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Neutron (2.4 A) elastic scattering measurements were conducted on RCr03 powder samples

(R =Pr, Nd, Ho, Er, Tm, Yb, and Lu) whose magnetic structures were uncertain due to

discrepancies between previous neutron scattering studies (which yielded nonaxial magnetic

structures) and spontaneous magnetization and susceptibility studies (which yielded axial mag-

netic structures). The present neutron scattering measurements yielded axial magnetic struc-

tures for R =Pr, Nd, Ho, Er, Yb, in agreement with those obtained by magnetization and sus-

ceptibility. For PrCrO3, however, the Pr + magnetic moment obtained by the present neutron

scattering study is significantly smaller than that obtained by magnetization studies. For the Pr

and Nd compounds the direction of the magnetic moment was not determined due to lack of
resolution. For TmCrO3 the present neutron scattering spectra yielded temperature dependence

of magnetic-reflection intensities that can be explained by a temperature-dependent aspherical

spin distribution. With the use of this model the spectra are made consistent with an axial mag-

netic structure, in agreement with the magnetization and susceptibility results, For LuCrO3 the

present neutron scattering spectra resulted in a nonaxial structure in agreer'nent with the previ-

ous neutron scattering studies. If we consider a temperature-independent aspherical spin distri-

bution, these results can be made consistent with an axial structure, in agreement with the mag-

netization and susceptibility results. For R =Nd, Ho, Er we find that the R3+ spin configura-

tion has a sign opposite to that proposed by the previous neutron scattering, in agreement with

the magnetization and susceptibility measurements, For these compounds it is also demonstrat-

ed that the R magnetic order is induced by the Cr sublattice. The latter result is in agree-

ment with the magnetization and susceptibility studies and in disagreement with the cooperative

ordering of the R3+ sublattice previously reported from neutron scattering studies of these com-

pounds,

1. INTRODUCTION

The rare-earth orthochromites RCr03 (where 8
stands for a rare-earth metal) are isostructurai with

the rare-earth orthoferrites, 8 Fe03, and crystallize in

an orthorhombically distorted perovskite structure.
This structure belongs to the space group D21~6-P&nm

with R in the (4c) and Cr in the (4b) positions as
shown in Fig. I. The possible magnetic configura-
tions with symmetry isomorphic2 to D21I6 were defined
by %ollan and Koehler and by Bertaut and are list-

ed in Table I. The possible magnetic structures with

symmetry lsomorphlc' to D2q have also been classi-
fied by Bertaut according to their magnetic symmetry,
and this classlflcatlon ls glvcn ln Table II.

The orthochromites are paramagnetic at room tem-
perature (RT) and are magnetically ordered at iow

temperatures. As thcsc compounds arc cooled

Rcr03

0-Cr (4b)
3+

~ R (ec)

FIG. 1. Qrthorhombic unit cell of RCr03. Only the R3+

(with position parameters x =y =0) and Cr ions are shown.
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TABLE I. Definition of magnetic-moment configurations
(Refs. 3 and 4). The sites are numbered as in Fig. 1. The
+ means moment parallel to a particular direction, —means
antiparallel to the same direction.

TABLE III. The contribution to the two doublets (see
text) of the magnetic moment configurations A, C, F, and
G. The corresponding structure factors are given in terms
of b = (hx + ky), where x and y are the position parameters
of A.

Configuration
designation

Site
hkl Cr

F
G

C

010
100
011
101

Structure
factor

C
C
G
G

C
C
G
G

4 cosh

G
A

C
F

4 sink

TABLE II. Possible magnetic structures in the (4b) and

(4c) positions in D21, with symmetry isomorphic (Ref. 5)
with D2I, (G with o. =x,y, z designates a G configuration

with the spin axis along a, b, c, respectively, etc.).

