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Orbital magnetization of a Mott insulator, V ,05, revealed by resonant x-ray Bragg diffraction
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Structure factors calculated for x-ray Bragg diffraction by magnetically ordered vanadium sesquioxide,
V,05, with signal enhancement from the vanadili¥shell resonance, are compared with data gathered in
azimuthal-angle scans at space-group forbidden reflections. Diffraction enhanceld-blye#l 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 indesh even are analyzed to give the canting angle of the magnetic easy axis. Data
from the rotated ' o) and unrotatedd’ o) channels of scattering provide an angle consistent with an earlier
interpretation of magnetic neutron diffraction. Withodd, diffraction enhanced by @l event is forbidden.
Intensities enhanced by &2 event are from anisotropic components of the octupole moment. Analysis of
azimuthal-angle scans, witheven anch odd, provides estimates of orbital moments that in the future can be
confronted withab initio calculations of the electronic properties 0fQ®. By and large, the complicated
pattern of azimuthal-angle scans can be attributed to the low symitmetmyoclinio structure adopted below
the Neel temperatures.
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[. INTRODUCTION due to spatial anisotropy in the charge distribution or a long-

range magnetic order that is not indexed on the chemical

Vanadium sesquioxide (D) displays a number of elec- structure. When long-range magnetic order is absent, the dif-

tronic, magnetic, and structural properties that are challengiraction at charge-forbidden reflections is usually referred to
ing to interpret and explaifi.” At room temperature ¥0;  as Templeton-Templeton scatteritfg'® Intensities measured

has the corundum structure with space grtﬁlﬁ:, anditis for different settings (_)f the_ crys_tal rotat_ed about the Bragg

metallic and paramagnetiéit is unique among the isostruc- Wave Vector can provide direct information on the nature of

tural sesquioxides with respect to its smallc ratio and the anisotropy and spatial symmetry. Tuning the primary

metallic conductivityy On reducing the temperature the co- X-ray energy to an mngr—shell absorption .edge makes the
. - . _diffraction signal specific to the resonant ion, and for the
rundum structure distorts to a monoclinic structure with

L case in hand this is a vanadium ion. Should the Bragg wave
space group2/a. The structural transition in the temperature vector coincide with an axis of rotation through the site oc-

range 15(_)—160 Kis s'_tr_ongly first-order and ferroelas_tic. Ac'cupied by the resonant ion the azimuthal angk meshes
companying the transition are a change from metallic 10 inyyit the votational periodicity, and the Bragg intensity dis-
sulating behavior and the onset of antiferromagnetic ogrder.p|ays a periodicity iny equal to twice the degree of the axis
The metal-insulator transition is viewed as a classic Motiyf rotation415 Such a configuration can be achieved in dif-
transition. fraction from the corundum structut&!* and the observed

Recently, results from resonant x-ray Bragg diffractionazimuthal-angle scan is sixfold periodic. Broadly speaking,
experiment$ ™ have added to the wealth of knowledge complexity in azimuthal-angle scans observed for magneti-
about \,03. We put forward an explanation of some key cally ordered O; (Refs. 8—10 is due to the low spatial
aspects of the observed x-ray diffraction pattéin which  symmetry of the monoclinic structure adopted by the crystal.
the intensity is enhanced by the resonance aktleelge of a  While properties of a resonant vanadium ion carry a heavy
vanadium ion. Here we give a more complete account of thémprint of a threefold axis of rotation, that controls proper-
model employed and the work involved in calculating struc-ties in the corundum structufé, monoclinic Bragg wave
ture factors for resonance enhanced Bragg diffraction. Calvectors do not coincide with the trigonal axis of the corun-
culations for azimuthal-angle scans are also reported, andum structure and it is this mismatch, between the wave
they are shown to provide a fully quantitative explanation ofvectors and the axis of rotation, that is largely responsible for
available dat&° The success of our model in explaining the seemingly complex pattern of the azimuthal-angle scans.
the resonant x-ray-diffraction data distinguishes it from pre-However, we can demonstrate that the scans do contain some
vious discussiorfsand permits us to draw specific conclu- very specific information on the orbital magnetization of
sions about the orbital magnetization present yOY. V,03.

