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Abstract. The Thompson scattering of x-rays is a direct probe for the electronic charge
distribution of atoms. It should then be useful for determining types of ordering which
involve a periodical asphericity of the atoms inside a crystal. We focus on the case of the
periodical multiaxial orientation of the 4f shells in a rare-earth compound. Using the Stevens
equivalent-operator method, the formalism of the multipolar scattering is here developed within
the ground-state multiplet of the rare-earth ion. It allows one to consider proper 4f wave
functions, accounting for the various interactions present in the system, and to calculate the
quadrupolar, octupolar and dodecapolar contributions to the scattering. In order to validate this
x-ray technique, we propose its application to compounds presenting magnetic orderings which
coincide with multiaxial orbital arrangements.

1. Introduction

In relation with the development of high flux x-ray sources, diffraction experiments giving
details of the electronic charge distribution may be envisaged. For instance, it brings the
opportunity of measuring weak Bragg reflections due to a periodical aspherical charge
density. In this regard, first diffraction experiments were carried out on holmium, as
early as the late sixties, by Keating [1]. However, this work found little continuity,
presumably in relation with the intrinsically weak signal and the difficulties of the
analysis.

In the disordered phase of rare-earth compounds, the 4f electronic distribution reflects the
point symmetries of the lattice. The pair interactions between the 4f shells drive orderings
in which their electronic density no longer respects the initial symmetries: the dominant
modification of the asphericity is described by additional quadrupolar components. If the
lattice translational symmetries are preserved, the arrangement is called ferroquadrupolar.
This (g = 0) order is accompanied by a macroscopic lattice distortion, according to the
strength of the magnetoelastic couplings. Such an arrangement is generally the consequence
of a collinear magnetic ordering, but it can also result from a cooperative Jahn-Teller
effect, or may spontaneously develop due to strong quadrupolar pair-interactions [2]. This
is, for instance, the case of the CsCl-type compound TmCd, which displays a phase of
pure ferroquadrupolar order, the rare-earth magnetic moment remaining zero at all sites
[3].

Another type of ordering, in some way reminiscent of the antiferromagnetic order,
consists of an arrangement of the quadrupoles with a periodicity which differs from the
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crystallographic one. Such an arrangement, called antiferroquadrupolar, also derives from
a magnetic order or from strong antiferroquadrupolar couplings.

Actually, an antiferroquadrupolar arrangement, described by gy Q) wave vectors,
has no direct macroscopic signature. As for the antiferromagnetic order, the ideal probe
should be microscopic, but neutron diffraction is of little interest as one considers the
scattering by an electronic charge distribution. However, attempting to overcome this
limitation of the neutron diffraction, different techniques have been developed.

An analogue of the Keating experiment has been carried out using neutron scattering,
probing the asphericity of the magnetization density through the periodical form factor
[4]. The disadvantage of this technique lies in the non-trivial relation between charge and
magnetic densities.

Magnetic neutron diffraction has been used in order to characterize the antiferro-
qguadrupolar phase of the cubic GeBompound, taking advantage of the ferrimagnetic
structure induced by applying a magnetic field [5]. Indeed, this magnetic field induces
different paramagnetic moments on the Ce sites which are no longer equivalent in the an-
tiferroquadrupolar phase. However, this is again an indirect technique which requires an
external stress and does not unambiguously reveal the quadrupolar structure. This latter
has to be deduced from the ferrimagnetic structure, which does not insure a unique deter-
mination. Up to now, the real nature of the quadrupolar order ofdeBains an open
guestion (see [6]). In particular, to which of the cubic representationey I's, the ordered
guadrupolar components belong is not yet answered.

In the hexagonal URdcompound, Walkeret al [7] have analysed the outbreak of
tiny neutron diffraction peaks as resulting from periodical displacements of the atoms
in relation with a quadrupolar ordering. However, as soon as the quadrupolar structure
preserves the ordered sites as symmetry inversion centres, such a periodical displacement
mode cannot result from the quadrupolar order alone. It requires a pre-existing lattice
instability, which manifests itself in coincidence with the quadrupolar ordering, as an
additional symmetry breaking. Therefore, such a method cannot be regarded as a general
probe for antiferroquadrupolar orderings.

Other antiferroquadrupolar structures have been assumed to exist in rare-earth
compounds as PrBbTmGg [8] or TmTe [9]. In these compounds, however, the actual
qguadrupolar structures are not unambiguously known. Although it is an intrinsically weak
phenomenon, the x-ray diffraction by electric quadrupoles appears as the most direct
technique for solving many of these questions.

