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Linear Electric Shifts in the Paramagnetic Resonance of Al,O;:Cr and MgO :Cr}
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It is shown that the spin Hamiltonian for Cr®* ions in the Al,Os lattice has to be augmented by a term
2 2i<k, 3R:irEi (S;Sk+-SwS;) in the presence of an externally applied electric field E. The five independent
components of the third rank R tensor appropriate to the point symmetry C; of the Cr3* sites have been
determined experimentally. In units of Mc/sec per kV/cm the results for one site are Rin=—0.020,
R22=0.073, R333=0.179, R125=0.04, and R113=0.09. The Cr®" site in the unit cell related by inversion
symmetry has all signs reversed. The two other sites which are related to this pair by a reflection in the ¥
plane have the signs of Rass and Rig; reversed. These results are related to the known crystal structure.
Their agreement with a theoretical calculation based on a partially covalent bonding orbital in the CrOg™®
complex is satisfactory, whereas a point-charge model of the crystal field cannot account for the spin
Hamiltonian. The electric field effect for the Cr3* sites with an associated vacancy in the MgO lattice, was
shown to be less than 1 Mc/sec for £=10% V/cm, in agreement with the covalent theory. Verification of the
Kramers degeneracy in the presence of the crystalline field components of odd parity resulted in setting an

SEPTEMBER 1963

upper bound on the permanent electric dipole moment of the electron of 1.4X 1075 cm times e.

I. INTRODUCTION

N applied electric field may induce linear shifts in
the paramagnetic resonance line spectrum when
paramagnetic ions occupy sites which lack inversion
symmetry.! The effect was first observed by Ludwig and
Woodbury? for transition metal impurities in silicon.
Artman and Murphy? observed linear electric shifts of
the m,=o4%— 2% transitions of the Cr¥* spins in
Al:O;, when a magnetic and electric field are applied
parallel to the ¢ axis. Recently, similar results* have
been obtained for Fe* and Mn*" in Al;Os;.

It had been pointed out earlier’ that the angular
dependence of the influence of an applied electric field
on the spin Hamiltonian is described phenomenologi-
cally by tensors of odd rank. The third-rank tensor in
C; symmelry, appropriate to the Cr®* sites in AlxOs,
has five independent components. All of these com-
ponents can be determined experimentally, if the mag-
netic field is applied at an angle with the trigonal axis
o0 as to mix the m, states. In Sec. II of this paper ex-
periments are described which determine the electric
shift as a function of the directions of the applied mag-

f This paper is based on portions of a thesis presented to
Harvard University in fulfillment of the thesis requirement for
the Ph.D degree (Cruft Laboratory Technical Report TR-379)
and has been supported by the Joint Services through the Office
of Naval Research Contract 1866(16).
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netic and electric fields. These results have been re-
ported earlier in an abbreviated form.$

Since the Al;Os crystal as a whole has inversion sym-
metry, there is no piezoelectric effect. Electrostrictive
effects are quadratic in the electric field strength.
Hence, the linear electric shifts are observed at constant
strain. Since the Cr3* sites occur in pairs related to each
other by inversion symmetry, the Cr* ions at these
sites will experience equal electric shifts in opposite
directions. A magnetic resonance line will exhibit an
apparent splitting in the applied electric field. A similar
pseudo-Stark splitting has been observed for the optical
R lines in ruby.”

Experiments have also been carried out to detect the
linear electric shifts of the paramagnetic resonance lines
of Cr¥ in MgO with an associated vacancy. No linear
effect was observable. Effects quadratic in the electric
field strength for paramagnetic impurities in MgO,
Al;O3, and KTaOs; have been reported by others.3?

In Sec. III of this paper the experimental results will
be compared with theoretical calculations of the effects
of an applied electric field on the spin Hamiltonian in
ruby. The linear electric shift is due, in general, both to a
displacement of the positive and negative ions with
respect to each other and to a distortion of the electron
orbitals at constant internuclear distances. It turns out
that the jonic displacement effect is more important. It
does not act, however, in a direct manner by a change
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Fic. 1. Experimental absorption derivative curves showing
the electric-field-induced splitting of the 3 — % resonance line of
Cr®t in ruby.

in the crystal field potential from displaced point
charges. The change in interionic distances produces a
fractional change in the partial covalent bonding of the
chromium to its ligands and this, in turn, changes the
splitting of the spin quartet of the orbital ground state.
A simple point-charge model will be shown to be in-
consistent with all available data of the spin
Hamiltonian.

II. EXPERIMENTAL PROCEDURE AND RESULTS

Ruby samples were cut in the form of platelets £ mm
thick, and evaporated silver electrodes were applied to
the samples. With such samples it was impossible to
eliminate tangential components of the microwave
fields at the electrodes. The electrodes were made much
less than one microwave skin depth in thickness in order
not to perturb seriously the microwave field. Such elec-
trodes are semitransparent optically but have sufficient
direct current conductivity. Fine copper wires were
soldered to the sample ultrasonically with indium to
provide leads to the electrodes. The sample was then
entirely coated with an insulating material to prevent
electrical breakdown from one electrode to the other
around the edge of the sample.