(4b)
Cr

(4c)
R

down from RT, the Cr sublattice is first to order at
Tgi. This is a critical temperature and it decreases
monotonically across the periodic table from 282 K in

LaCr03 to 112 K in LuCr03. The R sublattice or-
ders (paramagnetic R ions only) at much lower tem-

perature, TN2, generally below 20 K. These, howev-

er, are not critical temperatures (see discussion),
their variation 'is not monotonic across the periodic
table and their determination is somewhat ambigu-

ous. The magnetic structures of the orthochromites
had been determined by neutron-elastic-scattering
(NES) measurements on powder samples. ' 9 Spon-
taneous magnetization and susceptibility (SMS) mea-

surements done later on single crystals' ' yielded

magnetic structures that for some R ions (R =Pr,
Nd, Ho, Er, Tm, Yb, and Lu) were different from

the structures determined by NES. Furthermore, the
SMS structures were consistent with Table II,
whereas some of the NES structures were incon-
sistent with this table.

The magnetic structures are essentially determined
in the NES study from the two doublets: {010,100}
and {011,101}. The contributions to these doublets
from the four magnetic configurations are given in
Table III. The ratio l(011)/I(101) is approximately
equal to 3, —,, and 1 for G„, G~, and G, respectively,

1

on the Cr sublattice. When R is ordered in a G, C,
or F configuration the above ratios are not valid. A
detailed calculation of these ratios is given in the Ap-
pendix. Good resolution between members of the
doublets is essential to the unambiguous determina-
tion of the magnetic structure. The previous NES

0
studies were performed mostly with —1 or 1.2-A
neutrons. A significant improvement in resolution

0
can be obtained by using 2.4-A neutrons. We have
hence decided to use 2.4 A in a NES study of those
chromites for which the proposed NES magnetic
structures disagreed with the SMS magnetic struc-
tures.

The present NES measurements were performed
on powder samples at the IRR-2 reactor, Beer-Sheva.

Pbnm

Pbn'm'

Pb'nm'

Pb'n'm

Pb'n'm'

Pb'nm

Pbn'm

Pbnm'

Gy C,

F„ C, G,

C„Fy A,

G„Ay Fg

Fx Cy

C, Fy

G„ Ay

Ax Gy

Cg

Fs

A~

Gz

II. MAGNETIC STRUCTURES

The ratios between the intensities of magnetic re-
flections Ir/lrr, Irr/Irv, and Irrr/Irv (for convenience
we label {010},{100},{011},and {101},respectively,
by I, II, III, and IV in order of increasing scattering
angle) were calculated using Eqs. (Sa) —(lla)
developed in the Appendix. A short-hand notation is
used in specifying the magnetic structure; for exam-
ple, a structure where Cr + has G„and A„com-
ponents and R'+ has an F, component is labeled
[G,A„;F,]. The results of the calculations in the
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Appendix are used extensively in the analysis of the
observed data. Thc important results of the calcula-
tions are

(a) Without a sign ascribed to them, the com-
ponents uniquely determine the magnetic space group
but do not define the spin configuration uniquely.
For example, the components G„F„on Cr and Cy Fz
on 8 give 2 = 8 different moment configurations
[G„+F„;+C».+F,] belonging to Pin'm' The . +
sign corresponds to thc definitions in Table I.

(b) A nonzero intensity in the refiections {010}
and/or {100}means ordering of the moments on the
R sublattice [this is not generally correct, since a C
configuration on thc Cr sublattice also contributes to
these reflections (Table III) but this configuration
was not found].

(c) The moment configurations [G„+C», +F„] and
[G„;+F,] are excluded by a nonzero {010}refiection.