In order to validate this technique, we propose to verify it experimentally in normal
rare-earth systems, for which the multiaxial magnetic structures, thus the quadrupolar
ones, are well characterized. Indeed, the direct use of x-ray diffraction on the above
mentioned rare-earth systems appears rather delicate, both from technical and fundamental
points of view. PrPp orders below 0.3 K and the presumed antiferroquadrupolar range
of TmGg is only 0.04 K wide, immediately abov&y. In the case of Ceg the
Kondo coupling complicates the analysis and the same is valid for TmTe, where a change
of valence occurs. The advantage of using a multiaxial magnetic structure is that the
coexisting quadrupolar arrangement can be deduced, once the magnetic structure has
been unambiguously determined from neutron diffraction measurements (section 2). One
has then an archetype of antiferroquadrupolar structure, for which the location of the
guadrupolar diffraction peaks is perfectly determined and their intensities predictable within
a microscopic model (section 3). Reciprocally, the technique would also be valuable for
demonstrating the multiaxial character of spontaneous magnetic structures, without need of
an external stress.
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2. Magnetic and quadrupolar structures

The essential point is here to establish the connection between a given multiaxial
antiferromagnetic structure and the coexisting quadrupolar structure. Even in the
hypothetical absence of quadrupolar couplings, a magnetic ordering would be accompanied
by the development of quadrupolar components on the magnetic sites (except, obviously,
for systems with zero total orbital moment). This is a direct consequence of the local
magnetic symmetry-lowering. There is then a single quadrupolar arrangement compatible
with the observed magnetic structure (this is not, however, a one-to-one relation, since the
same quadrupolar arrangement may correspond to several magnetic structures). In the case
of isotropic magnetic exchange, this particular structure stabilizes because the associated
guadrupolar arrangement is the most favourable one with regard to the quadrupolar couplings
[10].

Before developing the relation between the magnetic structure and the quadrupolar
arrangement, it may be useful to recall the fundamentals regarding the multiaxial magnetic
structures and the description of the quadrupolar moments in rare-earth systems.

2.1. Magnetic high-symmetry structures

We consider the case of structures developing spontaneously on a simple cubic lattice
of magnetic ions and restrict ourselves to the ones for which the magnetic sites remain
equivalent in the ordered phase. To fulfil the conditions imposed by the crystalline-electric-
field anisotropy, the magnetic moments are along directions within an excl{syeg),

(110 or (111 cubic star. The eigenstates describing the ions at two distinct sites can then
be deduced one from another using a cubic point-group symmetry. One of the consequences
is that the amplitude of the magnetic moment is the same on all sites. Such structures
represent, at least at low temperatures, the majority of the antiferromagnetic orderings
observed in simple-cubic systems.

In order to detail the relation between the magnetic and quadrupolar structures, we
further reduce the scope of the discussion to magnetic structures with a period equal to
or twice the cubic lattice along each of its three edges. Such magnetic structures are
described using wave vectors from tk/’2 0 0, (1/2 1/2 0) and (1/2 1/2 1/2) stars.
Minimizing the bilinear energy requires the structure to involve a unique star of wave
vectors, in correspondence with the maximum of the bilinear coupling dispersion curve.
One should then consider the spontaneous structures exclusively based(bf2tbe0 or
(1/2 1/2 0) stars. Note that thé¢l/2 1/2 1/2) star reduces to a single branch and is not
compatible with a multiaxial ordering. These so-called high-symmetry structures have been
exhaustively listed in [10] and the literature provides numerous examples of their existence.
Their Fourier description needs a maximum of three real components, perpendicular to each
other in order to keep the moment amplitude constant from site to site. The magnetic
moment at sitej, located byR;, is expressed as

(M); = My er B M ek R Mg ehe B (1)
wherek, k, and k3 are the three independent branches of the wave vector stahAnd
M, and M3 the respective Fourier components.

2.2. Quadrupolar operators

Excluding the existence of an electric dipole, the quadrupolar moments are the lowest-order
description of a charge distribution’s asphericity. The first and second columns of table 1
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Table 1. The quadrupolar operators and their Stevens’ equivalents (after [11] and [12]). The
summations are over the 4f electrons; is the Stevens multiplying factor an@?) the 4f
second-order radial integral.

