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Orbital magnetization of a Mott insulator, V 2O3, revealed by resonant x-ray Bragg diffraction

S. W. Lovesey, K. S. Knight, and D. S. Sivia
ISIS Facility, Rutherford Appleton Laboratory, Oxfordshire OX11 0QX, United Kingdom

~Received 14 March 2002; published 16 May 2002!

Structure factors calculated for x-ray Bragg diffraction by magnetically ordered vanadium sesquioxide,
V2O3 , with signal enhancement from the vanadiumK-shell resonance, are compared with data gathered in
azimuthal-angle scans at space-group forbidden reflections. Diffraction enhanced by aK-shell resonance re-
veals properties of the orbital magnetization in the valence shell of the resonant ion, whereas other core states,
which have two partners because of the spin-orbit interaction, reveal properties of both the spin and orbital
magnetization in the valence shell. Agreement on all issues between observed and calculated Bragg intensities
support the use of an atomic model for the interpretation of data. The reflections are shown to be purely
magnetic, and associated with the orbital magnetic moment and the octupole moment of a vanadium ion.
Reflections with a Miller indexh even are analyzed to give the canting angle of the magnetic easy axis. Data
from the rotated (p8s) and unrotated (s8s) channels of scattering provide an angle consistent with an earlier
interpretation of magnetic neutron diffraction. Withh odd, diffraction enhanced by anE1 event is forbidden.
Intensities enhanced by anE2 event are from anisotropic components of the octupole moment. Analysis of
azimuthal-angle scans, withh even andh odd, provides estimates of orbital moments that in the future can be
confronted withab initio calculations of the electronic properties of V2O3 . By and large, the complicated
pattern of azimuthal-angle scans can be attributed to the low symmetry~monoclinic! structure adopted below
the Néel temperatures.

DOI: 10.1103/PhysRevB.65.224402 PACS number~s!: 71.30.1h, 75.50.Ee, 78.70.Ck
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I. INTRODUCTION

Vanadium sesquioxide (V2O3) displays a number of elec
tronic, magnetic, and structural properties that are challe
ing to interpret and explain.1–7 At room temperature V2O3

has the corundum structure with space groupR3̄c, and it is
metallic and paramagnetic.~It is unique among the isostruc
tural sesquioxides with respect to its smalla/c ratio and
metallic conductivity.! On reducing the temperature the c
rundum structure distorts to a monoclinic structure w
space groupI2/a. The structural transition in the temperatu
range 150–160 K is strongly first-order and ferroelastic. A
companying the transition are a change from metallic to
sulating behavior and the onset of antiferromagnetic ord3

The metal-insulator transition is viewed as a classic M
transition.

Recently, results from resonant x-ray Bragg diffracti
experiments8–10 have added to the wealth of knowledg
about V2O3. We put forward an explanation of some ke
aspects of the observed x-ray diffraction pattern11 in which
the intensity is enhanced by the resonance at theK edge of a
vanadium ion. Here we give a more complete account of
model employed and the work involved in calculating stru
ture factors for resonance enhanced Bragg diffraction. C
culations for azimuthal-angle scans are also reported,
they are shown to provide a fully quantitative explanation
available data.8–10 The success of our model in explainin
the resonant x-ray-diffraction data distinguishes it from p
vious discussions6 and permits us to draw specific concl
sions about the orbital magnetization present in V2O3.

The data of interest have been gathered for Bragg refl
tions that are forbidden by the space group, and often ca
charge-forbidden reflections. In general, such reflections
0163-1829/2002/65~22!/224402~8!/$20.00 65 2244
g-

-
-

r.
tt

e
-
l-

nd
f

-

c-
d

re

due to spatial anisotropy in the charge distribution or a lo
range magnetic order that is not indexed on the chem
structure. When long-range magnetic order is absent, the
fraction at charge-forbidden reflections is usually referred
as Templeton-Templeton scattering.12,13 Intensities measured
for different settings of the crystal rotated about the Bra
wave vector can provide direct information on the nature
the anisotropy and spatial symmetry. Tuning the prima
x-ray energy to an inner-shell absorption edge makes
diffraction signal specific to the resonant ion, and for t
case in hand this is a vanadium ion. Should the Bragg w
vector coincide with an axis of rotation through the site o
cupied by the resonant ion the azimuthal angle~c! meshes
with the rotational periodicity, and the Bragg intensity di
plays a periodicity inc equal to twice the degree of the ax
of rotation.14,15 Such a configuration can be achieved in d
fraction from the corundum structure,11,14 and the observed
azimuthal-angle scan is sixfold periodic. Broadly speaki
complexity in azimuthal-angle scans observed for magn
cally ordered V2O3 ~Refs. 8–10! is due to the low spatia
symmetry of the monoclinic structure adopted by the crys
While properties of a resonant vanadium ion carry a he
imprint of a threefold axis of rotation, that controls prope
ties in the corundum structure,11 monoclinic Bragg wave
vectors do not coincide with the trigonal axis of the coru
dum structure and it is this mismatch, between the wa
vectors and the axis of rotation, that is largely responsible
the seemingly complex pattern of the azimuthal-angle sca
However, we can demonstrate that the scans do contain s
very specific information on the orbital magnetization
V2O3.