The data of interest have been gathered for Bragg reflec- The resonance-enhanced intensity is related to properties
tions that are forbidden by the space group, and often calledf the valence shell that accommodates the photoejected core
charge-forbidden reflections. In general, such reflections arelectron in the intermediate state of the elastic scattering pro-
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cess. Absorption at thK edge and an electric-dipole event ~ TABLE I. Components entering the structure factor of04 in
(E1) gives access to valence states with atopaiike char- the monoclinic structure. The eight vanadium ions are labeled ac-
acter, and an electric quadrupole eveBR] at the same cording to the scheme shown in Fig. 1, ahek+| is an odd
edge gives access tlike states (5—3d). In terms of a integer. The angles appearing in the spatial phase factors are
pureE2 event we analyze diffraction data collected with the _ 27Nt YkT2l) ande=4myk, and values fotx, y, 2) are men-

. . tioned in section 2.
primary energy tuned to a feature in the pre-e(iyd64 keV

and A=2.27 A) of the vanadiumK shell. The associated Site Spatial Atomic
Bragg intensity is therefore attributed directly to properties|gpel phase factor tensor

of the 3d shell of a vanadium ion. As a function of the .

primary energy, the observed intensity is adequately detd) e'f <T53K)(1)>
scribed by a single oscillator. Aslcore state is not split by () e (—1)NTE(L))
spin-orbit coupling and, in this instance, we can confidently(3) elcmvemh) (T&3))
ascribe the intensity to orbital mometftand spin moments (4 —ellemrrmy (—1)XTE(3))
are not-explicitly contributing(Two studies of diffraction by  (5) e (TE(5))
NiO with enhancement from aB2 event at thek edge of  (6) —e " (—1)X(TE(5))
the Ni iont’ corroborate the absence of a contribution to(7) gl(vrmh=e) (T8N(7))
scattering by spin magnetic momentSor magnetically or-  (8) —gl(vrmh=e) (—1)NTE(T)).

dered \LO; we have demonstrated that charge-forbidden re
flections are due exclusively to the orbital magnetizafion
(specifically, the amplitude is the mean value of sphericalkbout resonant x-ray Bragg diffraction by vanadium sesqui-
tensors of odd rank that are odd with respect to time reverexide.

sa). The intensity of such reflections must decrease on

warming the sample and vanish with the loss of magnetic

long-range order. Il. CHEMICAL AND MAGNETIC STRUCTURES

The existence in ¥O5 of a large orbital magnetic moment . o .
(in the range of 35-40% of the spin mom&t and pro- At room temperature vanadium sesquioxide has a trigonal

nounced magnetic anisotropyare signs of very effective (corundum structure with space group 16R8§c). Lower-
spin-orbit coupling in the valence shell that forces orbitals tdNd the temperature of the material induces distortions which
follow spin. From this stance orbital ordering is not viable, include tilting of the trigonalhexagonak) axis and a reduc-
and models without the spin-orbit coupling cannot reproducdion of the point-group symmetry of sites occupied by vana-
the magnetic properties of )05 (Refs. 6 and Yrevealed in ~ dium ions from 3Cs) to that of no symmetry. o
the resonant x-ray-diffraction experiments under discussion. "€ Space group of the low-temperature monoclinic struc-
In the subsequent developmens®4 is described on the ture is number 13@/a), in which vanadium ions occupy
basis of experimentally determined chenficatd magnetit ~ Sites 8(f). This is a body-centered cell, and Bragg wave
structures with no added degrees of freedom. vectors Tm(hkl) for chargg reflecthns .ha\_/e the necessary
Information on the crystal structure, which is based onconditionh+k+1 an even integetMiller indicesh, k, and|
observations reported by Dernier and Marezie,gathered ~are mte.gers.ln t.he pubhfsheﬁl neutron-diffraction patterns,
in Sec. Il together with the configuration of magnetic magnetic reflections are indexed by k+1 odd, and Table |
moments} The second ingredient in the calculated structurecontains the corresponding spatial phase factors for the
factors is a model of resonance-enhanced Bragg diffractiorBragg structure factor. The antiferromagnetic configuration
We employ an atomic model which should be adequate for &f vanadium magnetic moments, displayed in Fig. 1, consists
one-component intensity profile like the ones observed witif sheets of moments with ferromagnetic alignment within
V,0; at the vanadiunK-shell pre-edg&?® After adopting a  (010)y layers, or hexagondll10) layers, and moment rever-
single oscillator to describe the intensity profile, the ampli-Sal between adjacent layers. The moments are orientated
tude attached to the oscillator can be calculated without fur2long some easy axis in these layers, and we talkes the
ther approximatiot® The atomic model for the events1 Canting angle with respect to the trigonal axis.
—3d, which is of interest to us here, shows that the ampli- The trigonal basis vectors are,=a(1,0,0), by=a
tude is constructed from spherical tensors that describe the~ 1/2¥3/2,0), ande,=c(0,0,1) and the volume of the unit
orbital properties of the @ shell. After putting together the Cell=a’cv3/2. Following Dernier and Marezidjn the use
two ingredients it only remains to describe the geometry off anl-centered cell, from these vectors we generate mono-
the experiment, namely, the orientation of the cry&aunc-  clinic basis vectorsa,=[0,(1#3)2a,1/3c], byp=a,, and
tion of the azimuthal ang)ein the frame of reference used Cm=[0,(1#3)a,—~1/%], and the volume of the cell
for the polarizations and wave vectors of the primary and=2a°c/V3. The corresponding Bragg wave vectay(hkl)
diffracted beams of x rays. These aspects of the calculatiofF (hKl)m is
of the structure factors for unrotatedr'(c) and rotated
(7' o) channels of scattering are described in Secs. Il and 1 a
IV. Thereatfter, in Sec. V, we confront the structure factors _
with experimental data and, in section VI, draw conclusions (kD)= a k,(IV3)(h+D), c (h=20)}. @D
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FIG. 2. The orthogonal states of polarization in the primary
beam of x rays withr polarization normal to the plane of scattering
defined by the primaryg) and diffracted ') wave vectors. X rays

