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Paramagnetic Resonance of Cr, '+ in Yttrium Oxide

J. W. CARsoN, D. P. DxvoR, AND R. H. HosKINs
Hughes Research Laboratories, Malibu, California

(Received January 9, 1961)

The paramagnetic resonance spectrum of Cr'+ in single-crystal yttrium oxide has been observed at micro-
wave frequencies from 9 to 71 kMc/sec at temperatures from 4.2' to 300'K. The spectrum is described in
terms of the spin Hamiltonian $C =gPH S+D/8, ' S(S+—1)/3], where g= 1 97+0 01, S=-', , and 2D= 72 9
&0.2 kMc/sec at 300'K, and 72.7+0.2 kMc/sec at 77'K and 4.2'K.

HE ground-state splitting of Cr'+ has been ob-
served in a newly available single-crystal host

lattice, yttrium oxide (Y&O&). In this crystal the Cr'+
ion has one of the largest zero-field splittings yet re-
ported. We present here the observed paramagnetic
resonance spectrum and its interpretation in terms of
the crystal structure and the spin Hamiltonian.

Yttrium oxide has been reported" to be of the cubic
Tl&Os structure (Bixbyite) of crystal class Tz. The
metal ion sites are coordinated by 6 oxygens, but in two
distinctly diBerent symmetries. The oxygens are located
at the corners of a hypothetical cube and at the 6rst
site, say A, the positions at opposite ends of a body
diagonal are vacant, while at site 8 the oxygen posi-
tions at opposite ends of a face diagonal are vacant.
The metal ion is located at the center of the cube at
site A, but is displaced from this position towards the
plane of the four oxygens at site B. The metal ion at
site A is at a lower coordination energy than at site B.
Experimentally it is found that Cr'+ chieQy occupies
the A sites.

The six ligating oxygens of complex A, each at a
distance d from the metal ion, produce a crystalline
field of point group symmetry S6, and at site 8 the
symmetry is C2. The next nearest neighbors in each case
are twelve metal ions, and in complex A are located at a
distance 2d/v3. A further inequivalence in the metal ion
sites occurs in the orientation of the symmetry axes with
respect to the crystal system (cubic) axes. The four
different orientations of the 56 symmetry axes are along
the normals to the faces of an octahedron with corners
located at the faces of the cube of the crystal axes,
as shown in Fig. 1. Finally, the C2 symmetry axes
are along the crystal axes and hence in six different
directions.

The crystals were grown by an extension of the Ver-
neuil Aame fusion method using high purity Y203 start-
ing powder. Because of the high melting point (2410'C)
of Y20s, burn-out losses of CrsOs are high (e.g. , a start-
ing powder concentration of 1%by weight of Cr,O, :Y,Os
yields a product of concentration 0.04%%u~). The boules
tend to fracture along (111)planes, the resulting crystals

being octahedral. Samples for paramagnetic resonance
spectroscopy were oriented by x-ray analysis.

The samples were oriented for rotation about the
[011]direction with the magnetic field H perpendicular
to the axis of rotation as shown in Fig. 1. Denoting by n
the angle between H and the [100]direction, the sym-
metry axes se and s4 make equal angles 03——04 ——cos '

(s cosn) with H, while the axes si and ss are at
angles 0&

——54'44' —n and 02——125'16'—o., respectively.
Figure 2 presents the magnetic field for resonance asa
function of n as observed as 35 kMc/sec and 77'K.
The data fit curves obtained from the usual spin
Hamiltonian'

K= gPH S+D[S'—S(S+1)/3],
where S= s, g= 1.97+0.01, and 2D= 72.7&0.2 kMc/sec
=2.42 cm ', for the four cases of the magnetic s axis
along the S6 symmetry axes. The theoretical data were ob-
tained from the numerical work of Chang and Siegman'
on ruby by converting the Hamiltonian used there into
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FIG. 1.Orientation of the external magnetic 6eld 8 vrith respect
to the symmetry axes z&, z2, z3, and z4 of the S6 point group com-
plexes. The crystalline axes are a, b, and c.

' R. W. C. Wyckoff, Crystal Structure (Interscience Publishers,
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neighbor sites. In MgO the distortion from cubic sym-

metry produced a variation in the g values of at most a
fraction of a percent, while the largest zero-held splitting
(11.5 kMc/sec) resulted from a rhombic field. The effect
of the distortion in Y203 as compared to MgO is thus
about an order of magnitude larger in the zero-field

splitting and of the same order of magnitude in g.
In summary, the intense part of the spectrum ob-

served in Y203 is accurately described by the spin
Hamiltonian of Eq. (1) when the magnetic s axis is

along the symmetry axes of the A sites. The remarkably
large zero-field splitting of the Kramers' doublets results

when the Cr'+ enters the lattice substitutionally at the
Y'+ sites in the crystal field of point group symmetry
S6. The weak isotropic line in the spectrum is notable
because of the only slight change in the g value.
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The classical theory ol the uniform (k=0) modes ol a four-sublattice, planar canted ferrimagnet is

developed. Two of these modes should lie in the microwave range for reasonable values of applied Geld,

anisotropy, and exchange constants: the normal low-frequency mode familiar in collinear ferrimagnets
and the mode excited by longitudinal rf 6elds at a frequency depending on anisotropy and angle of cant.
Observation of this latter mode should allow analysis of ferrimagnetic structures and phase changes.

'
N his original theory of magnetic structures in

~ - ferrospinels, Neel' conceived of phases either with

parallel aligned groups of spins or with spins in random
paramagnetic arrangements. Yafet and KitteP extended
and partly corrected this idea by pointing out that
triangular spin arrangements become energetically
favorable in the molecular Geld model when the inter-
actions between spins that are all on tetrahedral A or
all on octahedral 8 sites become comparable with the
intersite A8 interaction. Lotgering' formulated this
model in some detail.

These concepts have been further extended by
Kaplan4 and, for the case of antiferromagnets, by
Yoshimori, to include generalized helical spin arrange-
ments. Our present knowledge of the stability ranges
for these various structures in the presence of anisotropy
and in noncubic spinels is still far from complete.

On the experimental side Gorter' and more recently
Lotgering, ' Prince, ~ and Dwight and Menyuk' have
invoked canted sublattices to account for the relatively

* Sponsored by the U. S. Once of Naval Research, the Army
Signal Corps, and the Air Force.
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low saturation magnetization observed in various
spinels. Wickham and Goodenough, ' on the other hand,
interpreted the same observations in terms of a partly
reversed but collinear 8 sublattice. Presumably their
structure would differ from the Neel model by a
physical distortion identifying the lattice sites for
reversed spins.

The high-field susceptibility measurements of Jacobs'
on Mn304 are consistent with a canted lattice structure
but in principle depend only on the existence of low
effective exchange fields. Neutron-diffraction data~ for
CuCr204 are also consistent with canted lattices, but
the evidence has not uniquely determined individual
spin alignments.

It is our purpose here to point out that the magnetic
resonance spectrum of canted ferrimagnets diGers
characteristically from that of ferrimagnets with
collinear sublattices, and that this difference should
permit the detection and analysis of canted structures.
Such experiments appear capable of showing definitely
the existence of canting and, together with magnet-
ization data, of indicating the spins involved and their
relative orientations.

RESONANCE CONDITIONS

Some aspects of the canted lattice resonance problem
have been treated previously by Eskowitz and Wangs-

' D. G. Wickham and J. B. Goodenough, Phys. Rev. 115, 1156
(1959)."I.S. Jacobs, J. Phys. Chem. Solids ll, 1 (1959).