A rectangular waveguide cavity operating in the
TEo12 mode near 13.9 Ge/sec was used, with the sample
located at the center of the cavity at the position of
maximum microwave magnetic field. Provision was
made for adjusting the tuning and coupling of the
cavity remotely. Coupling was adjusted by moving a
Teflon wedge into a section of waveguide beyond cutoff,
and tuning was adjusted by threading a Teflon rod into
the cavity. The electrical leads to the sample electrodes
were brought into the cavity through large holes in the
sides. The paramagnetic resonance spectrometer used
was of the conventional magic tee bridge design, using
bolometer detection when saturation was no problem
and crystal detection otherwise. The frequency of the
Varian X-12 klystron was stabilized at the resonance
of the cavity with sample by an FM feedback technique.
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Magnetic field modulation and phase-sensitive de-
tection produce a recording of the absorption derivative,
when the dc magnetic field is swept through resonance
with an without applied electric field. Figure 1 shows
the pseudo-Stark splitting of the m,=% — } transition,
when both the electric and magnetic field are applied
along the ¢ axis. Examination of the absorption curve
in Fig. 1 shows that there is no residual unsplit line at
the center of the pattern, that neither split component
is appreciably broader than the original resonance line,
and that the center of the unsplit line is midway
between the centers of the two components. Figure 2
shows the dependence of this splitting on the strength
of the applied electric field for several samples. The
effect is linear in the applied electric field for splittings
greater than one linewidth. Data for individual samples
show a scatter of 19, from linearity, though different
samples differ by as much as 5%, from one to the other.
This difference is due to variations in the preparation of
the electrodes on the samples, such as the closeness of
the plated area to the edge of the sample. The two
boules were both Linde ruby, the Cr¥* concentration in
both being 0.05%,. The electric field splitting was also
observed in a 0.179, Cr3* sample with no difference
being noted. No temperature dependence was observed
to liquid-nitrogen temperature,

If the electric field strength is not large enough to
produce a resolved splitting, the additional broadening
from unresolved splittings may be used. Figure 3 shows
that the additional broadening of the same transition
at low electric fields is proportional to the square of the
electric field strength. The empirical relationship
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was used to calculate the splitting from the observed
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unresolved line broadening. This procedure is necessary
for other orientations of the crystal with respect to the
externally applied fields, since the electric shifts are
generally smaller in those circumstances.

Figure 4, taken from a paper by Geschwind and
Remeika, 12 shows a portion of the structure of ruby.
Note that there are four distinct, nonequivalent sites
for the chromium ions which replace aluminum ions
substitutionally. These sites are indistinguishable in the
usual paramagnetic resonance spectrum of chromium,
but each site behaves differently under the influence of
an applied uniform electric field. Sites b and ¢ in the
figure are related to each other by the symmetry opera-
tion of inversion through the metal atom, as are f and
a. Sites ¢ and a are related by reflection in a vertical
mirror plane normal to the y or 4 axis, as are b and f.
The difference between b and ¢, on the one hand, and
fand g, on the other hand, is the result of a 4.3° rotation
of one-half of the oxygen triangles forming the local
environment of the metal atom, as the figure shows.
Since none of the sites is itself an inversion center, the
application of a uniform electric field produces a linear
shift in the resonance value of the magnetic field for
each particular site, and an equal but oppositely
directed shift of the resonance field for the site related
to the first by the symmetry operation of inversion. If
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the magnetic field has a component along the y axis the
degeneracy of the spectrum for the ¢ and ¢ sites, or the
b and f sites, is also lifted by the electric field. In this
case the resonance splits into four components.

The angular dependence of this electric field effect
was measured by varying the directions of the applied
electric and magnetic fields. The electric field induced
shift of the energy levels giving rise to the paramagnetic
resonance transitions may be described formally by the
addition of terms to the spin Hamiltonian describing
these levels:

IHs= gllﬁHzSz'*‘gJﬂ (H;cSz‘i‘HySy)
+DLS2—3S(S+1)]
+Z Z,, 1REi(S;Sk+SuS;)
T i<
+ Z TijkEiHjSk .

ijk

2

The first three terms are the usual spin Hamiltonian,114
with g=1.98, D=—5.7 Gc/sec, S=$%. The term con-
taining the R tensor is a perturbation of D, while the
T-tensor term is a perturbation of g. Making use of the
C; symmetry of the chromium site, it can be shown that
these tensors take the forms below, where 1,2,3 refer to
%,%,3, respectively.

Sy So? Sg? 35252 +S352) £(S1S3+S5351)  3(S1S2+S2S1)
E, Rin —Run 0 Rizs Riss —2R322
E, —Rag» Roo» 0 Ru —Ri23 —2Rin
E; Ran Ran Rsz, 0 0 0 (3)
S1H, SeoH 2 S3H 3 SaoH 3 S1H; S1H S3H SaH SoH;
Iy T —Twm 0 Ti23 Tus  —Tae T Tis —Ta22
E, —Ta20 T2 0 Tus —T23 =T T — T3 —~Tm
E; T3 Tsu Ty 0 0 0 0 0 0 4)

The trace of the perturbation, Y ;R;;;, may be taken
equal to zero, in which case one has Rs;;= —3R333. This
gives five independent components in the R tensor. If
the trace of the perturbation is not taken equal to zero,
there would be six independent components, but one of
them could not be evaluated experimentally. The terms
may be grouped into three groups, one longitudinal
term, two transverse, and two skew terms, according to
the orientation of the magnetic field with respect to the
¢ axis of the crystal. The longitudinal term appears with
the applied electric and magnetic fields parallel to the
¢ axis and is described by Rj3s. The transverse terms in-
volving Ry1; and Ryse and the skew terms involving Riis
and Rjpe; occur for a transverse electric field, with the
magnetic field transverse or skew to the ¢ axis, respec-

1S, Geschwind and J. P. Remeika, Suppl. J. Appl. Phys. 33,
370 (1962).

1t H, Winchell, Bull. Geol. Soc. Am. 57, 295 (1946).

2W. G. Wyckoff, Crystal Structures (Interscience Publishers,
Inc., New York, 1960).

tively. All but the longitudinal term give no first-order
contribution to the energy if the magnetic field is
parallel to the ¢ axis. A transverse component of the
magnetic field is required to mix the states and, thus,
to bring in the transverse and skew terms linearly in
the perturbation. With the magnetic field parallel to
the ¢ axis, there may be, however, a quadratic electric
field effect from the transverse and skew components
of the R tensor, as can be calculated from second-order
perturbation theory on the pure state wave functions.
Except for the 3 ——1 transition, this quadratic effect
would be in addition to the linear effect from Rjss. It
has been observed on the 1 ——1 transition.8

It was found possible to fit all of the experimental
results using only the R tensor, and for this reason only

18 G. M. Zverev and A. M. Prokhorov, Zh. Eksperim. i Teor.
I(?iz.s 8?;‘:1], 513 (1958) [translation: Soviet Phys.—JETP 7, 354

1958)].