Cartesian coordinates Polar coordinates Equivglént,) operator
09 =337 —r? 09 =73 r?(3cog; — 1) ay(r3)[BJ2 —J(J + D] = ay(r2) 09
03=Y; ]2 y? 03 =Y, r2sir6;(cos ¢; —sin¢)) ;A2 = I = ;)03
JoJy + Jy J,
Oxy =2 %) Qxy =317 Zsir? 6; cosy; sing; oy (r) [%} =a;(r?) Py
o JyJ. + I,
Q). =Y, ¥z 0, = X r?sing; sing; cosy; ay(r?) [%] =a;(r?)Py,
. Iy + i d;
Qe =Y Xj7 Q:x = Y, rZsing; cosy; coss; ay(r?) [%] =, (r?) P,y

give the classical expressions of the five quadrupolar moments in terms of Cartesian and
polar coordinates.

In a quantum description of the atom, the quadrupolar components become operators
acting, through the electron coordinates, on tkeelectron wave function. Using an
N-electron determinantal wave function implies extremely tedious calculation [1] and is
not common in 4f magnetism. Indeed, the atomic configuration of lowest energy is usually
well described according to Hund rules. Thus the atomic state may be described using the
multiplet representation associated with the total electronic angular momehtumhe
qguadrupolar operators are then expressed using momentum operators, according to the
Stevens equivalent-operator method [11]. The correspondence betwe¥nrefleetron and
the|J, J,) quadrupolar operators is detailed in table 1. It is worth noting that the operator
equivalence is actually based on the correspondence between angular operators, acting on
the N-electron wave functions, and momentum operators, actingJou,) states. The
Stevens multiplying factot; insures the equality between a quadrupolar matrix element
over a|J, J;) state and its counterpart over the electron angular wave functions. The radial
part of the quadrupolar operators, which is separated from the angular part in the polar
expressions of table 1, acts identically on all the electron radial wave functions. Thus, it
reduces to thdr?) factor, which represents the integral of over the 4f electron radial
wave function and is unaffected by the asphericity.

As only 4f shells are considered here, i.e. for an electronic orbital momentu®, the
full description of the atomic asphericity is achieved using distribution operators up to the
sixth order. Starting from a real combination of spherical harmonics, fourte @) and
sixth (= = 6) order multipolar operators may be defined, as well as t@¢it*) Stevens
equivalent operators [12]:

=Cy Y Y20, )
J
mc 1 —m . . _ mym ) .
o, =cn722m 6.9 + (D" 6. )] ©

o =, IZ[Y "0 ) — (D" O )]

where the summations are over the 4f electroms,> 0, C; = 1—3‘3ﬁ and Cg =

(32/+/13) /7. The|J, J,) expressions for th@™ ) operators may be written using the
spherical harmonics equivalent operators which have been listed by Buckmaster in [13].
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2.3. From the magnetic to the quadrupolar structure

In case of a rare-earth ion located at a site of cubic symmetry, all the expectation values
of the quadrupolar operators cancel. However, as soon as the system orders magnetically,
the local symmetry is no longer cubic. One can consider the 4f shell as being under the
influence of both a cubic environment and a mean magnetic field. For the high-symmetry
magnetic structures, this field will either act along a fourfold, a twofold or a threefold axis
(section 2.1). The new magnetic point group contains all elements of the cubic point group
which preserves this field, including the elements which associate time reversal with a cubic
space transformation. In addition to the magnetic moment, some quadrupolar components
should develop in agreement with the new local symmetry. The quadrupolar operators,
acting only through the electron coordinates, are insensitive with regard to time reversal.
Thus, to determine the ordered quadrupolar components, one has only to consider the cube’s
symmetry subgroup preserving the local field axis, i.e. the magnetic moment axis.

In the case of a magnetic structure with moments along fourfold axes, the local cube’s
symmetry subgroup to be considered ig.DAt a given site located byR;, let us choose
a local &;, y;, 2;) trihedron with, asz-axis, the magnetic moment direction, the and
y-axes being taken along the two other edges of the cube. One observes that the five-
dimensional quadrupolar representation is reducible into three one-dimen$i@oal; r2),
(xy), (x2 — y?)}, and one two-dimensionaly{, zx), irreducible representations. However,
among the one-dimensional representations, only one is fully symmetric and corresponds to
(322 —r?). Thus, in terms of Stevens equivalent operators, the only quadrupolar component
preserved in all symmetry operations(ng). This component is then the only one having
non-zero value as result of the magnetic order. Obviously, in agreement with the already
mentioned assumptions, this quadrupole will have the same statistical Qalue(og) on
all sites.