FIG. 1. Positions of the eight vanadium ions in the monoclinic are deflected through an anglé @nd r,=qg—q’. Orthogonal axes
unit cell together with the configuration of their magnetic moments(x, y, 2 are related to the geometry of the experiment;xtfaxis is
which lie in the a,—c,, plane of the diagram. The monoclinic parallel to— 7,, and thez axis is normal to the plane of scattering
Bragg wave vector (202, is parallel to the trigonal axis, , andb,, and parallel to ther polarization. An azimuthal-angle scan is rota-

is normal to the plane of the diagram and paralleifo tion of the crystal by aboutr,, and the origin/=0 is defined by
a specified plane normal to the plane of scattering.

We note that0l),, is parallel toc, and (2kl), is normal to
Ch. PE=> (TS (d))expi - d), (3.2
Referring to Fig. 1, the position coordinates of vanadium d

ions labeled(1) and(5) are(x, y, 2) and (—x,—y,—2), re-  where—K=<Q=K, d defines the position of a resonant va-
spectively, with x=0.3438, y=0.0008, andz=0.2993>°  nadium ion in the unit cell, and is the Bragg wave vector
The positions of pairg2) and (6) are related by a body- for the reflection in question. With this notation the structure

center translation to pairdl) and (5). The position coordi- factor ig6:18

nates of(3) and(7) are G —x,y,—z) and G+x,—V,2), re-

spectively, and the pair&4) and (8), and (3) and (7) are F(1)=2 (2K+1)¥2H®). gk
related by the body-center translation. The body-center trans- K

lation  (7,3,3)m=(a/2)(1¥3,0) and G,3.,3)m7m(hkI)
=1(h+k+I). Spatial phase factors listed in Table | are cor-
rect forh+k+1 which is an odd integer, and this condition h ) ¢ d 6 q q
on Miller indices provides a minus sign in factors for even "€ componentsHq” for unrotated ¢'o) and rotate

. . 2 . 4 iati (K) (K)
relative to odd numbered sites. In writing out spatial phasé™ ) ff‘d'a“g'? arﬁ tabuladté&The tensonr-ll darfyd\lf H
factors in the structure factor it is convenient to define two?r€, €valuated in the coordinate system that defines the ex-

_ _ perimental geometry. Referring to Fig. &, polarization is
ingf;l’(v 2 (%Y, Dmrm(hkl)=2m(xh+yk+2l) and o perpendicular to the plane of scattering and parallel to the

z-axis, andq—§’ = —2 sin6X and§+q§’ =2 cos#y, wheref
is the Bragg angle.