1 J E. Geusic, Phys. Rev. 102, 1252 (1956).
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I16. 3. Quadratic variation of electric-field-induced line broaden-
ing for splittings less than one linewidth.

the R tensor is considered in the following analysis.
Limits on the values of the components of the T tensor
may be estimated from the experimental uncertainties
quoted on the values of the components of the R tensor.
It is not surprising that the T tensor may be ignored,
since g is close to the free spin value and crystalline
field effects on g are small.

The usual spin Hamiltonian has been diagonalized by
Chang and Siegman?® for arbitrary angles of the mag-
netic field with respect to the z axis. Their wave
functions,

D=a|5)+bl$)+c|—5)+d]—3) (5)

were used as a basis set for evaluating the perturbation
induced by the electric field. Writing out the pertur-
bation terms in the modified spin Hamiltonian yields

3 = (Ri1E1— RessEe) (S2—S22)
— (Ra2aE1+Ri11Es) (S155+5251)
+ (Ri2sE1+R11sE2)% (S2S5+S5S0)
+ (RusE1— Ri23E2)% (S1S3+S351)
+3RsuEs[ S —35(S+1)].  (6)

Taking diagonal elements of this perturbation between
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Fi1G. 4. Portion of the Al,O; lattice showing the coordinate system
used in this work. (After Geschwind and Remeika.)

15 W. S. Chang and A. E. Siegman, Stanford Electronics Labo-
ratory Technical Report 156-2, reproduced in J. Weber, Rev.
Mod. Phys. 31, 681 (1959).
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the wave functions given by Chang and Siegman yields

3¢5 = (RinE1— RezoFEs) cos2¢
— (Rag2E1+ RunEs) sin2¢ J4 (6)
+ [: (R113E1— R123E2) Ccosp
+ (R123E1+R113E2) sinq&]B (9)
+3RsulsC0), (7)
where
A (0)=2V3(bd+ac)
B(0)=V3(ab—cd) (8)
CO)= (a®—b—c-d?).

The dependence of these diagonal elements on the
orientation of the electric field is given by the compo-
nents E;, Ey, E3. The Chang and Siegman wave func-
tions assume the magnetic field to lie in the xz plane; ¢
is the azimuthal angle about the 2 axis of the magnetic
field out of this plane. The dependence on the polar
angle of the magnetic field from the z axis is contained
in the coefficients @,b,c,d, and is not given explicitly.
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By orienting the electric and magnetic fields along
certain selected directions, it was possible to evaluate
each component of the R tensor. The linearity with
applied electric field for the effect depending on each
component of the R tensor was verified at these
orientations.

The electric field splitting was measured as a function
of the angle of the magnetic field for several directions
of the applied electric field. Figure 5 shows the de-
pendence of the splitting induced by E, on the polar
angle © of the magnetic field for an azimuthal angle
¢=0°. The curves drawn are the evaluation of the per-
turbation terms in the modified spin Hamiltonian
[Egs. (7) and (8)]. Values of the components of the
R tensor were selected to fit the experimental data. In
the particular case shown, the effect comes from mixing
the skew component Ry;5 and the transverse component
Ry11 of the R tensor. The line splits into two rather than
four components since for these orientations the four
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sites are grouped into two sets of equivalent pairs of
sites.

Figure 6 shows the dependence on the polar angle of
the magnetic field, again for an azimuthal angle of
¢=0°, but with the electric field along the y axis. The
effect here comes from a mixing of the transverse com-
ponent Rjye and the skew component Riz; and is a
splitting into two rather than four components. Relative
signs as well as magnitudes of the skew and transverse
components were evaluated from such measurements.

Figure 7 shows the dependence of the effective elec-
tric field splitting on the azimuthal angle of the mag-
netic field with a polar angle of 8=90°. Two transverse
orientations of the electric field were taken. Only the
transverse components of the R tensor Ri;; and Raae
enter. In this case, there is no equivalence of the two
kinds of sites which are mirror images of each other in
the y plane. The electric field broadening or splitting
is never zero, since the zeros for the splitting for these
two sites occur at different angles. The calculated split-
ting of each kind of site is shown as a dashed line, and
the total calculated effective splitting as a solid line.
The latter can be shown to be the square root of the
sum of the squares of the individual splittings of the
two kinds of sites. The contributions from each site
were determined by selecting values of the components
of the R tensor for each site to best fit the total effective
splitting to the experimental points. The relative signs
of Ri1; and Rgss were determined in a measurement on a
separate sample, where the electric field was taken at
a skew angle to the z axis.

From the symmetrical position of the minimum
splitting at zero degrees in Fig. 7, it follows that each
site contributes equally and, hence, that the populations
of the sites related to each other by reflection symmetry
are the same to one part in seven. The absence of a
shift in center of gravity and the fact that the intensities
of the split components are equal, allows the deduction
that the populations of the sites related to each other
by inversion are equal to one part in two hundred. We
can also say that sites such as d in Fig. 4, which have
inversion symmetry, are not populated. Geschwind and
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Remeikal® have, by contrast, demonstrated that for
gadolinium in Al,Os, sites related to each other by re-
flection in the y plane have unequal populations.These
results could be obtained by magnetic resonance
without an applied electric field because Gd** has such
a high spin that its resonance shows a variation with the
azimuthal direction of the magnetic field. Two differ-
ences between these cases should be noted. First,
gadolinium is a much worse fit than chromium in the
Aly03 lattice due to its larger ionic radius; and second,
the chromium doped samples were flame grown,
wereas the gadolinium doped samples were grown from
a flux. Geschwind and Remeika did not observe site
selectivity for iron in flux grown Al:Qs, and iron has an
ionic radius more comparable to chromium.

Table I gives the final best fit for the components of

TaBLE I. Experimental values of the components of the R
tensor for two types of sites in ruby. Units are Mc/sec per kV/cm.
Sites related to these by inversion have all signs reversed.