For a general description of the quadrupolar structure, one has to expresshe @,
b, &) trihedron of the cubic crystal2; = zj,a + z;,b + z;.¢. This yields the following
expressions for the quadrupolar components on dhé,(¢) trihedron:

(09); = 31325 — 11Qo
(03); = 322, — 23] Qo ®3)
(Pop)j =0 (aB = ab, bc, ca).

In the case of a magnetic structure with moments along threefold axes, the local cube’s
symmetry subgroup to be considered igy.D The localz-axis is again chosen along the
magnetic moment directiors; the x-axis is, for instance, taken in one of the mirror planes
containing thez-axis. The quadrupolar representation reduces here into a one-dimensional,
(3z%—r?), and two two-dimensional(xy, x2—y?), (zx, yz)} irreducible representations. As
(3z2—r?) is preserved in all the symmetry transformations, the only quadrupolar component
which may order, with statistical valu@y, is again 03. Back to the cube’s axes, the
corresponding quadrupolar components read as:

(02);=0  (03);=0
(Pup)j = %[Z_,‘az_jﬂ] Qo (@B = ab, bc, ca).

The last case to be considered is the one of a magnetic moment along a twofold axis.
Then, the cube’s symmetry subgroup to be consideredyis Taking thez-axis along the
moment directionz;, choosing they-axis along the perpendicular cube’s edge, one may

(4)
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define a local &;, g;, 2;) trihedron at any; site:

zZj =zja0+ Zjbi) +zjcC

Y = 2(zjpzjca + Z_/L-Zjail + ZjazjpC)

if)j = :l}j X ’%j~
On this trihedron, one observes that the quadrupolar representation reduces into five one-
dimensional representationg3z2 — r2), (x? — y?), (xy), (yz), (zx)}. Both (%X —r?) and
(x?—y?) correspond to the fully symmetric representation and two quadrupolar components,
09 and 02, are preserved in all the £ transformations. Thus the ordered quadrupoles

may be represented by two scal@s = (02) and Q1 = (02). Expressing the quadrupolar
moments on the cube’s trihedron yields:

(09); = 31825, — 1]Qo + 6[22.(z5, — 25,)° — 25,251 01

(0§>/ = %[ija - Zjzb] QO + Z[Z?a - Z?b - S(Z;‘a - Z;lb) + 2(Z]2a - ijb)] Ql (5)
(Pap)i = 312ja2ip] Qo — 22jaz;pl2(2}y + 2s) — A2h, + 255) + 525525 + 2101

(af = ab, bc, ca).

As an illustration for the use of these relations between the magnetic and quadrupolar
structures, let us consider the simple example of the tékipteagnetic structure stabilized
in the NdZn compound [14] (figure 1(a)). The wave vectors are the three independent
branches of thé1/2 00 star and the moments point along threefold axes. The normalized
magnetic structure is easily expressed as:

. 1
o —

V3
wherek; =[1/2 0 0], k; = [0 1/2 0] andks = [0 0 1/2] (in 27 /a units). Using (4) then
yields:

@R 4 Ry ghoFig)

(03); =0 (03); =0
dasR; darR; dR;
6 <Pbc)j = 0o 6 (Pcu)j = Qo 6

where the guadrupolar wave vectors are

(Pap)j = Qo

q1=kz+ k3 =1[01/21/2]
g2 = ks + k1 =[1/2 0 1/2]
gs =K1+ ky =[1/2 1/2 0],

The quadrupolar structure is then of the antiferroquadrupolar type, with a periodicity which
differs from the magnetic one, the propagation vectors belonging tqltHe1/2 0) star

instead of(1/200. In case of neodymium, the Steveag factor is negative and the
electronic distribution has a negative quadrupolar moment along the local quantization axis.
Such a distribution may be crudely represented as a uniformly dense sphere squeezed along
its z diameter. This has been used for figure 1(b), where Ihisantiferroquadrupolar
structure is represented. For this structure, one should expect quadrupolar reflections for
scattering vectors obeying the equatih= H — q,, where H belongs to the crystal
reciprocal lattice ande stands for 1, 2 or 3. Whether the corresponding diffraction peaks
may actually be measured is answered in the following section.
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Figure 1. (a) Triplex magnetic structure of NdZn. (b) The associated antiferroquadrupolar
structure.