The resonance-enhanced intensity is related to prope
of the valence shell that accommodates the photoejected
electron in the intermediate state of the elastic scattering
©2002 The American Physical Society02-1
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cess. Absorption at theK edge and an electric-dipole eve
(E1) gives access to valence states with atomicp-like char-
acter, and an electric quadrupole event (E2) at the same
edge gives access tod-like states (1s→3d). In terms of a
pureE2 event we analyze diffraction data collected with t
primary energy tuned to a feature in the pre-edge~5.464 keV
and l52.27 Å! of the vanadiumK shell. The associated
Bragg intensity is therefore attributed directly to propert
of the 3d shell of a vanadium ion. As a function of th
primary energy, the observed intensity is adequately
scribed by a single oscillator. A 1s core state is not split by
spin-orbit coupling and, in this instance, we can confiden
ascribe the intensity to orbital moments16 and spin moments
are not-explicitly contributing.~Two studies of diffraction by
NiO with enhancement from anE2 event at theK edge of
the Ni ion17 corroborate the absence of a contribution
scattering by spin magnetic moments.! For magnetically or-
dered V2O3 we have demonstrated that charge-forbidden
flections are due exclusively to the orbital magnetizatio11

~specifically, the amplitude is the mean value of spheri
tensors of odd rank that are odd with respect to time rev
sal!. The intensity of such reflections must decrease
warming the sample and vanish with the loss of magn
long-range order.

The existence in V2O3 of a large orbital magnetic momen
~in the range of 35–40 % of the spin moment3,8!, and pro-
nounced magnetic anisotropy,3 are signs of very effective
spin-orbit coupling in the valence shell that forces orbitals
follow spin. From this stance orbital ordering is not viab
and models without the spin-orbit coupling cannot reprod
the magnetic properties of V2O3 ~Refs. 6 and 7! revealed in
the resonant x-ray-diffraction experiments under discuss
In the subsequent development V2O3 is described on the
basis of experimentally determined chemical2 and magnetic3

structures with no added degrees of freedom.
Information on the crystal structure, which is based

observations reported by Dernier and Marezio,2 is gathered
in Sec. II together with the configuration of magne
moments,3 The second ingredient in the calculated struct
factors is a model of resonance-enhanced Bragg diffract
We employ an atomic model which should be adequate f
one-component intensity profile like the ones observed w
V2O3 at the vanadiumK-shell pre-edge.8,9 After adopting a
single oscillator to describe the intensity profile, the amp
tude attached to the oscillator can be calculated without
ther approximation.16 The atomic model for the event 1s
→3d, which is of interest to us here, shows that the am
tude is constructed from spherical tensors that describe
orbital properties of the 3d shell. After putting together the
two ingredients it only remains to describe the geometry
the experiment, namely, the orientation of the crystal~a func-
tion of the azimuthal angle! in the frame of reference use
for the polarizations and wave vectors of the primary a
diffracted beams of x rays. These aspects of the calcula
of the structure factors for unrotated (s8s) and rotated
(p8s) channels of scattering are described in Secs. III a
IV. Thereafter, in Sec. V, we confront the structure facto
with experimental data and, in section VI, draw conclusio
22440
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about resonant x-ray Bragg diffraction by vanadium sesq
oxide.

II. CHEMICAL AND MAGNETIC STRUCTURES

At room temperature vanadium sesquioxide has a trigo
~corundum! structure with space group 167 (R3̄c). Lower-
ing the temperature of the material induces distortions wh
include tilting of the trigonal~hexagonal-c! axis and a reduc-
tion of the point-group symmetry of sites occupied by van
dium ions from 3(C3) to that of no symmetry.

The space group of the low-temperature monoclinic str
ture is number 15(I2/a), in which vanadium ions occupy
sites 8 ~f!. This is a body-centered cell, and Bragg wa
vectors tm(hkl) for charge reflections have the necessa
conditionh1k1 l an even integer.~Miller indicesh, k, andl
are integers.! In the published3 neutron-diffraction patterns
magnetic reflections are indexed byh1k1 l odd, and Table I
contains the corresponding spatial phase factors for
Bragg structure factor. The antiferromagnetic configurat
of vanadium magnetic moments, displayed in Fig. 1, cons
of sheets of moments with ferromagnetic alignment with
(010)m layers, or hexagonal~110! layers, and moment rever
sal between adjacent layers. The moments are orient
along some easy axis in these layers, and we takef as the
canting angle with respect to the trigonal axis.