Rin —0.020+0.003 —0.020+0.003

Roge 0.073--0.003 —0.073+0.003

Rssz 0.179-£0.003 0.17940.003

Rygs 0.04 +0.02 —0.04 =+0.02

Rz 0.09 +0.02 0.09 =+0.02
In a coordinate system rotated by 5°

Rin 0

Ry 0.076-£0.003

Rass 0.17940.003

Rie3 +0.04 +0.02

Ry 0.09 +0.02

the R tensor taking all kinds of data into account. Rela-
tive signs of the various components are significant. The
first two sets of data refer to the two kinds of sites re-
lated to each other by reflection; the sites related by
inversion have all signs reversed. If the coordinate
system is rotated by 5°4=1° about the ¢ axis, Ry can
be made zero. In Cj, site symmetry Ry1; would be zero
if the « axis is normal to the mirror planes. Rys3 is small
in the rotated coordinate system, but does not vanish.
The deviation from C;, symmetry is small, but this
shows that the local symmetry of the chromium site is
truly Cs, since Rys3 would vanish in Cs, symmetry. One

" of the two oxygen triangles making up the local en-

vironment of the magnetic ion is aligned with an edge
parallel to the original coordinate system, while the
second triangle is rotated by 4.3°. This indicated that
the effect arises predominantly from this second tri-
angle, for which the Cr-O distance is 109, shorter.
The chromium impurity in MgO enters the lattice
substitutionally for magnesium, predominantly at sites
which have a cubic environment.'”18 Such a site should

16 S, Geschwind and J. P. Remeika, Phys. Rev. 122, 757 (1961).

17 J, E. Wertz and P. Auzins, Phys. Rev. 106, 484 (1957).

18 J. H. E. Griffiths and J. W. Orton, Proc. Phys. Soc. (London)
73, 948 (1950).
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be an inversion center and, hence, cannot show a linear
electric field effect. A few percent of the chromium ions
are found at sites whose spectrum has axial symmetry.
It is thought that for these sites there is a magnesium
vacancy at the nearest magnesium site along a [100]
direction. (MgO has the NaCl structure.)

The energy levels giving rise to the magnetic reso-
nance spectrum for this defect site as well as any pos-
sible linear electric field effects will be described by a
spin Hamiltonian of the form given for ruby in Eq. (2).
For the defect site, one has |D|=2.5 Gc/sec and
£=2.00. For the local site symmetry Cs,, the nonzero
elements of the R tensor are Ryj3= Rge3 and Rass= 2R3y
=2Rj320, where the trace of the perturbation has again
been set equal to zero. If the magnetic field is along a
[1007] direction, it will be in the x, y, or z direction for
each third of the sites. The two-thirds of the sites where
the field is perpendicular to the z axis give a different
spectrum from the one-third where it is parallel. An
applied electric field parallel to the magnetic field
should produce a linear electric field splitting of the
z-axis spectrum, but not the x- and y-axis spectra.

In looking for this small effect, an ac electric field was
applied to the sample and phase detection was used.
Simultaneous magnetic field modulation was added,
and the phase detection took place at the difference fre-
quency between the magnetic modulation frequency
and twice the electrical modulation frequency. A small
signal was observed on the z-axis spectrum. Unfor-
tunately, a comparable signal was also observed on the
x- and y-axis spectra, and it was concluded that these
signals were spurious. It was possible only to set an
upper bound on the electrically induced broadening,
and to set an upper bound on the effective splitting. It
was determined that | Rgss| must be less than 0.01Mc/sec
per kV/cm.

III. THEORETICAL CONSIDERATIONS

The fact that one of the two oxygen triangles forming
the local environment of the chromium ion dominates
the other triangle in producing the electric field effect
on the chromium magnetic resonance in ruby indicates
that the part of the crystalline field responsible for the
electric field effect is of covalent rather than electro-
static origin. An electrostatic interaction of the oxygen
ions on the chromium wave functions would not be very
different for the ions of the two triangles since the
chrome-oxygen distances differ by less than 109,
between the two triangles. On the other hand, a covalent
interaction could be much more sensitive to distance,
and thus be responsible for the electric field effect.

For ruby, one has Rs33/D=31X10-% cm/kV, while for
the defect site in MgO:Cr, one has Rj333/D<4X107¢
cm/kV. The noncubic part of the crystalline field arises
from a next nearest neighbor vacancy in MgO, whereas
in ruby, it arises from a distortion of the nearest neigh-
bor symmetry. The large difference in the Rj33/D ratios,
noted above, can be explained readily on the basis of
covalent interactions, which should be negligible for
next nearest neighbors. These two arguments support
the idea that a theory of the electric field effect must
take covalent effects into account explicitly.

Artman and Murphy® have worked out a theory of
the electric field effect in ruby in a crystal field formal-
ism,2 taking the matrix elements of the crystal field as
adjustable parameters. Such an approach to crystal
field theory has been successful in interpreting the opti-

19 7. 0. Artman and J. C. Murphy, Bull. Am. Phys. Soc. 7, 196
(1962); J. O. Artman, in Proceedings of the First International
Conference on Paramagnetic Resonance, The Hebrew University,
Jerusalem, Israel, 1962 (to be published).

%Y. Tanabe and S. Sugano, J. Phys. Soc. Japan 9, 753, 766
(1954) (I and II). )
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cal spectrum of ruby.?~2¢ Artman and Murphy have
pointed out that crystal field calculations have usually
ignored the odd-parity components of the crystal field
and that these components may enter calculations in the
form (g| Vee*|u)(n| Ver®| g')/ A, adding to terms such as
(gl Ve?|g’). The electric field effects are simply ac-
counted for by termsof theform (g| Vo*| u)(u|eEz| g')/A.
Artman and Murphy successfully accounted for the
magnitude of the D term and for the longitudinal elec-
tric field effects in ruby by the inclusion of such terms
in an internally self-consistent way, but the values
which must be assumed for their adjustable parameters
are somewhat unreasonable. First, it was necessary to
assume the one-electron spin-orbit parameter { for a
one-electron excited odd state to be some ten times {
for a 3d electron, whereas the Cr3t free ion spectrum?
shows that { for the 4p state is only about three times
that for 3d state. This reduces the calculated effects
by an order of magnitude. The 3p electrons have a large
¢ but also very large energy denominators, and odd
ligand orbitals have no spin-orbit interaction on the
chromium center. Second, it was necessary to assume
matrix elements of eEz to be some four times larger
than would be calculated from free-ion wave functions,
and this cannot be explained by orbital expansion in
the solid. Furthermore, such a model does not give the
correct angular variation, i.e., the ratio of the compo-
nents of the R tensor. It also predicts that the magnetic
resonance electric field effect should scale as D'2, and
scaling the electric field effect in ruby to MgO:Cr, one
predicts an effect much larger than the experimentally
determined upper bound set for the effect in MgO:Cr.