3. Multipolar x-ray scattering

We consider the simple Thompson scattering of x-rays by the electronic cloud of an atom.
Dropping the electronic scattering multiplying factor, the scattering amplitude reduces to
the Fourier transform of the electron distribution over the atomic $tateFor a scattering
vector @, this scattering amplitude is written

AQ) =(al Yy &¥a) (6)
J

where the index refers to the electrons of the atom, located-at

In the systems which are here of interest, the rare-earth ions are at sites staying as
inversion centres, even in the presence of magnetic order. Indeed, a high-symmetry magnetic
structure necessarily preserves the inversion symmetry (see equation (1)). Consequently,
the expression of the scattering amplitude reduces to

A@Q) = (al )_codQ - 7))la).
J

In the same way, the inversion symmetry rules out the existence of any polar vector, in
particular, an electric dipole, but also a periodic displacement of the atoms, which would
be described by a displacement vector at each site. This is an important remark as then, the
observation of x-ray satellites cannot be ascribed to a periodically distorted lattice.

To express the scattering amplitudéQ) in terms of multipolar operators acting on the
la) state, one starts by expanding @@s r) in spherical harmonics. Taking theaxis along
the scattering vecta®, the expansion reduces to Legendre polynomials of even order. This
expansion is summarized in table 2, where the non-zero terms are given up to the sixth
order. Higher order terms are useless since their angular integrals over 4f wave functions
cancel.

Using this expansion, the scattering amplitude may be reexpressed as a sum of four
terms:

A(Q) = Ao(Q) + A2(Q) + Ax(Q) + A6(Q)
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Table 2. Expansion, to the sixth orden = 0, 2, 4, 6), of cogQ.r cosd) in terms of Legendre
polynomials. 6 is the angle between the scattering veafprand the position vector of the
jth electron.

n Polynomial Radial multiplierf, (Qr)
01 sin(Qr)
or
5[ 3cogQr) 3\ sin(Qr)
2 3cos0 1 5[ 072 (’erz> or }

4 35c086 —30c0%6 +3

g [(LO _ 105> cog Qr) < 105 _ 45 l) Sin(Qr)]
8 or 03r3 Or Q%44 Q%2 or
13[ /10395 1260 21\ coSQr)
sl 2 =
10395 4725 210 sin(Qr)
( 055 it T 072 ) or ]

6 231co86 —315c0é6 + 105c086 —5

where

Ao(@Q) = (al ) fo(Qrj)la)
J

A2(Q) =(al Y f2(Qr;)(3c0 6; — 1)la)
J

Ax(Q) = (a Z f4(Qr;)(35c086; — 30cog §; + 3)la)
j

As(Q) = (a] Z f6(Qrj)(231co86; — 315c086; + 105c086; — 5)|a).

J

Ao(@), which includes no angular operator, is the usual scattering amplitude arising from
a spherical atom. It is maximum at zero scattering angle, where it is equal to the number
of electrons, and is the same on all the identical rare-earth sites. The other terms, which
involve angular operators, represent the aspherical contributions to the scattering amplitude.
Consequently, in their definition, the sum over the indexan be restricted to the unfilled

4f shell. In contrast with(Q), these terms may be periodical, according to the multipolar
structure. This should give rise to characteristic interferences resulting in additional Bragg
peaks of multipolar origin. The Stevens equivalent-operators method readily applies to these
expressions of the second, fourth and sixth order scattering amplitudes, where the radial and
angular dependencies are conveniently separated. Comparing the operator defiéhg

with the quadrupolar operators of table 1, one finds it may be identified @§trapart from

the radial dependence whefg(Qr;) replacegj?. Thus, the appropriate Stevens equivalent
operator is immediately deduced by replacing by F>(Q), the 4f radial integral off>(Qr):

A2(Q) = a; F2(Q)(al0F)a).

A2(Q) is then directly related to the quadrupolar moment along the scattering w@ctor
and may be referred to as the quadrupolar scattering amplitude. Similarly, introducing the
4f radial integrals,F4(Q) and Fs(Q), of f4(Qr) and fs(Qr), one may rewrite the fourth
(octupolar) and sixth order (dodecapolar) scattering amplitudes as

Ax(Q) = By Fa(Q)(alOJ)a)
Ae(Q) = 1 Fs(Q)(al Odla)
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where 8, and y, are the fourth and sixth order Stevens multiplying factors andthe
atomic state, expressed using tlie J,) base.