We find it convenient initially to conside¥ & with re-
spect to a second set of orthogonal akeg,z) that include

As a function of the energy of the primary x rays, the a,=(a,0,0)=b,, and c,=(0,0c). Thereafter we apply to
observed intensity of diffraction from XD; which is en- lIng) rotations that describe the orientation of the crystal in
hanced by electric-quadrupol&?) resonance has a simple the coordinates of the experimental geometry that apply to
shap&® which is adequately described by a single oscillatorH(®),
In this instance, the integrated intensity can be calculated The spatial phase factors mg() are listed in Table I, and
without approximatiort? and for a puréE2 absorption event  the eight resonant vanadium ions are labeled according to the
1s—3d the intensity is found to be proportional to the or- scheme shown in Fig. 1. Following the discussion in Sec. Il,
bital moments of the @ valence shelt>*" Here orbital mo-  the chemical environments of ions in the pait$ and (2),
ments are represented by atomic tens@rd%) of rank K (5) and (6), (7) and (8), and (3) and (4) are taken to be
=0, 1, 2, 3, and 4(For electric-dipole absorption, the maxi- identical. Moreover, the axes of quantization of ions in a pair
mumK is 2) In the structure factor, which is a scalar quan-are oppositely aligned and, in consequence, their atomic ten-
tity, the atomic tensors appear in a scalar product with &ors differ by a phase factor<(1)X. These two features of
tensor, denoted b, that describes the conditions of the the four pairs of ions are incorporated in the atomic tensors
primary and diffracted beams of x rays. It is convenient inlisted in Table I. Using the information in this table, for Eq.
the ensuing calculation to consider the quantity (3.1 one finds the result

=2 (KDY, 32

Ill. STRUCTURE FACTOR FOR BRAGG DIFFRACTION
BY MAGNETICALLY ORDERED V ,03
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‘PEQK)={1—(— 1)KHe v[<-|-(QK)(1)>+(_1)he—is<-|-<QK)(7)>] subjept to the requi_remeljt of a threefold axis of rotation. An
_ _ atomic tensor invariant with respect to a threefold rotation is
+e (TE(5)) +(—D)"e'*(TE)(3))1}. (3.3 zero unless the projection ind&X has the values 0 ot3.
Additions to the potential field, which reduce the symmetry
from C5 to one of no spatial symmetry, lift the restriction on
g"le allowed values of.
At the first level of approximation, we can assume that the
tomic tensor is diagonal with respect to principal axes in the
onoclinic unit cell, and this meard () n= 840 (T m.
The atomic tenso(rTgK)>, which arises in the structure factor
calculated with Eq(3.5) is defined with respect to orthogo-
nal axes that contaim,=b, and c,. Following findings
from Moon? the magnetic easy axis is taken to lie in the
plane normal t@, and cant at an angk with respect ta, .
The relation betwee(T§") and(T{Y), is then

Evidently, the structure factor for charge-forbidden reflec-
tions (h+k+1 odd) is constructed from atomic tensors with
K=1 and 3. The odd-rank tensors are purely magnetic an
(TWYy=(L)/y30 and(T®)=(A)/3\70 where(L) and(A)
are, respectively, the orbital magnetic moment and the orbit
octupole moment of the Bvalence shell of a resonant va-
nadium ion.

Vanadium ions at sitegl) and (5) are related by inver-
sion. The atomic tensor, arld, are unchanged by inversion
and thus(T3)(1))=(T4(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

(K)— (K) _1)\h _ (K) ™ ™
Vo' =4{codv)(Tq'(1))+(—1)"cogv—e)(Tq (7)();.4) <Tg<>>:§q: Dg'g E’¢’_E><TS4K)>"‘
lons at siteg1) and(7) are related by aa glide that includes of T . p
reflection in thea,,— ¢, plane, which is normal tey,=by,. =Dy 5b E)(TB N (3.6

Reflection in thea,,—c,, plane amounts to the change-
—x, and with it (TS)—(=1)T™). For K=1  whereD{g(a,B,7) is an element of the rotation matri,
(Ly,Ly,L)—(Lyx,~Ly,~L,), so that reflection in the,  and the last equality follows if the atomic tens@{), is

—Cy, plane is accompanied by a change in the orientation ofliagonal.

the orbital magnetization. The configuration of moments de- Taking h even in Eq.(3.5), use of Eq.(3.6) leads to the
termined by Moo is preserved if the polarity of the local result

field is now reversed, leading tolL{,—L,,—L,)— « « «
(—Ly.Ly,Ly), for according to Moor(L,)=0 and the mo- w'(h even=8 cog»)DGy(m/2,p, — w/2)(T( ).
ments are confined to tteg,—c,, plane. Reversing the polar- 3.7

ity of the local field introduces in the atomic tensor a phasecg|culations of the intensity expected on the basis of Eq.

factor (—1)X. The appropriate relation between tensors at(3_7) as the crystal is rotated about(hkl) are taken up in
sites(1) and (7) can be seen as a union of reflection in thegec. v

a,—Cy plane and time reversal, and our discussion leads to With h odd\lng)=0 and we are led to considg'Y)  and