(d) As the sample is cooled down, the onsets of
ordering on the Cr sublattice at T~t and at (a lower
temperature) T~2 on the /I sublattice are expected to
be seen in the temperature dependence of thc inten-
sities of magnetic reflections. A magnetic reflection
containing contributions from the Cr and 8 sublat-
tices has the following temperature dependence.
There is a sharp rise in intensity (upon cooling) at
T~b which tends to level off at lower temperatures.
%hen Tg2 is reached, there is either an increase or a
decrease in the intensity depending on the configura-
tion and on the reflection (Fig. 4). This is followed

by a relatively sharp leveling off due to saturation
(Figs. 4 and 9). The values of the magnetic mo-
ments and position parameters are given in Table IV.
The form factor values were derived from thc calcu-
lations of Freeman and Watson' and experimental
data for Cr'+ (Ref. 18) and Ho'+ (Ref. 19). In Table
V, the calculated intensity ratios are compared to the
ratios observed in the RCr03 spectra, taken ai several
(arbitrarily chosen) temperatures (Figs. 3 and 5 —8).

A. PrCrO3

Previous neutron scattering studies yielded at 4.2
K the moment configuration [G„;F,], while SMS
studies" yielded [G„F„; C», F„]. The do—ublet—
{III,IV}, which enables the determination of the
direction of the axis of the magnetic moments, 2' is
unresolved with 2.4-A neutron beam (Fig. 2). A
beam of 3.6-A neutrons also yielded (not shown) in-

sufficient resolution. In our 2.4-A neutron scattering
measurement (Fig. 2), however, a weak {010},{100}
reflection is observed. This identifies the magnetic
structure as CyF+ or C, for the Pr + system and
therefore (by symmetry) G,F„or G», respectively, for
the Cr + system. Compatibility with the SMS mea-
surement'" leads to [G,;—C», F„l. The negative—
sign preceding Cy indicates that the y component on

80

56—

PrCr03

0
& = 2v46 A

9 K

48—
C)

D

v ~ vv

8 ~vvv ~ v vvvvgvv vvvvvvvvvvvvvvvvvv vvvvvvvv~ vv vv vvvv v

I l I

26 28 30 32

Scattering angle, Ã, (deg}

vvvvv ~~

I

34

FIG. 2. NES spectrum of PrCr03 at 9 K. The solid line is

only a guide to the eye.

B. NdCrO3

Previous NES measurements determined the
magnetic structure as [G„;—] (the long hyphen indi-
cates a paramagnetic state of the Nd + ion) at 80 K
and [G~60', C, ] (the Cr'+ moment is 60' from the x
axis) at 4.2 K. SMS measurements" on the other
hand yielded [G»;—C, ] at 4.2 K. The {011}and
{101}pair (III,IV) was unresolved using 2.4-A neu-

the Pr'+ sites 1, 2, 3, 4 (Fig. 1) are —,—,+, +
(Table I), respectively. When the {011}and {101}re-
flections (III,IV) are resolved, the sign preceding the
Pr + configuration is directly determined from the ob-
served value and/or temperature dependence of
Im/I» [see Sec, IIC and Eqs. (A8), (A9), and
(A10)]. However, assuming the value 2.2p, s for the
Pr'+ magnetic moment and 47' as the angle of the
Pr + moment to the y axis in the xy plane, as ob-
tained by SMS measurements, ' the ratio (/~+ it|)/
(1&&&+1») was calculated to be 0.44 compared to the
observed value of 0.04. A detailed analysis sho~s
that a 2.2p, ~ moment at any direction in the
[G„'—C», F„] structure i—s inconsistent with the NES
spectrum (Fig. 2). Assuming a [G»;+C, ] with a
2.2p, q Pr moment leads to ratios larger than 0.44.
The observed intensities ratio can, therefore, be ex-
plained only when assuming a Pr'+ moment of about
0.6p, s (which is in agreement with the value, but not
with the direction, of the moment obtained by previ-
ous NES measurements'). We have no explanation
for the discrepancy between the NES and SMS results
for the magnitude of the Pr'+ moment. A careful
NES measurement on a single crystal (extinctions
may raise a problem) may provide answers to this
question.
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TABLE IV. The magnetic moments components in Bohr magnetons at 4.2 K and the position
parameters of the 8 + ions, used in the calculations of intensity ratios presented in Table V. The
uncertainties in the magnetic moments are about +0.2p, & for S ' and 0.6p,~ (large S) to 0.3p,~
(small S) for S", Sc', and S"are correlated and the calculations fit within the errors in the ob-
served data with these uncertainties.