Note that the expectation values for th, 09 and O operators may be rather easily
determined within a microscopic magnetic model. In view of a quantitative description of
the expected diffraction phenomena, this is a substantial advantage |of theé base with
regard to theV-electron wave functions.

The F»(Q), F4(Q) and Fs(Q) radial integrals act as multipolar scattering form factors.
They have been computed using Hartree—Fock (HF) 4f radial wave functions for tripositive
rare-earth ions, as defined in [15]. In figures 2, 3 and 4, these multipolar form factors are
respectively plotted versus gifia. In contrast with the spherical scattering amplitude, the
multipolar ones are maximum at non-zero scattering angle. This agrees with the calculations
of Keating, who started fronv-electron determinantal wave functions in the special case of
Ho3* [1]. Due to their similar, localized, 4f radial distributions, the different rare-earth ions
have their maximum quadrupolar scattering amplitude at about the same scattering angle

(sin6/Ar ~ 0.5 A_l). The maxima of the octupolar and dodecapolar scattering amplitude are
further shifted towards higher scattering angles. Non- relativistic HF radial wave functions
have here been used for benefit of a simple analytical form. Relativistic effects are not
expected to dramatically affect the magnitude of the scattering phenomena but, due to the
more expanded 4f radial distribution, to result in a slight shift of the maximum amplitude
toward lower scattering angles [16].

0.03

0.02

-0.01

ocJFZ(Q) (Thompson electrons)

-0.02

Sind /A (A

Figure 2. Calculated quadrupolar form factaxs F»(Q), as a function of sif/A, for tripositive
rare-earth ions. Some curves are displayed in the inset at a more appropriate scale.

For a simple evaluation of the quadrupolar diffraction peak intensities, let us consider
a rare-earth ion with its maximum quadrupolar moment along the scattering vector, that
is (02) = J(2J — 1). For a givenQ value, the corresponding maximum quadrupolar
scattering amplitude is theA,(Q) = «,; F>(Q)J(2J — 1). Selecting the scattering vectors
maximizing F>(Q), we have plotted the maximum quadrupolar scattering amplitude which
may be expected for the various rare-earth ions (figure 5, in absolute values). In the most
favourable case of T, this scattering amplitude reaches a little less than 0.35 Thompson
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8 10

6 10°*

4 10°*

2 104

0 10°

BJF Q) (Thompson electrons)

Yb

N T T WO YRR TN A SN TR TN TG SO T T O |

_210.4||||I||||
0 0.5 1 1.5 2 2.5 3

Sin6 /A (A1)

Figure 3. Calculated octupolar form factog; F4(Q), as a function of sifi/A, for tripositive
rare-earth ions. Some curves are displayed in the inset at a more appropriate scale.

yJFﬁ(Q) (Thompson electrons)

2 10°
-4 10°°

-6 10°°

1.5
Sinb /A (A" Y

Figure 4. Calculated dodecapolar form factargFs(Q), as a function of sif/A, for tripositive
rare-earth ions.

electron contribution. One may then estimate the maximum ratio between a quadrupolar and
a lattice reflection (this latter for zero scattering angl®ax = (A2(QOmay/(Z — 3))? =
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£ 0.4

3 7 7 7% 7
= o.3f 7 |
ey 11
E o0 | |
= i . ]
:50.1_ % /éé
S v
- Ce Pr NdSmGd Tbh Dy Ho Er Tm Yb

Figure 5. Maximum absolute value of the quadrupolar scattering amplitude for the rare-earth
tripositive ions.

(0.35/62)2 ~ 3 x 107°. This quadrupolar diffraction phenomenon, which appears three
or four orders of magnitude larger than the non-resonant magnetic x-ray diffraction [17],
seems to be perfectly measurable. However, it has to be stressed that this ratio is the very
maximum which may be expected. In practice, one will have to deal with systems for
which, due to thermal disorder or/and crystalline electric field, the quadrupolar moments
remain much smaller than their maximum value.

For practical use, the expression for the quadrupolar scattering amplitude needs to be
written for any scattering vector referred to the lattice coordinate system. This requires the
scattering amplitude to be transformed into tiae §, &) cube’s trihedron, which calls in
play the four additional quadrupolar operators:

1(,0? 3(0i-0;
45(Q) = as F2(0) [5 (3% - ) 09+ (%) (02)

+6 ( Qé%’ (Pap) + c.p.)} : @
In this expression, the values of the quadrupolar components, over thed$tadtave been
replaced by the statistical ones. This is the only expression of practical interest, since the
total scattered wave will necessarily obey the statistics of the many scattering centres of the
crystal.