(K) — (1K) . i i ; *1
the resulti(T, (7)) =(T4(1)); for simplicity of notation, \I’S) evaluated forQ=+1, +2, and+3. Concerning\lf(il%

we her((al?)fter wr|te{T§?K)>:<TE3K)(1)). we know that(L,)=(L _,—L,,)/v2=0, because the mag-
In ¥y the phase angleis very small, and strong reflec- petic moment is confined to the, — c,, plane, and from this
tions are adequately described witk 0. On using Eq(3.4), condition it follows that¥)=0. For diffraction enhanced
our result for the atomic tensor for the vanadium ion at S|teoy anE1 absorption event, which entails atomic tensors of
(7), we arrive at rank up toK = 2, we reach the conclusion that when béth
(K) _ (K) _ avhy(K) +k+1 andh are odd theE1l structure factor is zero. This
Vo =4 cogn{{Te ) +(=DXT=g)}- @9 finding is consistent with the experimental observatidhs.
Result(3.5) applies forh+k+1 odd (a charge-forbidden re- Turning to the case of diffraction enhanced byEa event,
flection) and K odd (purely magnetic diffraction and it is  we are left to consider
the basis of the subsequent interpretation of azimuthal-angle
scans performed on magnetically orderegDy. According W(h odd=4 cog»){(TF)— (T}
to Eq. (3.5), reflections withh even are described by &
= v whereas foh odd ¥ (" is an odd function of and __4
w0 =0, 3470
In the monoclinic structure, sites occupied by the vana-
dium ions possess no spatial symmetry, and one can choose X LA g m = (A=g)m}- @8
any set of axes for the associated atomic tensors. When pro-
ceeding from the corundum structure to the monoclinic one IV. AZIMUTHAL-ANGLE SCANS
the average vanadium-oxygen distance remains essentially
constant. This aspect of the structural transition, and others An azimuthal-angle scan is rotation of the crystal by an
mentioned in Sec. Il indicate that in the monoclinic structureangle ¢ about the Bragg wave vector,, (hkl). Looking
the potential field experienced by a vanadium ion is princi-along thex axis in Fig. 2 the rotation is in a clockwise
pally referred to the trigonal axis;,, and the field is almost direction. The origing=0 is specified by a plane in recip-

Dm(f, ,_Z>
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rocal space normal to the plane of scattering. The plane in Using results fong() listed in Ref. 18 the appropriate
question is defined by,, and a second Bragg wave vector, structure factors of immediate interest are

which is either (20_32m or (211),. In orthogonal axes that

. = . . 2
include a, and ¢, (202),, is parallel toc, and (211}, is F o o(7m) =i = cOg v)siN 26 0SB Lo)m
normal tocy, . 5
1(A
A. h even X 1+_M(3_5 Cogﬁo)], (4.5
3 <L0>m

Exgerimental data are available for azimuthal-angle scans
at (221)y, which is normal toc,. Writing 7p/| 7y
=(t;,tp,t3) for (221),,, one finds t;=—2/7, t, 2 _
=(3/7)? andt3=0. [In the general case, andt, depend Fro(Tm) =i 5 cog v)sinBo(Lo)m| COI36—¥o)
on (a/c) andt2/t1=_(h+l)/k\/§.] With =0 the plane de-

fined by r,, and (203, is normal to the plane of scattering. n 1 <A0>m[3 c0$36— 7,)(5 cog B,— 1)
Evidently, with =0, the wave vector (2B),, can be 12 (Lo)m ° ?
aligned by rotation about, with the x axis in the experi-
mental geometry, in whictH(®) is defined. The angle of —5 cog 60— 3y,)Sir? ,80]]. (4.6)
rotation y aboutc, satisfies coy=—t; and siny=t,, and
result(3.7) transforms to As functions ofy, fits of |F(7,)|2 to experimental data can
provide values for the canting angle and the ratio of the
T T i ; ;
v (h even=8co D(K),(—, — ) TKY diagonal components of the orbital octupole and magnetic
o r) )Doq/| 324~ 37 7[(To Im moments. Note thaf . ,(7,) has a simple dependence on

(4.)  the Bragg angle, namely, sim2and with respect taj its

Rotation of the crystal bys about thex axis is described by magrlﬁtud_ehis twofold perigdic. In contrast,; () is not
the operation ngK,)Q(w/Z,zp,— /2) on ‘Ifgf), and the dif- >'MP€ with respect 1@ and ¢/