It, therefore, seems more appropriate to treat the
electric field effect by a method which takes covalent
effects into consideration more explicitly. Molecular
orbital calculations?®28 of the ligand field problem have
been shown to answer some of the difficulties® arising
in a purely electrostatic model of the crystal field.

The observed electric field effect in the Cr¥
magnetic resonance is a perturbation of the term
D[S2—3%5(S+1)] in the spin Hamiltonian of the
optical ground state of the chromium ion. Thus, a
theory for the electric field effect should follow naturally
from theory for the ground-state splitting. The 44 (¢:*)
optical ground state is shifted in energy by the spin-
orbit interaction energy AL-S through the perturbation

21 J, H. Van Vleck, J. Chem. Phys. 7, 61, 72 (1939); R. Finkel-
stein and J. H. Van Vleck, ¢bid. 8, 787, 790 (1940).

2 S, Sugano and Y. Tanabe, J. Phys. Soc. Japan 13, 880 (1958).

8], S. McClure, J. Chem. Phys. 36, 2757 (1962).

2§, Sugano and M. Peter, Phys. Rev. 122, 381 (1961).

% C. E. Moore, Atomic Energy Levels, National Bureau of
Standards Circular No. 467 (U. S. Government PrintingOffice,
Washington, D. C., 19).

26 J. H. Van Vleck, J. Chem. Phys. 3, 803 (1935).

27Y. Tanabe and S. Sugano, J. Phys. Soc. Japan 11, 864 (1956)
(III); S. Sugano, Suppl. J. Appl. Phys. 33, 303 (1962), and refer-
ences therein.

28 1. L. Lohr, Jr., and W. N. Lipscomb, J. Chem. Phys. 38,
1607 (1963).

2 W. H. Kleiner, J. Chem. Phys. 20, 1784 (1952).
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expression
(*A|AL-S|n)(n|AL-S|*4)
W(EA)=2nx )

W(FA)—W (n)

The intermediate states » include the 4T'(¢5?) state and
several 2T, states. The splitting of the ground state
arises from an anisotropy in this expression with respect
to the orientation of S. In previous calculations?~?* this
anisotropy is attributed to a trigonal crystal field split-
ting of the 4T levels, and this enters Eq. (9) through
the energy denominators. Such calculations on chro-
mium in ruby showed that if the optically excited states
were located by fitting the optical spectrum, the calcu-
lated ground-state splitting was much too small and of
the wrong sign as compared to experiment.

It was suggested?2%:3 that the anisotropy in Eq. (9)
would be increased by making the spin-orbit interaction
anisotropic through the effects of covalent bonding.

Lohr?® has shown this to be the case by performing a
semiempirical molecular orbital calculation on the com-
plex CrOg™® with coordinates derived from the Al,Oj;
lattice. Matrix elements of the spin-orbit interaction
were evaluated between the resulting molecular orbi-
tals, which are linear combinations of atomic orbitals.
The anisotropy in the spin-orbit interaction arises
because of differences in the amount of ligand admixture
to each of the predominantly 3d molecular orbitals. In
spite of the use of the molecular orbital formulation, the
crystal is still basically ionic, the coefficients of ligand
orbital in the predominatly 3d molecular orbitals being
of the order 0.05. Formally, the anisotropy in the matrix
elements of L is transferred?® to an anisotropy in the
spin-orbit parameter A,

The ground-state splitting parameter D may then be
shown®#® to be given by

D=4[(\)*— (N2 H[W (CA) =W (T te%€) I
—[W(A) =W (T ste%e) I} ’
=3\ =MW (CA)—W CTo 1) T, (10)
where the quadratic expressions in A and N are given by
the formulas

NN =N, plea| li[ 1:8)(t:B 1] ecx)
NN =N 6> o 8aB | 1| Ly )ty | 1] 298) -

The matrix elements in Eqgs. (11) and (12) are evaluated
between the one-electron orbit-only molecular orbital
wave functions fe, 1983, t2y, ea, and 8. The indices ij
run over z, ¥, and z. In trigonal symmetry, these sums
are zero unless 7=j4. The spin-orbit parameter was
taken as A="70 cm™, a reduction from the free ion value

(11)
(12)

% R. Lacroix, Comp. Rend. 252, 1768 (1961).

31 H. Kamimura, Phys. Rev. 128, 1077 (1962).

2Y. Tanabe and H. Kamimura, J. Phys. Soc. Japan 13, 394
(1958) (IV); Y. Tanabe, Suppl. Progr. Theoret. Phys. (Kyoto)
14, 17 (1960).

3#W. A. Runciman and K. A. Schroeder, Proc. Roy. Soc.
(London) A265, 489 (1962).
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of 90 cm™, This reduction is probably due to a moderate
expansion of the chromium wave functions in the solid®
rather than to a reduction in the angular momentum
matrix elements,35-%

The electric field effect associated with the ionic
polarization of the crystal lattice arises in this formula-
tion because the change in the coordinates of the CrOg*
complex alters the molecular orbital mixing of the chro-
mium 3d-atomic orbitals and the ligand orbitals. This
alters the spin-orbit anisotropy. The ionic displacements
produced by an electric field were not calculated from
first principles, but deduced®®—*from the observed values
of the dielectric constant and optical index of refrac-
tion.”* The appropriate internal effective field to be used
in calculating polarizations in an ionic solid is taken®042.43
to be of the simple Lorentz form for cubic crystals, even
though the sites are not cubic.

