
J
100 6711 5619(96) $356(8%  18362(126)  1.91 0 292%075) 0 1.9
) 6/11  6258(91) 5213(84) 17291(124)  1.89 ) 2421(69) 0 1.9

Table 10. The observed, corrected, integrated intensities of CeSb 111 at 16.1 K for increasing
and decreasing magnetic fields applied parallel to (001] (cf. table 3). Usirg the values of u
determined from the experiment, we find 1 (8/11) ~ 0.23

calc!$/11) ~ 0,43, (4/11) and I, obs
(8/11) for B < 1.5 T (W increasing), 1., (6/9) ~ 0.81 , (6/9) for W = 4.79 T and 1__, ()
Iob.(q) for g = 2/11, 4/11 and §/1) for B = 1.4 T (N decreasing).
n q Observed intensities Im LIY q 1 obs uy N
I (r.".u.)  02q 920 290 (ug) (r.l.u.) 111 {ug) {ug)
(] 2/3 6133(94) 2170(72) 3440(79) 1,27 O 2432(61) (] 1.3
fe711  2302(70)
1.00 {6/11  761)(102) 0 0 1.0 0 7063 (04) 1.20 1.6
/11 1;91(;0)
411 2716(71)
1.50 {600 7700069) 0 0 W 9126(89) 1.3¢ 1.6
2.00 172 9112(109) 0 0 1.77 o 11342(89) 1.44 1.6
2,5 172 0773(99) 0 ° 1.74 0 12127.94) 1.5%0 1.6
3,00 1/2 9255(100) 0 0 1.7 o 13905(100) 1.64 1.7
3.% 172 9030 (99) 0 0 1.7 o 14997(102) 1,70 1.7
3.7 172 0606 (96) 0 0 1.7 o 15340(100) 1.72 1.7
4.5 4/9 1355(::) g g {.;s 0 17135(104) 1.66 1.7
a.79 {4/ 7452(00) .76
7 {‘,, 1176103) n 18225(107) 1.7 1.7
4,00 1/2 0707(147) 0 0 1.7 o 16172(164) 1.70 1.9
3,00 172 11425(166) 0 0 1.99 0 14010(151) 1.6 1.8
2,00 1/2  11709(168) 0 0 2,02 o 12362(144) 1.51 1.9
‘2/11 111139)
/11 1155(7))
140 {711 7979(149) 0 0 es © 9852(130) 1.44 1.7
o711 218082
0.80 /11  9559(15%) 0 0 2.02 o0 9211(127) 1.37 1.7
0 /3 9123(150) 2652(97) 4154(113) 1.40 O 2505(74) 0 1.5




Table 11. The ocbeerved (l“.l and calculated "e.le' magnetic iantensities tn CeSd 111
at 4.2 K and at B = 2.50 T applied parallel to [001). From the satellite intensities,
wa find vy 1.9(2) vy with R = 9.6% and l.. ® 11.50. From the ferromagnetic inten-

sities, we find vy * 1.8(2) vy with Re 13.00 and l’. = 14.5%.

Satellite intensities Parromagnetic intensities

Ak L Toe LI h k¢t Tove Leale
1 1 0.3 2001(3%) 1877 1 11 330(4) 2%
1 3 0.33) 663(3) 608 -1 11 kIR ITY] 296
3 3 0.3 336(3) 324 -1 «1 1 240(4) 296
1 3 0.3 193%(2) 199 1«11 287(9) 296
S 1 0.33) 208(2) 19 1 31 137(4) 132
2 0 0.667 960(3) un 311 % (4) 172
0 2 0.687 1259(4) un 3 31 "%5(3) . 7
2 2 0.607 708(4) 704 1 % 1 $3(4) 54
0 4 0.667 376(2) 366

2 4 0.667 20%(2) n

46 2 7,667 225(2) an

4 4 0.667 165(2) 1)

2 ¢ 0.667 87(2) s

4 6 0.687 62(2) L 13

Zable 12 The cbesrved (Ig) 8 calculated (I, .) magnetic
intensitions in CoSd III ot 4.2 K and at N = 4.02 T applied
pazallel to [001). Prom these intensities we find ¥y * 1.8(2) vy
vith Ry = 10.80 and B, = 12.60.

Porromagnetic intensities

kot ‘obc 'cnc
1 11 3819(¢) 2546
-3 1 1 3046 (6) 2546
=} =] 1 2076(S) 2346
111 2321 (6) 2546
3 11 1185(%) 1109
1 31 1248(3) 1109
-1 3 3} 1218(%) 1109
-3 1 3} 087(3) 1109
3 31 716(4) 654
1 5 1) 421 44) 435
-1 § 1 41244) 493
5 85 1 124(3) 164




Table 1).

CeSb powder at 4.2 K. The scale factor C = 13.9(1).

in
2
D= 0.4(1)A

R, = 2.00, R = 1.0

Bey = 0-813) a2

Negastic intemsities

B3, R a0

The cbesrved and calculated integrated muclear and magnetic intensities of

ANCUII) - 2,74(6) uge ¥ = 2.17(3) vy

hn Ok 1 1one ta !cqlc h k 1 Ioe 8 Iale
1 1 1 1% 116 e o o o.5s °o 20 °
109 0 Neel a0 eesse o 0 1431 100 292 %1 10010
°o ® il }
S e 212 12 1 1 o4 10919
2 2 2 29682 288 4073) 2 ¢ 0.5 1t
$ 0 o0 20613 256 23302 1 1 1lss) 13838 N5 gy, | 14N
S-S, i~ + .. 2 0 1.5 a6 1 a3
o o 2.8 °o °
1 1 2.6 16l
I -+ B TR ui} sew
2 2 1. 27
3 1 ols) e aa 5697 } 10609
2 o 2.38 125)
o o 3.4 o 55 °
3 1 155 Jee 385 ean
2 2 2.8 1195
21 23} v am s} 10w
2 o 3.8 s
3 1 2} a0 12 } ema
s o o5 1835
& 0 1.5 1459
P05 sl o2 e 1432) som
2 2 3.8 599
s 2 o5} 17 4 aem ) era
3 3 1l 120
° o .58 o 49 °

27
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