. ) . . . The diffraction patterns observed when neutrons are scat-
fracted amplitude in an azimuthal-angle scan is proportlona{ered by magnetically ordered,@; have been indexed with
to

the reflections under discussion in this subsection, and it
- - seems appropriate to consider the physical quantities that can
> Dgf)(?<—,¢,——)xp('<,)(h even =8 cog v) be determined with this technique. In the limit of small
; 2 2) @ ; ; o
Q Bragg angles, the amplitude for neutron diffraction is propor-
tional to the magnetic moment and its principal component is
(TS m- (4.2)  wo=(Lo+2So)m. Intensities are proportional tqu3(1
- k?), wherek, is the component of,/| 7| in the direction
In reaching this result we have used the addition theorem foef the magnetic easy axis. Mobobserved 13 independent
components of the rotation matriX.The angles3, andy,  magnetic peaks of which (01Q)is by far the strongest. This

o

X DE)KQ)( 0,80, 70~ 2

are determined by finding led Moon to propose that moments lie in thg
—Cny plane, which is normal to (01Q), and one findsk,
COSB,=C0S¢ COSy—Sin ¢ siny cosy =t,sing+t;cos¢. By fitting intensities he foungky=1.2

+0.1 and¢p=71°.
In general, the amplitude for neutron diffraction depends
coty,= — COSY coty— coté siny/sin y. (4.3 on r,, and a(l)l the orbital moments o_f theda/a!enc_e shell
up to rank 4%° For example, the leading contribution made
As we shall see, these equations determine structure factogy the octupole moment is proportional tok@t'r 1){Ag)m,
to within an overall phase factor that does not influence inwhich might be distinguished from the other orbital moments

tensities. by exploiting the dependence on the directionrgf.
The structure factoF(r,,) is calculated from Eqs3.2)

and(4.2), and one finds

and

B. h odd

Although the algebra in calculatirfg(,,,) for h odd turns
F(rm)=8 COS”)K:le(ZKJrl)m(TBK)M out to begmore cgmplicated than rf%r(e\r?én, the steps in-
' volved are the same in both cases. First;, is aligned with
T the x axis. Values of the Euler angles B, and y involved
X %: (= l)QH(KéDglé)( 0,805 %0~ E)- (4.4 depend on the setting that defines the origin 0. Secondly,
the crystal is rotated by about thex axis. For each of the
In the experiments of interest the primary polarization is al-two rotations there is an element of the rotation matrix, and
most pureo. Diffraction data have been collected in the un-in F (7,) the addition theorem reduces these to one compo-
rotated ' o) and rotated ' o) channels. nent with Euler angleg,, B,, andy,.
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The physical quantities that can be extracted, from fits of The two structure factors of interest for analysing data
|F(7m)|? to experimental data for intensities as a function ofwith h odd are
i, are components of the orbital octupole moménty)

=(Aqg)'+i(Aqg)". More precisely, estimates of the follow- 4i ’ . . .
ing two ratios can be extracted: Forol Tm) = ﬁ(f\m) cog v)sin 26'sin B, sir? B,cos A y
r=()YA 1) [(Ays) (4.7) 1 28 sin2
and ap) 5 tsin BoSin2(y— ay)
t=VB(A ) I{A )" (4.8 +1(5 coZB,— 1)cog y— ao)], 4.9
In arriving at these results we have used the idert/})
:(_1)Q<-|-g<)>*. and

Foolmm)=— S)I—\/§<A+3>’cos{ v)(sin 3(y— a,)[4 cosA sinB+ cosB sinA(1+ 3 cos 28,) ] +cos 3 y

— @) COSB 4 COSA COoSB co B,+ SinA sinB(cos 28,— 5) ]+ 2t{sin 2(y— a,)sin B [ SinA sinB sir? 3,
—2 c0sA cosB cog B,]+c0os A y— a,)sin 28, 0SB sinA} + r{sin( y— a,)[ 4 cosA sinB+ cosB sinA(1
—5¢0s 28,) ]+ o y— ) c0SB 4 coSA cosB(4—5 co B,) +SinAsinB(1—5 cos 28,)1}). (4.10

HereA=2y,—26 andB=y,+ 0. The intensityF ., |?asa pared with data gathered at the Bragg wave vectgss

function of lﬂ is twofold pel’iodiC and, in generale/g|2 :(2?1)”“ (111)m, and (30_3m, for which the Correspond_
shows no such symmetry. ing Bragg angles calculated with=2.27 A are§=36.9°,