E.it=E+4xP. (13)

This is in contrast to the case of delocalized electrons,
where the effective field is better taken®=% to be the
macroscopic field. The ionic polarization is given by the

equation
3(e—n?)
E

e*Nodx="Pipn=P—Py=—-FE.
4z (n2+2)

(14)

The effective charge ¢* was taken®*® equal to 0.8 times
the ionic charge. The perturbation of D due to the ionic
displacement 6x thus determined was calculated simply
by repeating the entire molecular orbital calculations
with displaced ionic coordinates. The effect of the dis-
placed coordinates enters in calculating the values of
the quadratic expressions in Egs. (11) and (12). For a
displacement of the chromium ion along the ¢ axis with
respect to the surrounding oxygen ions, a slightly dif-
ferent value of D results. This change 6D=%5R;33FE, is
the longitudinal electric field effect. This is the only
nonvanishing term if trigonal symmetry is preserved.
For displacements of the chromium ion in the x and
y directions, the transverse and skew components of the
R tensor are determined in a similar manner. One

# W. Marshall and R. Stuart, Phys. Rev. 123, 2048 (1961).

( ;55135). W. H. Stevens, Proc. Roy. Soc. (London) A219, 542
1 .

36 J. Owen, Proc. Roy. Soc. (London) A227, 183 (1955).

37 S. Koide and M. H. L. Price, Phil. Mag. 3, 607 (1958).

38 H. Frohlich, Theory of Dielectrics (Oxford University Press,
New York, 1949).

¥ C. J. F. Bottcher, Theory of Electric Polarisation (Elsevier
Publishing Company, Inc., Amsterdam, 1952).

“ B. Szigeti, Trans. Faraday Soc. 45, 155 (1949).

4 Dielectric Malerials and Applications, edited by A. R. Von
Hippel (John Wiley & Sons, Inc., New York, 1954).

42 S, L. Adler, Phys. Rev. 126, 413 (1962).

4 N. Wiser, Phys. Rev. 129, 62 (1963).

4 N. Bloembergen, in Proceedings of the Conference on Electric
and Magnetic Resonance (Colloque Ampere), Eindhoven,
Netherlands, 1962 (to be published).

(1;6612\/)[' H. Brodsky and E. Burstein, Bull. Am. Phys. Soc. 7, 214

46 G. O. Jones, D. H. Martin, P. A. Mower, and C. H. Perry,
Proc. Roy. Soc. (London) A261, 10 (1961).
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replaces the expressions (M.)2— (N;)?2 or A2—A.2 in
Eq. (10) by thefunctions of A or A’ tabulated in Table II.
The quadratic expressions given in Table II are to be

TasLE II. Quadratic expressions in X to be used in Eq. (10)
in place of \,2—\;? in calculating transverse and skew components
of the R tensor. :

Displacement along x y z
Run(d) 0200

Rase ()\) - % ()\12 - )‘yz)

Riz3(N) AW

Rus(N) 2NNz

Ri3s(\) (=38D/E) =N
Riiz(N) (=—2R332) ANy

Ro12(N\) (=—=2Ru1) 2Ny
Rya3(N) (=Ru13) 20\
Ro13(\) (=—Ri23) 2N2\;

evaluated using Eqs. (11) and (12) in which the molecu-
lar orbitals are calculated with the chromium coordinate
displaced by an amount corresponding to a unit electric
field in the appropriate direction.

In order to calculate the electronic effect, it was
necessary to evaluate the perturbation eF.s;z between
the molecular orbitals calculated with fixed coordinates.
It proved more convenient to use the atomic orbitals as
a basis set, but to include a crystal field of such a mag-
nitude as to produce the mixing of the atomic orbitals
observed in the molecular orbitals. The additional
mixing of the orbitals under the influence of the applied
field is given by (g|eFesz| u)/A. This additional mixing
alters the anisotropy of the spin-orbit interaction and,
hence, alters the ground-state splitting. The appropriate
effective field in this problem is Eei= (e+2)E/3, as-
sumed identical for all atoms.*” Taking the electric field
along the ¢ axis yielded D= —3 Mc/sec for 10° V/cm
as compared to a calculated ionic effect of D=+-23
Mc/sec. This calculation is the direct effect of the
applied field on the spectrum in mixing the atomic
orbitals. These calculations also yielded the electronic
polarization of each of the ions and, hence, the index of
refraction to be #*—1=3.8. The major contribution
comes from the oxygen ion, which means that a com-
parison with experimental index of refraction for AlyOs,
n*—1=2.1, shows the validity but relatively poor accu-
racy of the calculation. There is, however, also an in-
direct electronic effect, which arises from the fact that
the two ions polarize their electron clouds by different
amounts and that this relative displacement alters the
overlap interaction between the ions. The effect of this
electronic motion of the two ions on the spectrum was
calculated simply by applying the displaced coordinate
results mentioned earlier. This resulted in a total elec-
tronic effect of +3 Mc/sec. As can be seen, the ionic
effect dominates the electronic effect, even allowing for

47J. R. Tessman, A. H. Kahn, and W. Shockley, Phys. Rev.
92, 890 (1953).
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the fact that the electronic effect was only crudely
evaluated. For this reason, the transverse and skew
electronic effects were ignored.

The agreement of the calculated ionic electric field
effect with the experimental total electric field effect is
better than could be expected, the only significant dis-
crepancy being Ris;. (See Table IIT) The electronic

TasLE III. Calculated values for the components of the R tensor
for the ionic electric field effect and experimental values for the
total electric field effect, in Mc/sec per kV/cm except as noted.

Calculated (ionic effect) ~ Experimental

CrOg™® ALCrOg*  (total effect)
R —0.017 —-0.017 —0.020
Raop 0.053 0.049 0.073
Rs33(=3%5D/E) 0.154 0.160 0.179
Rias 0.008 0.010 0.04
Ruz 0.092 0.101 0.09
D(Gc/sec) —11.1 —10.8 —~5.4

effect probably adds 5 to 109} to these values. Note that
all calculated signs are in agreement with experiment,
both for D and for the components of the R tensor.