The trigonal basis vectors areah5a(1,0,0), bh5a
(21/2,)/2,0), andch5c(0,0,1) and the volume of the un
cell5a2c)/2. Following Dernier and Marezio,2 in the use
of an I-centered cell, from these vectors we generate mo
clinic basis vectorsam5@0,(1/))2a,1/3c#, bm5ah , and
cm5@0,(1/))a,21/3c#, and the volume of the cel
5a2c/). The corresponding Bragg wave vectortm(hkl)
[(hkl)m is

tm~hkl!5
1

a Fk,~1/) !~h1 l !,
a

c
~h22l !G . ~2.1!

TABLE I. Components entering the structure factor of V2O3 in
the monoclinic structure. The eight vanadium ions are labeled
cording to the scheme shown in Fig. 1, andh1k1 l is an odd
integer. The angles appearing in the spatial phase factors an
52p(xh1yk1zl) and«54pyk, and values for~x, y, z! are men-
tioned in section 2.

Site
label

Spatial
phase factor

Atomic
tensor

~1! ein ^TQ
(K)(1)&

~2! 2ein (21)K^TQ
(K)(1)&

~3! ei («2n1ph) ^TQ
(K)(3)&

~4! 2ei («2n1ph) (21)K^TQ
(K)(3)&

~5! e2 in ^TQ
(K)(5)&

~6! 2e2 in (21)K^TQ
(K)(5)&

~7! ei (n1ph2«) ^TQ
(K)(7)&

~8! 2ei (n1ph2«) (21)K^TQ
(K)(7)&.
2-2
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ORBITAL MAGNETIZATION OF A MOTT INSULATOR, . . . PHYSICAL REVIEW B 65 224402
We note that (l0 l̄ )m is parallel toch and (2lkl )m is normal to
ch .

Referring to Fig. 1, the position coordinates of vanadiu
ions labeled~1! and ~5! are ~x, y, z! and (2x,2y,2z), re-
spectively, with x50.3438, y50.0008, andz50.2993.2,9

The positions of pairs~2! and ~6! are related by a body
center translation to pairs~1! and ~5!. The position coordi-

nates of~3! and ~7! are (1
2 2x,y,2z) and (1

2 1x,2y,z), re-
spectively, and the pairs~4! and ~8!, and ~3! and ~7! are
related by the body-center translation. The body-center tra

lation (1
2 , 1

2 , 1
2 )m5(a/2)(1,),0) and (12 , 1

2 , 1
2 )mtm(hkl)

5 1
2 (h1k1 l ). Spatial phase factors listed in Table I are c

rect for h1k1 l which is an odd integer, and this conditio
on Miller indices provides a minus sign in factors for ev
relative to odd numbered sites. In writing out spatial pha
factors in the structure factor it is convenient to define t
angles, n52p(x,y,z)mtm(hkl)52p(xh1yk1zl) and «
54pyk.

III. STRUCTURE FACTOR FOR BRAGG DIFFRACTION
BY MAGNETICALLY ORDERED V 2O3

As a function of the energy of the primary x rays, th
observed intensity of diffraction from V2O3 which is en-
hanced by electric-quadrupole (E2) resonance has a simp
shape8,9 which is adequately described by a single oscillat
In this instance, the integrated intensity can be calcula
without approximation,16 and for a pureE2 absorption even
1s→3d the intensity is found to be proportional to the o
bital moments of the 3d valence shell.16,17 Here orbital mo-
ments are represented by atomic tensors^T(K)& of rank K
50, 1, 2, 3, and 4.~For electric-dipole absorption, the max
mum K is 2.! In the structure factor, which is a scalar qua
tity, the atomic tensors appear in a scalar product wit
tensor, denoted byH(K), that describes the conditions of th
primary and diffracted beams of x rays. It is convenient
the ensuing calculation to consider the quantity

FIG. 1. Positions of the eight vanadium ions in the monocli
unit cell together with the configuration of their magnetic mome
which lie in the am2cm plane of the diagram. The monoclini

Bragg wave vector (202)̄m is parallel to the trigonal axisch , andbm

is normal to the plane of the diagram and parallel toah .
22440
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CQ
~K !5(

d
^TQ

~K !~d!&exp~ i t•d!, ~3.1!

where2K<Q<K, d defines the position of a resonant v
nadium ion in the unit cell, andt is the Bragg wave vecto
for the reflection in question. With this notation the structu
factor is16,18

F~t!5(
K

~2K11!1/2H~K !
•C~K !

5(
K,Q

~2K11!1/2~21!QH2Q
~K ! CQ

~K ! . ~3.2!