When the plane defined by, and (203, is normal to 5 go and 34.2°. Best fits to the data collected ati(R2and
the plane of scattering the Euler angles satisfy- (111),, are displayed in Figs. 3 and 4. In this section we

ch?s@cgs&/, t2=dcostﬂsf|r;ﬁ/, t3=||;§|nﬁ, _and aU:O' No:et. describe the fitting scheme and report values deduced for
aty Is incependent of the cefl dimensions. Upon rofation ;e quantities related to the orbital magnetism gDy

by ¢ about the Bragg wave vectaf, one needs to determine that afford a means of testingb initio theories of the
ay, By, andy, from

material’
1 A confrontation between predictions of the theory and the
tana,=— mtan ¥, COSB,=C0sB cosy, data requires the input of several parameters. Some can be
derived from geometrical considerations, such as Euler and
tany,= —tang/sin . 4.19) Bragg angles, and are believed to be estimated fairly well;

others are experimental in nature, particularly the zero set-
Phases are fixed by conditions derived from the conservatioting for the azimuthal angle, but are thought to be calibrated
with respect toys of the projection of a vector on theaxis, reasonably well; some stem from material properties, e.g.,

namely, andt, and little is known about their values priori. These
_ _ _ _ _ _ varying degrees of uncertainty are easily taken into account
sinBesiny,=—sinB and  sina,sinB,=siny. within the Bayesian framework of data analySiand, with

(4.12 suitable commonly used simplifying assumptions, lead to a
When the plane for the origis=0 is defined byr,, and somewhat generalized form of least-squares: in addition to a

(211),, one findsa+#0. In consequence, a determination quuadratic cost function for a mismatch with the measure-

a, B, andy entails considerable amounts of algebra and wenents, there is a'_SO_ a penalty for de_viating from those pa-
refrain from giving details rameter values within the theory which are thought to be

known fairly well. The best fits to data shown in Figs. 3 and

V. A CONFRONTATION OF EXPERIMENTAL DATA WITH 4, and at (SOthI' utilize a robust simplex algorithff for
CALCULATED INTENSITIES carrying out the(local) optimization. -
Referring to Fig. 3, the quality of the fit is better for

Intensities|F (7,,)|? calculated as a function of the azi- (#',o) than (¢’,0), and this leads us to give greater cred-
muthal angle from structure factors fareven,[Egs. (4.5  ibility to the canting anglep, deduced from £’ o) data. The
and(4.6)] andh odd[Egs.(4.9) and(4.10] have been com- intensity calculated for«’ o) is twofold periodic iny; the
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FIG. 3. Data gathered at the (2}, reflection from 405, with FIG. 4. Data on Cr-doped X0; held at a temperature of 0.55
2.8% Cr doping, at 100 KRef. 9. The continuous curves are Tn=100K and7,=(111),, with §=20.8° (Ref. 8. From data in
generated from expressiol(4.5) and (4.6) with a Bragg angled the unrotated channel and E(Gﬂvg), we findr=0.33+0.04 andt
=36.9° \=2.27 A). From data gathered in the unrotated channel= —0.35+0.15, and from data in the rotated channel and(Ed.0
(o' o) the fit gives ¢p=66.1°+2.1° and (Ag)m/3(Lo)m=0.00  We findr=0.36+0.02 andt=—1.00+0.13.
+0.05; the corresponding values obtained from data in the rotated
channel ¢'o) are ¢=75.7°+1.8° and (Ag)n/3(Lo)m=—0.06
+0.01.

From data in the unrotated channel at (BQ2ve find r
=0.81+0.11 andt=0.03+0.52, and from corresponding
) ) ) » ~ data in the rotated channel=1.24+-0.24 andt=-0.19
mismatch in the predicted and observed peak positions is nat g 13- Evidently, data in theo(' ) channel are not sensi-
regarded as significant in the interpretation but attributed tg;e tg t. Including the results fot obtained from data at
-dependent absorptidfi.Although the value of¢ has not (111),, it appears thatA.,)"/(A )" is negative and of

been constrained to be the same in Figs) &nd 3b), both  agnitude less than 1. Bringing together all the values for
sets of data are consistent with the angle which has begpg find (A4 )' /(A ,3)' ~0.9.

deduced by magnetic neutron diffractidiVhile the (o' o)
data are not sensitive to\ o) /3(Lo)m, the (7' o) data in-
dicate that this ratio is small and negative; usifig),~
—0.58 one finds(A ¢)m~0.09.