R + Scr SR SR SR yR

Pr

Nd
Ho
Er

Tm
Yb
Lu

2.46b

2.52b

2 94b

2.98'
2.58b

2.80b

2.51b

0.38'
0 43a

0
0
0

—34
0
pa

0 13e

0

0 35a
—0.40'

0
0
0

—70
0

—0.5'
0
0

0
0
0.5'

—0.6'
-1.93'

0
—4.62'

0
0
0

—0.010'

—0,010d
—0.015'

0 019a
—0.020'
—P 020c

0 035c

0 035
0.043'
0.047'
P P48'
0 049c

' The present study, by best fit of the calculated to the observed intensity ratios.
Reference 7.' By extrapolation, and following the changes in position parameters of the 8 + ions in the ortho-
ferrites. (Ref. 20).

d Reference 8.' Reference 10.

TABLE V. Axial magnetic structures. Calculated magnetic intensity ratios I1/111, I111/I1v, and

I11/I111 compared to the observed ratios in the present NES measurements. The position parame-
ters and magnetic moments used in the calculations are those of Table IV. The sign of the confi-
guration designation indicates the sign of the moments in site 1, for example —C =———++.

Proposed mag. str.
[Cr; ~] T (K) Obs. Calc.

I1»/I1v
Obs. Cale.

III/IIII
Obs. Cale.

Pr

Nd

Ho

Er

Tm

Lu

[G,F„;+Cy, +F„]

[Gy, +C, ]

[G,;-c,]
[G„-c,, -F„]
[G,;—Cy, —F„]

[G„;—F,]

[G,;-c,l

[Gzi Cy~ Fxl

[G,;-Cy, -Fx]

[G,;—Cy, —Fx]

[G,;-cy, -F„]
[G,;-F„l
[G„-F„]
[G,;—3

9 Unresolved Unresolved 0.04+ 0.01~ 0.04'

4.2 Unresolved

90

Unresolved

1.08 + 0.05 1.11

034 f001' 034'

4.2

35

2.96 + 0.12 2.93 2.48 +0.04

3.39 t 0.26 3.51

2.47

4.2 0.97 + 0.02 0.96 2.11 + 0.08 2.12 2.09 + 0.04

100

77

1.08 + 0.03 1.09 0

1.19 + 0.03 1.10

1.22 + 0.02 1.13 0.03 + 0.02

1.24 + 0.02 1.13 0.03 + 0.02

1.10+0.09 1.09

1.12 + 0.04 1.10

1.43 + 0.04 1.10

1.36 + 0.04 1.10

90

4.2

77

4.2

2.09

-0
0.03

0.03

' For Pr and Nd we give in the last two columns the ratios (I1+I»)/(I»+ I1v} rather than I»/I»1
because we are unable to resolve the doublets (I,llj and (III,IVj.
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trons in the present NES study so the direction of the
Cr3+ magnetic moment could not be determined by
our measurement. As the sample was cooled down
to 4.2 K, it was observed that I~11+I1v increased.
This increase is consistent with —C, ordering of the
Nd sublattice [Eq. (A9), notice that +C, will lead to
a decrease). Hence, [G»;—C, l is the only structure
which is consistent with the NES spectrum (Tables
IV and V), its temperature dependence [Eq. (A9)]
and symmetry (Table II), in full agreement with SMS
results. The magnitude of the magnetic moment cal-
culated from the observed ratio (I~+It~)/(Its+1~v)
using previously published" S ' and position param-
eters (Table IV) is IS"dl =1.93@,s.