The componentsHQ
(K) for unrotated (s8s) and rotated

(p8s) radiation are tabulated.18 The tensorH(K) and C (K)

are evaluated in the coordinate system that defines the
perimental geometry. Referring to Fig. 2,s polarization is
perpendicular to the plane of scattering and parallel to
z-axis, andq̂2q̂8522 sinux̂ and q̂1q̂852 cosuŷ, whereu
is the Bragg angle.

We find it convenient initially to considerCQ
(K) with re-

spect to a second set of orthogonal axes~x,y,z! that include
ah5(a,0,0)5bm and ch5(0,0,c). Thereafter we apply to
CQ

(K) rotations that describe the orientation of the crystal
the coordinates of the experimental geometry that apply
H(K).

The spatial phase factors inCQ
(K) are listed in Table I, and

the eight resonant vanadium ions are labeled according to
scheme shown in Fig. 1. Following the discussion in Sec.
the chemical environments of ions in the pairs~1! and ~2!,
~5! and ~6!, ~7! and ~8!, and ~3! and ~4! are taken to be
identical. Moreover, the axes of quantization of ions in a p
are oppositely aligned and, in consequence, their atomic
sors differ by a phase factor (21)K. These two features o
the four pairs of ions are incorporated in the atomic tens
listed in Table I. Using the information in this table, for E
~3.1! one finds the result

s

FIG. 2. The orthogonal states of polarization in the prima
beam of x rays withs polarization normal to the plane of scatterin
defined by the primary~q! and diffracted (q8) wave vectors. X rays
are deflected through an angle 2u andtm5q2q8. Orthogonal axes
~x, y, z! are related to the geometry of the experiment; thex axis is
parallel to2tm and thez axis is normal to the plane of scatterin
and parallel to thes polarization. An azimuthal-angle scan is rot
tion of the crystal byc abouttm , and the originc50 is defined by
a specified plane normal to the plane of scattering.
2-3
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CQ
~K !5$12~21!K%$ein@^TQ

~K !~1!&1~21!he2 i«^TQ
~K !~7!&#

1e2 in@^TQ
~K !~5!&1~21!hei«^TQ

~K !~3!&#%. ~3.3!

Evidently, the structure factor for charge-forbidden refle
tions ~h1k1 l odd! is constructed from atomic tensors wi
K51 and 3. The odd-rank tensors are purely magnetic
^T(1)&5^L &/A30 and^T(3)&5^L&/3A70 where^L & and ^L&
are, respectively, the orbital magnetic moment and the orb
octupole moment of the 3d valence shell of a resonant va
nadium ion.

Vanadium ions at sites~1! and ~5! are related by inver-
sion. The atomic tensor, andL , are unchanged by inversio
and thuŝ TQ

(K)(1)&5^TQ
(K)(5)&. A similar relation holds for

sites ~3! and ~7!. Using this information in Eq.~3.3!, and
taking K to be an odd integer, one finds

CQ
~K !54$cos~n!^TQ

~K !~1!&1~21!h cos~n2«!^TQ
~K !~7!&%.

~3.4!

Ions at sites~1! and~7! are related by ana glide that includes
reflection in theam2cm plane, which is normal toah5bm .
Reflection in theam2cm plane amounts to the changex→
2x, and with it ^TQ

(K)&→(21)K^T2Q
(K) &. For K51

(Lx ,Ly ,Lz)→(Lx ,2Ly ,2Lz), so that reflection in theam
2cm plane is accompanied by a change in the orientation
the orbital magnetization. The configuration of moments
termined by Moon3 is preserved if the polarity of the loca
field is now reversed, leading to (Lx ,2Ly ,2Lz)→
(2Lx ,Ly ,Lz), for according to Moon̂ Lx&50 and the mo-
ments are confined to theam2cm plane. Reversing the polar
ity of the local field introduces in the atomic tensor a pha
factor (21)K. The appropriate relation between tensors
sites~1! and ~7! can be seen as a union of reflection in t
am2cm plane and time reversal, and our discussion lead
the result^TQ

(K)(7)&5^T2Q
(K) (1)&; for simplicity of notation,

we hereafter writêTQ
(K)&5^TQ

(K)(1)&.
In CQ

(K) the phase angle« is very small, and strong reflec
tions are adequately described with«50. On using Eq.~3.4!,
our result for the atomic tensor for the vanadium ion at s
~7!, we arrive at

CQ
~K !54 cos~n!$^TQ

~K !&1~21!h^T2Q
~K ! &%. ~3.5!