Turning to h odd, we have analyzed data for (111)

VI. CONCLUSIONS

We have calculated structure factors for x-ray Bragg dif-
e T 810 fraction from magnetically ordered , @5, with signal en-
which is displayed in Fig. 4, and data for (3g2™™ The  pancement from the vanadiuk-shell resonance, and suc-
quality of the fits is better at (302, than at (111). A  cessfully compared calculated intensities with data gathered
signature of this feature of the data sets is that improved fitih azimuthal-angle scans at space-group-forbidden reflec-
at (111), are obtained on allowing some small lattitude in tjons (Z_Z)m, (111),,, and (3@m_ As a function of the
the Euler angles away from calculated values, namely primary energy of the x rays the signal observed at 5.464
=0, p=12.7°, andy=130.9°, while the quality of fits at keV s fully consistent with a single-oscillator model. From
(302),, are barely improved on giving some lattitude to thethis premise, the x-ray experiments in question reveal exclu-
Euler angles, which are calculated to be=—7.0°, 8= sively the orbital magnetization of Y05, and quantities not
—78.4°, andy=121.4°, directly obtainable with other experimental techniques.
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Calculated structure factors conform to previously estab- (e) As a function of the azimuthal angle the calculated
lished chemical and magnetic structural properties, with ndntensity in the channel with unrotated polarizatian' §) is
added elements of freedom. This approach respects evidentgofold periodic. This prediction and additional detail in cal-
of a strong coupling of spin and orbital degrees of freedom irculated ¢’ o) azimuthal angle scans is found in intensities
V,03, seen in the relatively large orbital magnetic momentcollected at Bragg reflections (22,, (111),,, and (303,,.
and pronounced magnetic anisotropy. At space-group forbid- (f) In general, the dependence on azimuthal-angle of in-
den reflections, the structure factors contain the followingtensities in the rotated channet(o) shows no systematic
additional features. features. Withh odd the (=’ o) azimuthal angle scans have a

(a) Reflections are purely magnetic, being associated wittguite complicated pattern, which essentially reflects the low
atomic moments of the vanadiuntd&alence shell that are Symmetry(monoclinig of the crystal below the N tem-
odd with respect to the reversal of time. In general, sucHérature. _ .
moments vanish with the loss of long-range magnetic order. (9) With regard to the nature of the ordering of orbital
Our prediction for \405 is borne out in experiments which Moments in the unit cell, rel'evant mformaﬂon is conta]ned in
show that intensities decrease with increasing temperaturUr relation between atomic tensors for V ions at sitBs
and vanish at the g temperature. and(7). Applied to the quadrupole mome{®), which trans-

(b) A selection rule on the order of the electric absorptionforms in the same way as the atomic tenébt”)), one finds
event and Miller indicedh, k, andl. With h+k+1 odd (a  that for the two sites in questio(Q, ;) and(Q,,—Q,y) have
space-group forbidden reflectipreflections withh odd do  ©ne sign while bot{Q,,) and(Q,y) are of opposite sign at
not contain a contribution from a1 (electric dipole event,  the two sites. All diagonal components of the quadrupole
and the finding is in accord with observations. In the reported Q22 are of one sign and independent of the sfitne or-
calculation, the selection rule stems from the actual configuthogonal axesx, y, 2 are defined in Sec. [}!
ration of magnetic moments and the fact that they are con- (h) The reflections referred to ific) contribute in the
tained in thea,,— ¢, plane. neutron-diffraction pattern. Actual intensities are inferred by

(C) With h odd, diffraction is by anisotropic components our findings in Sec. V. Calculated values are of the order of
of the orbital octupole moment of a vanadium ion. Suchl0 ° relative to the (01Q) contribution to the neutron-
diffraction might be regarded as the magnetic equivalent ofliffraction pattern.

Templeton and Templeton scattering from a charge distribu-
tion.

(d) Intensities withh even can be used to determine the  pr. . Paolasini has answered several enquiries about the
canting angle$ of the magnetic easy axis. Our analysis of execution of the experiments he and his colleagues have
data gathered at the pre-ed@e464 ke\j and (221),, gives  made on O, and provided unpublished data to enhance
¢~70° and the value is consistent with the analysis of in-our study. We are grateful to Professor E. Balcar, Dr. K. D.
tensities observed in magnetic neutron diffractidfhis out-  Finkelstein, Dr. S. Langridge, Dr. M. W. Long, and Dr. U.
come at the pre-edge, and related success in explaining oth8taub for continued interest in our work on the interpretation
features, confirm that it is due mainly to &® resonance of resonant x-ray Bragg diffraction. One of (S.W.L) has
event. benefited from a discussion with Dr. R. M. Moon.
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