20—
~pe

15—
~f

s
IC$

~ 10—
~I

OJ

5

O
O

Atty ~ 1+I 0 III

HoCr03
25 0

& = 2.4 A

295 K
I I 5

-3
I I

4.2 K
'~ ~OO~O,r I~ ~ O+ PerhOV~O ~, I

l I I I I I

'~

~ ~ ~ ~ ~ ~ r,I

—5
100 K......, .. .,... .-"

e-I
O

C. HoCr03

26 28 30 32
Scattering angle 2~ (deg)

34

Previous NES measurements ' yielded [G~86', —]
at 80 K and [G„C»,F„] at 4.2 K. The structure
determined by SMS measurements" is

[G, ;—C», —F„] for the whole temperature range. Our
NES measurement (Fig. 3) yields lu/I~a and Iut/ltv
which are in good agreement with the calculations as-
suming the [G,; C» F„] str—uctu—re for both 90 and
4.2 K and using magnetic moments and position
parameters within the error range of previous experi-
mental determinations (Table IV). As the sample
was cooled down, the [011}(la~) increased and the
[101}(1~v) decreased (Fig. 4). This is consistent
with —C», F„ordering of th—e Ho sublattice [Eq.
(AS), sink(n )0 and sink(v (0]. A [G,;C», F„] con-
figuration will cause Im to decrease and I1v to in-

FIG. 3. NES spectra of HoCr03 at 4.2, 100, and 295 K.

crease in disagreement with the observed behavior.
Furthermore, the temperature dependence of the
square of the Ho moment is given by
(~1tu —1.035$1~~) which is found to coincide with
intensity-versus-temperature curve of the [100}re-
flection. '3 Hence, [G,;—C», F„] is the only —struc-
ture which is consistent with the neutron scattering
spectrum at 4.2 K (Fig. 3, Table V), the observed
temperature dependence [Fig. 4, Eq. (AS)] and sym-
metry (Table II). This determination is in complete
agreement with the 4.2 K SMS structure" (Table VI).

TABLE VI, Summary of magnetic structures obtained by previous NES (Refs. 6—9) (NES 1) SMS (Refs.
10—16) and by the present NES (NES 2).

80 K 4.2 K

8Cr03 NES 1 SMS NES 2 NES SMS NES 2

PrCr03

NdCrO3

HoCr03

ErCr03

TmCr03

YbCr03

LuCr03

[G;—)

fG„;—l

[G 86', —]

[G„;—l

f G„,62', —)

[G,,F„;—]

[G.;—l

[G„F„;—l

[G„,F,; —]

[G„F„;—)

[G;-]
[G;—]

[G„—]

[G„;—l

[G„—]
[G„,F,; —)

[G„,68'; —) [G„F„;-F„] fG, ; —l

[G„,63'; —l fG„F„;—) fG; —]

f G„;F,l

[G 60;C,]

f G„Cy,F„]

[G 47';C, ]

f G„;F,l

G„,68', Fr]

[G 63', —]

[G,, F„;-C,, -Fx]

[ Gy,
' —C, )

z» x~ Cy» r)

[G,;-C,]

[G„F„;-Cy»-F„]

Gx Fz' Fil

[G„F„;—Fx]

f G„F„;—l

[G„F„;+Cy,+Fx)

[G;—C,)

[ Gz', —
Cy»

—Fx]

f G„;-C,]

[G, ;—C, , -Fx]

[G„-Fxl

[G„„-l
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D. ErCrO3

Previous NES measurements' yielded [6„;—] at
80 K and [6~47', C,] at 4.2 K. The structure deter-
mined by SMS measurements" is [G„,F,; —] and

[6»;—C, ] above and below 9.3 K, respectively. Our
NES measurements (Fig. 5), yielded intensity ratios
which are in good agreement (Table V), with the

[6„; F, ] s—tructure above the transition temperature
as agreed by all techniques' 9'" and [6»;—C, ] below

the transition temperature [where the reflections
{010}and {100}appear] in agreement with SMS mea-

surements. Here too the 8 + system is in the —C
configuration relative to the Cr + system and not in C
as indicated by the previous netruon scattering mea-
surements. ' To give an idea, [G»;C, ] leads to a calcu-

lated Int/Itv —0.01 whereas, the observed value is

2.11.