Result~3.5! applies forh1k1 l odd ~a charge-forbidden re
flection! and K odd ~purely magnetic diffraction!, and it is
the basis of the subsequent interpretation of azimuthal-a
scans performed on magnetically ordered V2O3. According
to Eq. ~3.5!, reflections withh even are described byCQ

(K)

5C2Q
(K) , whereas forh oddCQ

(K) is an odd function ofQ and
C0

(K)50.
In the monoclinic structure, sites occupied by the va

dium ions possess no spatial symmetry, and one can ch
any set of axes for the associated atomic tensors. When
ceeding from the corundum structure to the monoclinic o
the average vanadium-oxygen distance remains essen
constant. This aspect of the structural transition, and oth
mentioned in Sec. II indicate that in the monoclinic structu
the potential field experienced by a vanadium ion is prin
pally referred to the trigonal axis,ch , and the field is almos
22440
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subject to the requirement of a threefold axis of rotation.
atomic tensor invariant with respect to a threefold rotation
zero unless the projection indexQ has the values 0 or63.
Additions to the potential field, which reduce the symme
from C3 to one of no spatial symmetry, lift the restriction o
the allowed values ofQ.

At the first level of approximation, we can assume that
atomic tensor is diagonal with respect to principal axes in
monoclinic unit cell, and this means^Tq

(K)&m5dq,0 ^T0
(K)&m .

The atomic tensor̂TQ
(K)&, which arises in the structure facto

calculated with Eq.~3.5! is defined with respect to orthogo
nal axes that containah5bm and ch . Following findings
from Moon,3 the magnetic easy axis is taken to lie in th
plane normal toah and cant at an anglef with respect toch .
The relation between̂TQ

(K)& and ^Tq
(K)&m is then

^TQ
~K !&5(

q
DqQ

~K !S p

2
,f,2

p

2 D ^Tq
~K !&m

5D0Q
~K !S p

2
,f,2

p

2 D ^T0
~K !&m , ~3.6!

whereDqQ
(K)(a,b,g) is an element of the rotation matrix,19

and the last equality follows if the atomic tensor^Tq
(K)&m is

diagonal.
Taking h even in Eq.~3.5!, use of Eq.~3.6! leads to the

result

CQ
~K !~h even!58 cos~n!D0Q

~K !~p/2,f,2p/2!^T0
~K !&m .

~3.7!

Calculations of the intensity expected on the basis of
~3.7! as the crystal is rotated abouttm(hkl) are taken up in
Sec. IV.

With h oddC0
(K)50 and we are led to considerC61

(1) , and
CQ

(3) evaluated forQ561, 62, and63. ConcerningC61
(1)

we know that^Lx&5^L212L11&/&50, because the mag
netic moment is confined to theam2cm plane, and from this
condition it follows thatC61

(1)50. For diffraction enhanced
by an E1 absorption event, which entails atomic tensors
rank up toK52, we reach the conclusion that when bothh
1k1 l and h are odd theE1 structure factor is zero. This
finding is consistent with the experimental observations8,9

Turning to the case of diffraction enhanced by anE2 event,
we are left to consider

CQ
~3!~h odd!54 cos~n!$^TQ

~3!&2^T2Q
~3! &%

5
4

3A70
cos~n!(

q
DqQ

~3!S p

2
,f,2

p

2 D
3$^Lq&m2^L2q&m%. ~3.8!

IV. AZIMUTHAL-ANGLE SCANS

An azimuthal-angle scan is rotation of the crystal by
angle c about the Bragg wave vectortm ~hkl!. Looking
along thex axis in Fig. 2 the rotation is in a clockwis
direction. The originc50 is specified by a plane in recip
2-4
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ORBITAL MAGNETIZATION OF A MOTT INSULATOR, . . . PHYSICAL REVIEW B 65 224402
rocal space normal to the plane of scattering. The plan
question is defined bytm and a second Bragg wave vecto
which is either (202̄)m or (211)m . In orthogonal axes tha
include ah and ch , (202̄)m is parallel toch and (211)m is
normal toch .

A. h even

Experimental data are available for azimuthal-angle sc
at (22̄1)m , which is normal to ch . Writing tm /utmu
5(t1 ,t2 ,t3) for (22̄1)m , one finds t1522/A7, t2
5(3/7)1/2 and t350. @In the general case,t1 and t2 depend
on (a/c) and t2 /t15(h1 l )/k).# With c50 the plane de-
fined bytm and (202̄)m is normal to the plane of scattering
Evidently, with c50, the wave vector (221̄)m can be
aligned by rotation aboutch with the x axis in the experi-
mental geometry, in whichH(K) is defined. The angle o
rotation g about ch satisfies cosg52t1 and sing5t2, and
result ~3.7! transforms to

CQ8
~K !

~h even!58 cos~n!D0Q8
~K ! S p

2
,f,2

p

2
2g D ^T0

~K !&m .

~4.1!