One may also notice that the expressions of the multiplying factors preceding the
guadrupolar operators are very similar to those of the quadrupolar operators themselves.
Indeed, this is a common consequence of the symmetries of the Thompson scattering.
If one considers an experiment in which both the crystal and the scattering vector are
transformed according to a crystal point symmetry operation, the scattering amplitude should
be unchanged. Thus, these multiplying factors, which are functions of the scattering vector,
should transform exactly in the same way as their corresponding quadrupolar operators.

Equivalent expressions have been written for the octupolar and dodecapolar scattering
amplitudes and are reported in the appendix. Thus one may as well compute the fourth
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and sixth order contributions to the scattering amplitude. However, in the cubic rare-earth
systems, the expectation values for the octupolar and dodecapolar operators mainly result
from the crystalline electric field. Consequently, the main contribution to the octupolar and
dodecapolar scattering amplitude is constant from site to site and the interference, outside
the Brillouin-zone centre, between quadrupolar and higher order multipolar scattering
amplitudes may be neglected, this, at least in a first approximation, for scattering angles
around the maximum of the quadrupolar scattering amplitude. On a site of cubic symmetry,
unlike the octupolar and dodecapolar operators, the quadrupolar operator expectation values
result exclusively from pair interactions, dipolar or quadrupolar. Therefore, they may
develop with a periodicity potentially different from the lattice one and result in well
identifiable diffraction peaks.

4. Summary

The explicit relation between the multiaxial magnetic structure and the associated
guadrupolar arrangement has been derived from simple symmetry arguments. Thus
the neutron diffraction determination of a magnetic structure also yields, indirectly, the
qguadrupolar structure. This brings the opportunity of experimenting the x-ray quadrupolar
diffraction on well defined quadrupolar arrangements.

In view of this, the Thompson quadrupolar scattering amplitude, as well as the octupolar
and dodecapolar ones, have been expressed using the Stevens equivalent-operator method.
These scattering amplitudes call into play the respective scattering form factors and a
sum of products between multipolar operators and symmetry related combinations of the
scattering vector components. This tight relation between the chosen scattering vector and
the multipolar operators in the scattering amplitude is a means to determine the actual order
parameter, in the case, for instance, of pure antiferroquadrupolar order. Moreover, the use
of the ground state multiplet representation gives way to a computational description of the
scattering phenomena, starting from an accurate microscopic magnetic model, i.e. accounting
for the crystalline electric field and the various pair interactions (see, for example, [18]). In
cubic systems, as a first approximation, such an analysis can be restricted to the quadrupolar
scattering terms since, out from the zone centre, the fourth and sixth order contributions
to the scattering might be neglected. This is reminiscent of the general approximation
used in 4f magnetism, for instance, in magnetoelasticity, the analysis of which is usually
restricted to second order terms. The contribution to the scattering of conduction electrons
of d character may also be neglected. Indeed, the corresponding interference with the
4f quadrupolar scattering should occur at small scattering angles, where the 4f scattering
amplitude is already zero. In brief, and without need of further developing such an accurate
analysis, our estimate of the quadrupolar diffraction intensity drives us to optimistically
consider the outcome of an experimental study.

This needs first the selection of a cubic system suitable for such an experiment. From
the quadrupolar diffraction intensities, expected for the tripositive rare-earth ions, one would
prefer to deal with a system based on terbium, dysprosium or thulium, for the heavy
rare earths, and cerium or praseodymium, for the light ones. This system has to display
multiaxial magnetic structures and should also rule out or, at least, reduce the risk of other
origins for the expected Bragg peaks. Appropriate multiaxial structures are found among
the rare-earth compounds having a simple cubic lattice of magnetic ions and displaying an
antiferromagnetism with wave vectors from ttle2 0 0 or (1/2 1/2 0) stars. One might
regard as difficult the determination of the actual origin of the measured diffraction signal,
for scattering vectors corresponding to the quadrupolar periodicity, as this signal could be
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confused with a magnetic one. In the case ¢1 &2 0 O multiaxial magnetic structure, the
occurrence of such a confusion can be immediately rejected, since, as shown by the example
of NdZn'’s triple« structure, the quadrupolar periodicity differs from the magnetic one. This