0 I I I ]

0 20 40 60 80 100 120 140 160 180

Temperature (K)

0
ErCt'0 & = 2.4 A3 -8

K ~ ~ s s ~ e+e ~~ e~ ~ 14
~~1 ~ ~l l~ ag1t y t ~~ ~ ~oe ++ ~ &~~ ~ ~

20

S

~pal

15-

35 K.:;„

5 . .z
~tQtO $qP+ 114I1lly

~4
~ pl I ~
4

W ~ ~

II
024

I

26 28 30
I

32 34

Scattering angle 28 (deg)

FIG. 5. NES spectra of ErCr03 at 4.2, 35, and 295 K.

FIG, 4. Temperature dependence of the intensities of the

magnetic reflections {011}and {101}(111 and IV) for

HoCr03.

E. TmCrO3

The magnetic structures obtained by previous neu-
tron scattering measurements are [6 62'; —] and

[G„,F,] at 80 and 4.2 K, respectively. As a small
external magnetic fieM is sufficient to rotate the Cr +

moments from the x to z axis and vice versa the
magnetic structure was not determined unarnbiguous-

ly by SMS measurements, ' and the t~o structures
[6„; F,] or [6,; —C„—F„]were—found to be equally
consistent with the SMS data, The NES spectra ob-
tained in the present study (Fig. 6) are not fully un-

derstood. Let us consider symmetries and intensities.
(i) Symmetries. A weak {100}but no {010}reflec-

tion is observed at 4.2 K. This is consistent with a
C„structure on the Tm sublattice (Table III) and by

symmetry (Table II) we deduce a [6„+C»+F„]
structure.

(ii) Intensities. The temperature dependence of
the {101}reflection (Itv) is similar to that of LaCr03,
YCr03, and LuCr03. Hence it contains neither a
contribution from Tm nor from a reorientation of the
Cr'+ moment. On the other hand, the small Itt/Itn
value leads to a C» (Tm) component which is too
small to justify the observed change in the {011}re-
flection (Itn) with temperature (Fig. 6, bottom,
T/Tg (0.3). This disagreement comes out in the
comparison betvveen the observed and calculated
lnt/Itv (Table V, T =77, 9, 5 K). A possible ex-
planation for this unusual temperature dependence of
I~~~ is a temperature-dependent nonspherical spin dis-
tribution of the Cr + sublattice. This explanation was
offered in the case of Tmpe03 and Ybpe03 where a
similar temperature dependence of I~g and I~v had
been observed. "
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FIG. 7. NES spectra of YbCr03 at 4.2, 100, and 295 K.

o 0.6 — TmCr0
3

I
F. YbCr03

D
OJ

0.4
OJ

CX'.

0.2—

0
0

—o—(0

I

0.2
I

0.4 0.6
l

0.8 1.0

The magnetic structures obtained by previous NES
measurements" are [G„,6S', —] and [G 68';F„] at
80 and 4.2 K, respectively. SMS measurements yield-
ed'a on the other hand [G,; F„] structure for the-
whole temperature range. Our NES measurements
(Fig. 7) concur [Table V and Eq. (Sa)] with the
[ G„' F„] structure. —

G. LuCr03

Reduced temperature

FIG. 6. Top'. NES spectra of TmCr03 at 5, 9, 77, 100,
and 295 K. Bottom: Reduced magnetization vs reduced
temperature (T&=124 K) for the (011]and (101) (III and

3
IV) reflections of TmCr03, compared to the J =

2
Brillouin

curve. The (011 } magnetization is scaled to unity at
T/T& =0.3, The dashed curves are only guides to the eye.

