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ABSTRACT

Neutron diffraction measurements of the elastic mag-
netic scattering cross section from antiferromagnetic UO2
show additional nuclear intensity below TN = 30.8 K. We
have examined the possibility of analyzing the additional
scattering in terras of homogeneous distortions, which in-
volve shifts of the oxygen atoms from their fluorite lat-
tice sites. The behavior arising from the presence of
these homogeneous distortion modes formed the basis for
Allen's theory of a cooperative Jahn-Teller effect in UO2.
however, an analysis in terms of these homogeneous distor-
tions cannot explain the neutron data. But, by extending
Allen's concepts to include irihomcgeneous deformations,
corresponding to a zone boundary q = (ir/a) (1,0,0)
phonon, excellent agreement is obtained between theorv
and experiment. The oxygen displacement is 0.014(1) A
from the fluorite lattice positions and, in addition, the
inhomogeneous deformation (T2g(Q])-T^g) does not require
a reduction in the overall symmetry of the unit cell.
The essential features nf Allen's theory for UO2 can
still be maintained.

The firot-order antiferromagnetic transition in UO2
aroused considerable interest when it was first reported
by Frazer et al.1 Perhaps the most unusual aspect of this
transition is that it appears to occur without a inacro-
eaopia lattice distortion. In this paper we start from
th^ fact that the orbital momentum of the two 5/ elec-
trons for Ult+ is strongly covipled to the lattice modes.2

Here our interest is in the manifestation of the magneto-
elastic coupling on the static distortion. These inter-
actions in UO2 were recognized by Allen, and, by consid-
ering modes coupling to the electronic T5 ground state,

u

he showed how an iv.tevnal distortion could minimize the
magnetoelastic energy without an appreciable lattice de-
formation.

Recent neutron measurements of the elastic scatter-
ing cross section from UO2 have shown that weak nuclear
intensities, which are forbidden by the regular fluorite
crystal structure, are present belox̂  Tpj- These additional
intensities occur at a certain subset of the magnetic



reciprocal lattice points. Regular nuclear Bragg reflec-
tions for the fee structure occur for h,k,l all even or
odd; whereas the type I antiferroraagnetic reflections
have mixed indices with h + k = even, and £ even or odd.1

In Fig. 1 we show the difference cross section (observed-
calculated magnetic). Full details of the magnetic cross
section calculation will be published elsewhere. From
the figure, however, it is clear that additional elastic
scattering occurs at the £• odd positions (note that these
intensities are <10~3 of the nuclear Bragg reflections).
The question is whether these additional intensities can
be understood in terms of internal (static) displacements
of the atoms that arise as a consequence of the spin-
lattice interaction.

Following Allen3 we consider the local modes of the
oxygen cube surrounding a U + ion that transform as the
representations contained in the symmetric square [T2],

rc x T = A. + T, + E + To . (1)
5 5 lg lg g 2g

The modes of these types present for the oxygen cube are
one A2g mode, one T, , one E , and two T2 modes. The
A-, (breathing) mode represents a uniform dilation of the
oxygen cube and cannot by itself give rise to additional
scattering. There are no T^g distortion modes present.
The only T^~ mode is the rigid rotation of the unit cell
and, as witn the A^p mode cannot give rise to additional
scattering. The two components of the E mode, Q and
CL, correspond to orthorhombic and tetragonal deforma-
tions ., respectively. The T2 modes are (in Allen's no-
tation3) Q , which gives a snear deformation, and Q2, which
is the -internal distortion. All these modes (Fig. 2)
are homogeneous deformations (corresponding to q = 0
phonons) and, except for the Q2 mode, which corresponds
to an optic phonon, lead to a reduction in the symmetry
of the unit cell.

The lowering of the overall symmetry of the unit cell
has two consequences in the diffraction pattern. First,
the diffraction from planes of equivalent spacing in the
cubic phase occurs at slightly different positions in the
distorted phase. This splitting of the diffraction pro-
file is best observed with high resolution at high scat-
tering angles since A9 - - (Ad/d) tan 0, where 8 is the
Bragg angle and d is the cubic lattice spacing. In UO2,
low-temperature x-ray experiments6 have failed to detect
any such splitting of the diffraction profiles and exper-
iments recently performed at ANL confirm the earlier re-
sults.7 Second, the distortion will modify the Bragg in-
tensities, and may result in the appearance of super-
lattice lines. For example, we have calculated the in-
tensity of superlattice reflections that are produced by
a monoclinic distortion arising from a T2g(Q]) mode. oIn-
tensities of between 2 and 4 mb/mole at smO/A ^ 0.7 A"1
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can be achieved if the angle between the a and b axes is
increased to 90.5°. However, this deformation also gives
contributions to the I even reflections, and would result
in a splitting of the high-angle diffraction lines at
least 50 rimes greater than the upper limit given by the
x-ray experiments. Thus, this deformation is inconsistent
with results from both neutron and x-ray diffraction ex-
periments. Similar arguments can be made for E~(Q ) and
E (Qo) modes, in which the i? dependence calculated for
tne X, odd reflections is also incorrect. In the context
of Allen's model our results s'lould therefore be compat-
ible with the internal T2g(Q2) mode. Unfortunately, this
mode, in which the two oxygen tetrahedra move against one
another, does not give intensity at the magnetic recip-
rocal lattice points. Instead, the intensities of the
fundamental fluorite reflections are modified.