Rotation of the crystal byc about thex axis is described by
the operation ofDQ8Q

(K) (p/2,c,2p/2) on CQ8
(K) , and the dif-

fracted amplitude in an azimuthal-angle scan is proportio
to

(
Q8

DQ8Q
~K ! S p

2
,c,2

p

2 DCQ8
~K !

~h even!58 cos~n!

3D0Q
~K !S 0,bo ,go2

p

2 D ^T0
~K !&m . ~4.2!

In reaching this result we have used the addition theorem
components of the rotation matrix.19 The anglesbo and go
are determined by

cosbo5cosf cosc2sinf sinc cosg

and

cotgo52cosc cotg2cotf sinc/sing. ~4.3!

As we shall see, these equations determine structure fa
to within an overall phase factor that does not influence
tensities.

The structure factorF(tm) is calculated from Eqs.~3.2!
and ~4.2!, and one finds

F~tm!58 cos~n! (
K51,3

~2K11!1/2^T0
~K !&m

3(
Q

~21!QH2Q
~K ! D0Q

~K !S 0,bo ,go2
p

2 D . ~4.4!

In the experiments of interest the primary polarization is
most pures. Diffraction data have been collected in the u
rotated (s8s) and rotated (p8s) channels.
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Using results forHQ
(K) listed in Ref. 18 the appropriate

structure factors of immediate interest are

Fs8s~tm!5 i
2

5
cos~n!sin 2u cosbo^L0&m

3H 11
1

3

^L0&m

^L0&m
~325 cos2 b0!J , ~4.5!

and

Fp8s~tm!5 i
2

5
cos~n!sinbo^L0&mH cos~3u2go!

1
1

12

^L0&m

^L0&m
@3 cos~3u2go!~5 cos2 bo21!

25 cos~u23go!sin2 bo#J . ~4.6!

As functions ofc, fits of uF(tm)u2 to experimental data can
provide values for the canting angle and the ratio of
diagonal components of the orbital octupole and magn
moments. Note thatFs8s(tm) has a simple dependence o
the Bragg angle, namely, sin 2u, and with respect toc its
magnitude is twofold periodic. In contrast,Fp8s(tm) is not
simple with respect tou andc.

The diffraction patterns observed when neutrons are s
tered by magnetically ordered V2O3 have been indexed with
the reflections under discussion in this subsection, an
seems appropriate to consider the physical quantities that
be determined with this technique. In the limit of sma
Bragg angles, the amplitude for neutron diffraction is prop
tional to the magnetic moment and its principal componen
m05^L012S0&m . Intensities are proportional tom0

2(1
2kz

2), wherekz is the component oftm /utmu in the direction
of the magnetic easy axis. Moon3 observed 13 independen
magnetic peaks of which (010)m is by far the strongest. This
finding led Moon to propose that moments lie in theam
2cm plane, which is normal to (010)m , and one findskz

5t2 sinf1t3 cosf. By fitting intensities he foundm051.2
60.1 andf571°.

In general, the amplitude for neutron diffraction depen
on tm , and all the orbital moments of the 3d valence shell
up to rank 4.20 For example, the leading contribution mad
by the octupole moment is proportional to (5kz

221)^L0&m ,
which might be distinguished from the other orbital mome
by exploiting the dependence on the direction oftm .

B. h odd

Although the algebra in calculatingF (tm) for h odd turns
out to be more complicated than forh even, the steps in-
volved are the same in both cases. First,2tm is aligned with
the x axis. Values of the Euler anglesa, b, andg involved
depend on the setting that defines the originc50. Secondly,
the crystal is rotated byc about thex axis. For each of the
two rotations there is an element of the rotation matrix, a
in F (tm) the addition theorem reduces these to one com
nent with Euler anglesao , bo , andgo .
2-5
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The physical quantities that can be extracted, from fits
uF(tm)u2 to experimental data for intensities as a function
c, are components of the orbital octupole moment^LQ&
5^LQ&81 i ^LQ&9. More precisely, estimates of the follow
ing two ratios can be extracted:

r 5~ 3
5 !1/2^L11&8/^L13&8 ~4.7!

and

t5A6^L12&9/^L13&8. ~4.8!

In arriving at these results we have used the identity^T2Q
(K) &

5(21)Q^TQ
(K)&* .
on
e

tio

of
w

i-
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The two structure factors of interest for analysing da
with h odd are

Fs8s~tm!5
4i

3A5
^L13&8cos~n!sin 2u sinboH sin2 bo cos 3~g

2ao!1
1

2
t sin 2bo sin 2~g2ao!