In an attempt to get better agreement with experi-
ment, the molecular orbitals were extended to include
the four next-nearest neighbor aluminum atoms. In
general, there is little change in the results, although
agreement on Ry is slightly improved. Note that Ryss
would be zero in C;, symmetry. The fact that Ry is
experimentally larger than calculated using Al;Os co-
ordinates may be an indication that the insertion of the
Cr3* ion in the lattice in place of the somewhat smaller
At ion distorts the local C3 symmetry further away
from Cj, symmetry.

In the calculation which included aluminum ions, it
was necessary toadjust the oxygen-aluminuminteraction
by adjusting the diagonal elements of the aluminum
atomic orbitals in the effective Hamiltonian. The
contact hyperfine interaction of the predominantly 3d
molecular orbitals on the aluminum nuclei is given by

se= ()-8, (15)
where
8r u
A =?gﬁ}6 . (16)

If the density of the 3s aluminum atomic orbital at the
aluminum nucleus is taken?® as 16X10%/cc, (5(r)) is
simply this value times the square of the 3s coefficient
in the predominantly 3d molecular orbital. With a
suitable aluminum-oxygen interaction, values of A were
calculated as shown in Table IV. The general agreement
with the values obtained in an ENDOR experiment*
shows that the aluminum-oxygen interaction was ad-

4 N. Laurence, E. C. McIrvine, and J. Lamb, J. Phys. Chem.
Solids 23, 515 (1962). ) )
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TasrE IV. Calculated and experimental values of the contact
hyperfine constant 4 for predominantly 34 molecular orbitals on
the next-nearest neighbor aluminum nuclei (in Mc/sec) and the
calculated electric field induced fractional change in 4.

Field of 105 V /cm along axis

Af(calc) A(expt) x ¥ z
Alin plane of Cr 3.8 3.24 —0.00072 0.00012 —0.00004
3.8 3.24 0.00048 0.00058 —0.00004
3.8 3.24 0.00026 —0.00058 —0.00004
Alon axis of Cr 2.8 0.68 oo .o —0.00064

justed to a reasonable value in the calculations. A pos-
sible electric field shift in the ENDOR spectrum was
also calculated. The relative change in 4 caused by the
displacement in a field of 10° volts/cm is shown in
Table IV.

The dielectric constants* of Al:Os were used to de-
termine the displacement of the chromium in the Al,O;
lattice. If the dielectric constants®® of CryO; (having
the same structure but different cell parameters) are
used, the calculated electric field effects would increase
by 86 and 189, perpendicular and parallel to the ¢ axis,
respectively. There seems no strong reason for choosing
either data to describe the polarizability of the chro-
mium impurity in the Al,Os lattice, although it seems
more reasonable to use the Al;O3 constants.

The chromium defect site in MgO was treated by the
same semiempirical molecular orbital method as was
outlined for ruby. All parameters were kept the same as
in the ruby calculation except for the coordinates of the
ions in the complex. The geometry of the complex was
taken to be that of the magnesium site but with the com-
plex stretched 0.1 A along the chrom-oxygen-vacancy
axis to simulate a possible tetragonal distortion of the
octahedron, which might exist due to the charge com-
pensating vacancy on the far side of one oxygen. The
value of the cubic optical splitting was successfully cal-
culated by this method as it was for ruby. The calcu-
lated ground-state splitting 2D was an order of magni-
tude smaller than that observed. Apparently the
ground-state splitting is due almost entirely to just the
electrostatic field from the charged vacancy.

A purely electrostatic calculation of the matrix ele-
ments of the field from a charge at the position of the
vacancy yields a value of D which is 2.5 times smaller
than that observed, but the larger value of D may
originate from the effects of configuration mixing, as
has been pointed out for ruby.? Using this electrostatic
model, the predicted electric field effects for 10° V/cm
are 6D=0.3 Mc/sec and 0.6 Mc/sec for the ionic and
electronic effects, respectively, and the total effect is
conveniently smaller than the experimental upper
bound of 1.0 Mc/sec. Effects of both odd and even
components of the electrostatic field were included, the
contribution of the odd component to D being some
259, of the total. The formalism of Artman and
Murphy® was used but with more reasonable values of

“P. H. Fang and W, S, Brower, Phys. Rev. 129, 1561 (1963),
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the parameters. The spin-orbit interaction in the
excited state was ignored, and matrix elements of the
electrostatic field from the point change at the vacancy
site were taken to have the values obtained from free
ion wave functions®® rather than these values multiplied
by some factor of the order 4.

IV. CONCLUSION

The use of the electric field effect in paramagnetic
resonance gives very detailed information on the local
symmetry of the paramagnetic sites. if these sites are
not inversion centers. The electric field effect extends
the usefulness of the paramagnetic resonance technique
in probing local symmetries in solids, by giving infor-
mation on the odd-parity components of the effective
crystalline field.

The molecular orbital calculations of the induced
electric shifts have added to the evidence for the in-
adequacy of the point-charge crystal field theory® and
to the evidence for the validity of the molecular orbital
approach?®=28 to the crystal field problem. The aniso-
tropy of the electric shifts cannot even be accounted for
by the more generalized crystal field theory with several
adjustable parameters.’?%:22 The ground-state splitting
and electric field effect on the ground-state splitting for
chromium in ruby can be explained satisfactorily when
anisotropy of the spin-orbit interaction is explicitly
taken into account. This anisotropy is shown to be due
to covalent effects.

ACKNOWLEDGMENTS

The assistance of L. L. Lohr, Jr., in the theoretical
part of this work is gratefully acknowledged. The semi-
empirical molecular orbital procedure used is his, and
he has programmed all of the computer runs reported.
We thank Dr. J. O. Artman and Dr. M. Weger for
preprints of their articles. Conversations with F. A.
Collins have been very fruitful.