Thus, none of the four modes contained in the sym-
metric square [F^] can account for the neutron intensi-
ties of Fig. 1. These modes all correspond to q - 0
phonons, i.e., to homogeneous deformations of the unit
cell. The next step is to consider inhomogeneous defor-
mations. By this, we mean deformations that are not
identical as one moves from uranium to uranium in the
lattice. Two simple inhomogeneous deformations, which
correspond to zone boundary q = (TT/a) (1,0,0) phonons,
are shown in Fig. 3. In Fig. 3(a) a T2g(QJ) shear defor-
mation is combined with the Tj., pure rotation, but with
the sense of the atomic displacements of nearest neighbor
oxygen atoms rotated by IT between adjacent uranium atoms.
In Fig. 3(b) an E_ mode is combined with a &>\o uniform
dilation. Since these modes are degenerate, the combina-
tions can be made in a variety of ways. Thus, the (Q +
Tjg) mode is six-fold degenerate, and the (E + Ajp) mode
is three-fold degenerate.

To test the compatibility of the various mode config-
urations with the neutron diffraction results of Fig. 1,
we have performed a least-squares refinement with the
quantities (doo^s - defy) of Fig. 1 as experimental input.
The calculated cross section dOp arises from oxygen dis-
placements. The only parameter in this calculation is A,
the fractional coordinate shift of the oxygen atom from
its equilibrium position. The results are illustrated
by plotting the point-by-point residual in Fig. 4 - In
Fig. 4(a), which considers the (O^-T^g) mode, the fit is
clearly excellent (x2 = 1), whereas the (£„ + Aj ) mode
(Fig. 4(b)) cannot account for the additional neutron
scattering. Both types of modes do not contribute to the
H even reflections (solid points in Fig. 1) so these are
purely magnetic in origin. The least-squares fit of
dop nnd (ticî g - do^) in Fig. 4 (a) };ives A = (2.6 4

0.2) x 10~2, which implies a shift in the oxygen posilion
of 0.014 A. It is worth pointing out that at low temper-
atures the oxygen temperature factor !5̂  = 0.22 A



so that the mean thermal vibrational amplitude <uQ> =
[B/(8-n2)]^ = 0.053 A. The static displacements are there-
fore quite small in terms of the lattice vibrations.

In summary, we have presented a brief survey of pos-
sible distortion modes involved in the spii-lattice in-
teractions for the actinide antiferromagnet UO2. Our
object has been to develop a theory in which the magneto-
elastic energy is minimized by an internal rearrangement
in such a way as to leave the symmetry of the overall
unit cell unchanged. The introduction of q jt 0 modes does
not affect the coupling between Fs states and the essential
features of Allen's theory still apply. In addition, the
static displacement of the oxygen sublattice gives rise to
anisotropy at the uranium site that suggests a noncollinear
magnetic configuration.6 We hope soon to study the dynamics
of this process by measuring the temperature dependence of
the transverse acoustic phonons in U02 near TJJ.

We are pleased to acknowledge a number of informative
discussions with S. J. Allen.
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Fig. 1. The difference cross section daQj)S(observed) -
da (calculated magnetic) plotted for each Brap.p, reflec-
tion. Tne open circles are magnetic reflections with
h, kj even and I odd; the closed circles are reflections
with hy k, odd and H even.



Fig. 2. Homogeneous deformations with Eg and T^g sym-
metry that mix F5 states. One component of each mode is
shown.
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Fig. 3. lnhomogeneous deformations (linear combinations
of the normal modes of the cube of oxyj;en atoms surround-
ing cacli metal atom that mix I' states. One component of
each mode is shown.
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Fig. 4. Residual cross sections plotted for reflections
wich I odd after subtracting da (arising from the inho-
tnogeneous deformation of the oxygen sublattice) frora the
doobs " daM value': o f F i8- !• T h e calculations of ciaD in
(a) and (b) use modes from Fig. 3(a) and Fig. 3(b), re-
spectively.