1r ~5 cos2bo21!cos~g2ao!J , ~4.9!

and
Fp8s~tm!52
i

3A5
^L13&8cos~n!„sin 3~g2ao!@4 cosA sinB1cosB sinA~113 cos 2bo!#1cos 3~g

2ao!cosbo@4 cosA cosB cos2 bo1sinA sinB~cos 2bo25!#12t$sin 2~g2ao!sinbo@sinA sinB sin2 bo

22 cosA cosB cos2 bo#1cos 2~g2ao!sin 2bo cosB sinA%1r $sin~g2ao!@4 cosA sinB1cosB sinA~1

25 cos 2bo!#1cos~g2ao!cosbo@4 cosA cosB~425 cos2 bo!1sinA sinB~125 cos 2bo!#%…. ~4.10!
e
for

the
n be
and
ell;
set-
ted
.,

unt

o a
to a
re-
pa-
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r
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HereA52go22u andB5go1u. The intensityuFs8su2 as a
function of c is twofold periodic and, in general,uFp8su2
shows no such symmetry.

When the plane defined bytm and (202̄)m is normal to
the plane of scattering the Euler angles satisfyt15
2cosb cosg, t25cosb sing, t352sinb, and a50. Note
that g is independent of the cell dimensions. Upon rotati
by c about the Bragg wave vectortm one needs to determin
ao , bo , andgo from

tanao52
1

sinb
tanc, cosbo5cosb cosc,

tango52tanb/sinc. ~4.11!

Phases are fixed by conditions derived from the conserva
with respect toc of the projection of a vector on thex axis,
namely,

sinbosingo52sinb and sinao sinbo5sinc.
~4.12!

When the plane for the originc50 is defined bytm and
(211)m one findsaÞ0. In consequence, a determination
a, b, andg entails considerable amounts of algebra and
refrain from giving details.

V. A CONFRONTATION OF EXPERIMENTAL DATA WITH
CALCULATED INTENSITIES

IntensitiesuF(tm)u2 calculated as a function of the az
muthal angle from structure factors forh even, @Eqs. ~4.5!
and~4.6!# andh odd @Eqs.~4.9! and~4.10!# have been com-
n

e

pared with data gathered at the Bragg wave vectorstm

5(22̄1)m , (111)m , and (302̄)m , for which the correspond-
ing Bragg angles calculated withl52.27 Å areu536.9°,

20.8°, and 34.2°. Best fits to the data collected at (221̄)m and
(111)m are displayed in Figs. 3 and 4. In this section w
describe the fitting scheme and report values deduced
atomic quantities related to the orbital magnetism of V2O3

that afford a means of testingab initio theories of the
material.7

A confrontation between predictions of the theory and
data requires the input of several parameters. Some ca
derived from geometrical considerations, such as Euler
Bragg angles, and are believed to be estimated fairly w
others are experimental in nature, particularly the zero
ting for the azimuthal angle, but are thought to be calibra
reasonably well; some stem from material properties, e.gr
and t, and little is known about their valuesa priori. These
varying degrees of uncertainty are easily taken into acco
within the Bayesian framework of data analysis21 and, with
suitable commonly used simplifying assumptions, lead t
somewhat generalized form of least-squares: in addition
quadratic cost function for a mismatch with the measu
ments, there is also a penalty for deviating from those
rameter values within the theory which are thought to
known fairly well. The best fits to data shown in Figs. 3 a
4, and at (302̄)m , utilize a robust simplex algorithm22 for
carrying out the~local! optimization.

Referring to Fig. 3, the quality of the fit is better fo
(p8,s) than (s8,s), and this leads us to give greater cre
ibility to the canting anglef, deduced from (p8s) data. The
intensity calculated for (s8s) is twofold periodic inc ; the
2-6
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mismatch in the predicted and observed peak positions is
regarded as significant in the interpretation but attributed
c-dependent absorption.10 Although the value off has not
been constrained to be the same in Figs. 3~a! and 3~b!, both
sets of data are consistent with the angle which has b
deduced by magnetic neutron diffraction.3 While the (s8s)
data are not sensitive tôL0&m/3^L0&m , the (p8s) data in-
dicate that this ratio is small and negative; using^L0&m;
20.5,8 one finds^L0&m;0.09.

Turning to h odd, we have analyzed data for (111)m ,
which is displayed in Fig. 4, and data for (302)̄m .8,10 The
quality of the fits is better at (302)̄m than at (111)m . A
signature of this feature of the data sets is that improved
at (111)m are obtained on allowing some small lattitude
the Euler angles away from calculated values, namelya
50, b512.7°, andg5130.9°, while the quality of fits a
(302̄)m are barely improved on giving some lattitude to t
Euler angles, which are calculated to bea527.0°, b5
278.4°, andg5121.4°.