The magnetic structure obtained by the previous
NES measurements'9 is [G„,63'; —] for all tempera-
tures below Tg. SMS measurements yielded' on the
other hand, [G,; —] at all temperatures of the or-
dered state. The present NES measurements (Fig. 8)
yielded Itu/ltv which is neither consistent with G,
(Table V) nor with G„. It seems that for LuCr03 the
6 63 determination of the magnetic structure by
the previous NES measurements is consistent with
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scheme of Ho + in HoCr03 was calculated using the
Ho'+ magnetization curve from Fig. 9, assuming a
Boltzmann-type population of the energy levels and a
constant internal magnetic field. (The Cr'+ magnetic
sublattice is nearly saturated in this temperature
range, whereas a cooperative R + ordering would
mean a strongly-temperature-dependent internal mag-
netic field). The energy-level values obtained by this
calculation are in good agreement" with those ob-
tained by other methods. Hence, for HoCr03 we
even have quantitative evidence that the R'+ magnet-
ic order is induced by the Cr'+ sublattice in agree-
ment with the SMS results. "' '

our result. A possible way to make the NES and

SMS structures consistent is to assume a
temperature-independent nonspherical spin distribu-

tion for the Cr + ions. '

III. NATURE OF THE MAGNETIC ORDERING OF R3+

IN RCr03 (R Nd, Ho, Er)

In the previous NES studies a cooperative order-

ing of the R + sublattice in R Cr03 where R =Nd,
Ho, Er was reported, with T~ —10, 12, and 16 K,
respectively. SMS studies on these compounds"""
yielded ordering of the R + sublattice which is in-

duced by the Cr'+ internal magnetic field. The tem-

perature dependence of J~, which is a pure R3+ mag-

netic reflection is presented in Fig. 9 for R =Nd, Ho,
Er. The shape of these curves, mainly the concavity

at high temperatures and the "abrupt" leveling off
due to saturation at low temperature, is characteristic
of induced ordering. Furthermore, the energy level

IV. SUMMARY

Neutron (& —2.4 A) elastic scattering measure-
ments were conducted on those R Cr03 compounds
(where R = Pr, Nd, Ho, Er, Tm, Yb, and Lu) for
which there were discrepancies in the magnetic struc-
ture determination between previous NES (which
yielded mainly nonaxial structures) and SMS (which
yielded axial structures) studies. A best fit of the cal-
culated lt/In, Itn/Itv, and Is/Ittt to the observed
values is presented in Table V assuming axial mag-
netic structures for all compounds. It can be seen
that for R = Ho, Er, Yb there is a good agreement,
hence the present NES results concur with those of
SMS. The calculated values of Ittt/Itv and the tem-
perature dependence of I~~~ and I~v indicate a negative
sign between the Cr'+ and R3+ configurations (as de-
fined in Table I and Fig. I) in agreement with SMS.
The previous neutron scattering measurements had
not reported this sign change between the Cr'+ and
R + configurations. The SMS and the present NES



6650 N. SHAMIR, H. SHAKED, AND S. SHTRIKMAN 24

results show (this is readily seen in the Ho, Tm, and
Yb compounds, Table VI) that the 8-Cr interaction
is antiferromagnetic. The previous NES does not
concur with this important result since the lack of
sign change leads to ferromagnetic coupling between
the ferromagnetic components of the R and Cr sub-
lattices. For PrCr03 the possible directions of the
sublattice magnetization of the Cr'+ ions were deter-
mined by symmetry considerations, through the Pr'
sublattice magnetization direction determined by the
existence of the (010) and (100) (unresolved) reflec-
tions. The existence of this reflection excludes the
[G„;F,] structure determined for PrCr03 by the pre-
vious neutron scattering measurements. '4 The
NdCr03 data also suffer from lack of resolution.
However, adding symmetry arguments to the data we
are able to deduce a structure in agreement with
SMS. For TmCr03 the lm/I~v value and the tem-
perature dependences of I~~~ and I~v can neither be
explained by Tm contribution nor by Cr + spin
reorientation. A temperature-dependent asphericity
of the Cr'+ spin distribution can lead to agreement
with these observations. We have, however, no
physical explanation for such unusual behavior. Lu-
Cr03 is the only compound for which the present
NES results seem to be 'consistent with the previous
NES, and hence leads to a nonaxial magnetic struc-
ture. However, assuming a (temperature-
independent) aspherical spin distribution of the Cr'+