is however not the case with @/2 1/2 0) multiaxial magnetic structure for which the
qguadrupolar arrangement has the same periodicity. Nevertheless, as the quadrupolar x-ray
scattering intensities are theoretically several orders of magnitude larger than the x-ray
magnetic scattering intensities, the confusion of these two scattering phenomena cannot be
seriously considered. Actually, the major risk appears to be the confusion with Bragg peaks
arising from periodic ion displacements. As already mentioned, this risk is reduced using
magnetic high-symmetry structures. Such displacements may nevertheless occur as result
of an underlying lattice instability as encountered, for instance, in some rare-earth—silver
systems [19]. In case of doubt, the scattering vector dependence and the thermal variation
of the observed intensities may allow one to identify their actual origin.

Finally, let us put in more concrete terms the search for a favourable candidate. Within
the CsCl-type structurgl/2 0 O magnetic wave vectors are found in the RZn or RMg
series [8]. Unfortunately, most of the corresponding magnetic structures are collinear
and multiaxial structures are met only for the unfavourable cases of neodymium based
compounds, NdzZn [14] and NdMg [20].

More numerous are the examples of systems displaying multiaxial magnetic structures
based on1/2 1/2 0) wave vectors. Among them a number are based on favourable rare
earths from the quadrupolar scattering amplitude point of view. For instance, within the
CsCl-type structure, one may consider DyCu [21], DyAg [22] or PrAg [23].

Appendix

General expressions of the octupolar(Q), and dodecapolads(Q), scattering amplitudes
for a scattering vectoQ = (Q., O», O.) expressed with respect to the cubic lattice
trinedron. B, F4(Q) and y, Fs(Q) are, respectively, the octupolar and dodecapolar form
factors. The definitions of th@™s) equivalent operators are given in the text (section 2.2,
equations (2)).

A4(Q) = B Fa(Q[CI@Q)(0F) + Ci*(@Q)(05) + C(Q)(07") + CZ(Q)(0F)
+CF(Q)(0F) + CF(Q)(0F) + CF(@Q)(0F) + C(Q)(05)
+CF@Q)(04)]

where
C2(Q) = (1/80% (3507 — 30020? + 30%

Ci(Q) = (W10/40% 0, 0,(70? — 30?)
C;(Q) = (v10/40%0,0.(70% — 30%)
C¥(Q) = (v/5/40%)(02 — 02)(70? - 0?)
C2(Q) = (v/5/40%20,0,(70% - 0?)
C¥(Q) = (v/35/v/80% 0. (03 — 30,02
C3(Q) = (v/35/v/80%0.(30,0% — 03)
C4(Q) = (v/35/80%(0% — 60202 + 09
CH(Q) = (v/35/80%40,0,(0% — 0P
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As(Q) = 1 Fo(QICAQ)(0Q) + CE(@Q)(0&) + CF(@Q)(0F) + CX(Q)(0&)
+CE(@Q)(OF) + CE(@Q)(OF) + CZ(@Q)(OF) + CE(@Q)(0&)
+CE@Q)(0F) + CEF(Q)(0) + C(Q)(0) + C&E(Q)(0)

+CE(@1(08)]
where
Co(Q) = (1/160°)(2310¢ — 31507 0% 4 105020* — 50°)
C¥(Q) = (v21/80° 0,(330% — 3002 0% + 50.0%
CE (@) = (v21/80° 0, (3303 — 3003 0% + 50, 0%
C3(Q) = —(v/210/2560°%)(Q% — 07)(3307 — 18020 + 0%
CZ(Q) = —(v/210/2560°)20, 0,(330% — 18020% + 0%
C¥(Q) = (v105/v1280%) 0, 0.(302 — 0?)(110? — 30?)
C3(Q) = (v105/v/1280°%)0,0.(30% — 0H(30% - 110?)
Ce'(Q) = (V7/480%)(Q; — 60205 + 0 (1102 — Q%)
CE@Q) = (V7/480%0,04(0% — 0H (1107 - 0?)
CE(Q) = (3V154/160°%) 0, 0.(0% — 100202 + 507)
C(Q) = (3V154/160°%) 0, 0.(Q} — 100202 + 50%)
C&(Q) = (V231/16v20°) (08 — 150402 + 1502 0; — 0F)
CS(Q) = (v231/16v20%) 0, 0,(30% — 100202 + 307).
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