FIG. 3. Data gathered at the (221̄)m reflection from V2O3 , with
2.8% Cr doping, at 100 K~Ref. 9!. The continuous curves ar
generated from expressions~4.5! and ~4.6! with a Bragg angleu
536.9° (l52.27 Å). From data gathered in the unrotated chan
(s8s) the fit gives f566.1°62.1° and ^L0&m/3^L0&m50.00
60.05; the corresponding values obtained from data in the rot
channel (p8s) are f575.7°61.8° and ^L0&m/3^L0&m520.06
60.01.
22440
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From data in the unrotated channel at (302)̄m we find r
50.8160.11 and t50.0360.52, and from correspondin
data in the rotated channelr 51.2460.24 and t520.19
60.13. Evidently, data in the (s8s) channel are not sensi
tive to t. Including the results fort obtained from data a
(111)m , it appears that̂L12&9/^L13&8 is negative and of
magnitude less than 1. Bringing together all the values for
we find ^L11&8/^L13&8;0.9.

VI. CONCLUSIONS

We have calculated structure factors for x-ray Bragg d
fraction from magnetically ordered V2O3, with signal en-
hancement from the vanadiumK-shell resonance, and suc
cessfully compared calculated intensities with data gathe
in azimuthal-angle scans at space-group-forbidden refl
tions (22̄1)m , (111)m , and (302̄)m . As a function of the
primary energy of the x rays the signal observed at 5.4
keV is fully consistent with a single-oscillator model. Fro
this premise, the x-ray experiments in question reveal ex
sively the orbital magnetization of V2O3, and quantities not
directly obtainable with other experimental techniques.

l

d

FIG. 4. Data on Cr-doped V2O3 held at a temperature of 0.5
TN5100 K andtm5(111)m , with u520.8° ~Ref. 8!. From data in
the unrotated channel and Eq.~4.9!, we find r 50.3360.04 andt
520.3560.15, and from data in the rotated channel and Eq.~4.10!
we find r 50.3660.02 andt521.0060.13.
2-7
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Calculated structure factors conform to previously est
lished chemical and magnetic structural properties, with
added elements of freedom. This approach respects evid
of a strong coupling of spin and orbital degrees of freedom
V2O3, seen in the relatively large orbital magnetic mome
and pronounced magnetic anisotropy. At space-group for
den reflections, the structure factors contain the follow
additional features.

~a! Reflections are purely magnetic, being associated w
atomic moments of the vanadium 3d-valence shell that are
odd with respect to the reversal of time. In general, su
moments vanish with the loss of long-range magnetic or
Our prediction for V2O3 is borne out in experiments whic
show that intensities decrease with increasing tempera
and vanish at the Ne´el temperature.

~b! A selection rule on the order of the electric absorpti
event and Miller indicesh, k, and l. With h1k1 l odd ~a
space-group forbidden reflection! reflections withh odd do
not contain a contribution from anE1 ~electric dipole! event,
and the finding is in accord with observations. In the repor
calculation, the selection rule stems from the actual confi
ration of magnetic moments and the fact that they are c
tained in theam2cm plane.

~c! With h odd, diffraction is by anisotropic componen
of the orbital octupole moment of a vanadium ion. Su
diffraction might be regarded as the magnetic equivalen
Templeton and Templeton scattering from a charge distr
tion.

~d! Intensities withh even can be used to determine t
canting anglef of the magnetic easy axis. Our analysis
data gathered at the pre-edge~5.464 keV! and (22̄1)m gives
f;70° and the value is consistent with the analysis of
tensities observed in magnetic neutron diffraction.3 This out-
come at the pre-edge, and related success in explaining o
features, confirm that it is due mainly to anE2 resonance
event.
et
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~e! As a function of the azimuthal angle the calculat
intensity in the channel with unrotated polarization (s8s) is
twofold periodic. This prediction and additional detail in ca
culated (s8s) azimuthal angle scans is found in intensiti
collected at Bragg reflections (221̄)m , (111)m , and (302̄)m .

~f! In general, the dependence on azimuthal-angle of
tensities in the rotated channel (p8s) shows no systematic
features. Withh odd the (p8s) azimuthal angle scans have
quite complicated pattern, which essentially reflects the l
symmetry~monoclinic! of the crystal below the Ne´el tem-
perature.

~g! With regard to the nature of the ordering of orbit
moments in the unit cell, relevant information is contained
our relation between atomic tensors for V ions at sites~1!
and~7!. Applied to the quadrupole moment^Q&, which trans-
forms in the same way as the atomic tensor^T(2)&, one finds
that for the two sites in question,^Qyz& and^Qxx2Qyy& have
one sign while botĥQxz& and^Qxy& are of opposite sign a
the two sites. All diagonal components of the quadrup
^Qzz& are of one sign and independent of the site.@The or-
thogonal axes~x, y, z! are defined in Sec. III#.

~h! The reflections referred to in~c! contribute in the
neutron-diffraction pattern. Actual intensities are inferred
our findings in Sec. V. Calculated values are of the order
1023 relative to the (010)m contribution to the neutron-
diffraction pattern.
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