ions, the NES results can yield the axial structure in

agreement with the SMS structure. A magnetic mo-
ment of 2.2p, ~ was found for the Pr + ion by SMS
while from the present NES measurements it is
determined to be about 0.5 or —0.6p, s (Table IV).
We have no explanation for this discrepancy. We
point out to the fact that single crystals were used in
SMS and polycrystalline powder in NES. The present
NES measurements indicate that the ordering of R3+

in the Nd, Ho, and Er compounds is not cooperative
as reported by previous NES studies but is induced
by the Cr'+ sublattice as reported by SMS studies.

APPENDIX: CALCULATIONS OF INTENSITY RATIOS
OF MAGNETIC REFLECTIONS OF RCrO&

FOR [Cr;R] CONFIGURATIONS

The magnetic scattering is governed by the quanti-
ty24

D —= IQ x (P x Q)I =P (P'Q)'

where P is the magnetic scattering amplitude pcr unit
cell and Q is a unit vector perpendicular to the re-
flecting plane. The possible magnetic configurations
are according to Table II. We simplify the calcula-
tions by assuming c = &2b = &2a. We also neglect
the smallCr +moments, and we have 4 = hx+ky.

(a) [G,;C», F„] (011)

—= [0, O, S '] + [O,Ss, 0]sink = [O,S"sink, Sc"]

P—Q
4

r

'2

(lol)

[0 S" ' 5 Scr] [0. I I/J2]
» sin

r

Q = —, (J2Sc',—S»" —S»ssind, )2, (Al)
r

'2

Q = —( J2S —S„sink)Cr R 2

4, 4

hence

(A2)

D (011)
D (101)

J2Scr —S» sink
J2Scr —SR sin&

(A3)

(b) [G», C, ] (011}
A similar calculation leads to

Q = —(S ' —J2S sink), (A4)
P P 1 Cr R ~ 2

4 4

(lol}

—= [o,s",o],
and

'2 '2
P . Q [0 SCr p] [1.0 1/J2]

p
4

' '
d3/2

hence
1 r

D(011) & S ' —J2S"sink
D (101) Scr (A5)

(c) [G„;F„] (011)
'2

—=[S ', 0, 0] and —Q =0C. P
4

' '
4

(lol)

hence

'2 '2

Q = —(Sc' —&2S sink)', (A6)
4 i' 3

D (011) 3
Sc

D (101) Scr —J2Ss sink
(A7)

The intensity of magnetic reflection from a powder
sample is given by

I mag g JDf
sinH sin28

where A is a geometric factor depending on the ex-
perimental layout, j the multiplicity of the reflection,
and 28 is the scattering angle. We label (010), (100),
(011), and (101}by I, II, III, and IV (in order of in-
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creasing 28), respectively. We obtain

[G,;Cy F„]

IIII ~2frrr S ' —frrrS»" sinbqrr sin8rvsin28rv

Irv ~&frv'S " frvS—"sinhrv»n8m»n28III

[G,;C,]

(AS)

The I~ and I~~ have only 8 + magnetic contribution.
A straightforward calculation yields

[ G, ;Cy, F„]

&
J (4friSy cos&u)

I ~ II
sinHg sin28~~

Iru 1 frrr'S ' ~2frrrS" sin&nr sin8rv sin28rv

Iiv frcv'Sc' sin8ur sin28ur

(A9)

[G„;F,]

[G,;C,]

fr" cos&r sin8rr sin28rr

frr cosh rr sin8r sin28r
(A11)

r

Irrl,
3

frrr"S'" sine1v Sin2e1v

Irv fFv' —~2frvS" sinArv, srn8msrn28m

(A10)

[G„;F,]

I&=Iu=o
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