APPENDIX. ON POSSIBLE EFFECTS OF
A PERMANENT ELECTRIC
DIPOLE MOMENT

The implications of the existence of a permanent elec-
tric dipole moment for the electron in paramagnetic
resonance, have been treated by Sachs and Schwebel.”
The existence of the electronic dipole moment, which
would require the nonconservation of both parity and
time-reversal symmetry, would cause a lifting of the
Kramers degeneracy,® and, hence, a shift in paramag-
netic resonance frequencies under the application of an
electric field or in the presence of a crystalline field of
odd parity.

5% W. Low, Paramagnetic Resonance in Solids (Academic Press
Inc., New York, 1960).

5 M. Sachs and S. Schwebel, Ann. Phys. (N.Y.) 8, 475 (1959);
M. Sachs, ibid. 6, 244 (1959).

%2 H. A. Kramers, Proc. Acad. Sci. Amsterdam 33, 959 (1930).
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The experimental electric field induced shifts in
paramagnetic resonance of Cr¥* in Al,O3 described in
this paper are proportional to the product of the applied
electric field and the internal crystal field component of
odd parity. They have nothing to do with the existence
of permanent dipoles. By reversing the direction of the
applied electric and magnetic fields in our experiments,
it is possible to separate the ordinary electric field shift
from a possible shift produced by an electronic dipole
moment. Verification of the Kramers degeneracy for the
spin doublets of the orbital ground state of Cr3t in
Al;O3 provided an experimental upper bound on the
intrinsic electric dipole moment of the electron to the
limit of the experimental accuracy.

Assume the electron to have an intrinsic electric
dipole moment P=2¢Bs. Then the Hamiltonian for the
electron will contain a term

3¢'=—2¢Bs- (Vo). 1
The parameter £ is a pseudoscalar. This term will lift
the degeneracy between the % states and between the
+3 states. In the absence of the spin-orbit interaction,
the average electric field acting on a bound electron in a
solid (V¢) must be zero. If an external electric field or a
crystalline field of odd parity is present, it is exactly
cancelled by a displacement of the bound electronic
orbital with respect to all other charges. The total
average force on the bound electron is zero. In the
presence of the spin-orbit interaction, part of the net
force may be of magnetic origin, and the average elec-
tric field need not be exactly zero. The electric field to be
used in Eq. (17) is approximately the field applied to
the atom multiplied by a reduction factor of the order
M A. Sachs and Schwebel show that the perturbation of
the spin energy levels by this average electric field acting
on the permanent electric dipole moment is given by an
expression of the form,

AW =288k (W ,— W )t

X{[(n]s- vX[(vor) XV ][n')

—(n|s-[(Vo?) X VIXV|n') Jn'| ep*|n)

-+ transpose}, (18)

with &= (#/2mc)?. The second term, arising from a com-
mutator expression, has apparently been omitted by
Sachs and Schwebel. For real wave functions the addi-
tion of the transpose is equivalent to multiplication by
2. The even- and odd-parity components of a crystalline
field or an applied field are represented by the potentials
¢? and ¢%, respectively. If the one-electron spin-orbit
energy is written in the usual way, Vo= —1iek2s- (A¢)
XV =¢l-s, one obtains

AW =288(W a—W o) (| s ¥ Xicl | )

—(n|s-ZIXV|a)} ' |¥|n).  (19)
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Define the tensor A by the equation

—(3da|iIX V| u)(£3a/3}
X (| egp*+eEr|3dy) (Waa— W)™, (20)

where E is a possible applied electric field and ¢* is the
odd-parity component of the crystal field. The tensor
A has only diagonal elements nonzero, and one has
Azr=A4,,7#A4.. in the C; site symmetry of ruby.
Then
AW =—-2¢S-A-(Vo*+E). (21)

The component of the tensor 4., was numerically
evaluated as A4,,=1.15X 10~ with a probable error of
a factor of 2 by the use of Eq. (20). Major contributions
come when the odd-state # is a 3p and 4p or 4f state.
Other chromium states have larger energy denomina-
tors and/or smaller matrix elements to the ground state.
Odd-ligand molecular orbitals made up of oxygen
atomic orbitals also have small matrix elements for this
perturbation, although they dominate in producing the
ordinary electric field effects. Parameters derived from
optical spectra? were used in the calculation, and
matrix elements of z and V were evaluated using
Slater-type wave functions.?® In calculating the inter-
actions between orbitals only on the chromium, the
crystal field was evaluated at the nucleus from a purely
electrostatic model ; the major odd-parity component is
a field along the ¢ or z axis. For the ligand orbital inter-
action, the effective crystal field was evaluated by the
molecular orbital method.

The electric field effects are introduced into the usual
spin Hamiltonian describing the spin energy levels of
the paramagnetic ion by the addition of the following
perturbation terms:

3'=2; 2 3RiE(SiSk+SuSs)
i<k
=2 288455V +E);.  (22)

The first term represents the ordinary electric field
effect described previously, and the second is the dipole-
induced effect which lifts the Kramers degeneracy.
Browne® has attempted to detect the dipole-induced
effect experimentally by applying a uniform electric
field to a paramagnetic salt. However, the term Vg is
much larger than any possible applied electric field if
the paramagnetic site lacks inversion symmetry, as is
the case in ruby. This fact was taken advantage of in
the present work. If the —% — £ transition of Cr#t in
ruby is observed with the magnetic field along the 2 or
¢ axis, there should be a shift in frequency given by

dv=h"Y3R, .. E,—2£BA,.(Vo"),} . (23)

The dominant part of V¢* is along the ¢ axis. Now for
both electric and magnetic fields along the ¢ axis, the

% M. E. Browne, Phys. Rev. 121, 1699 (1961).
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four sites in the AlyO; lattice become equivalent in
pairs. The members of one pair are related to members
of the other pair by inversion. Both terms in Eq. (23)
are of opposite sign for one of these pairs of sites as com-
pared to the other pair because V¢* changes sign on
inversion. R is proportional to A¢*, whereas A is not.
Thus, év in Eq. (23) produces a splitting of the observed
resonance line in ruby since the resonance frequency
for the two pairs of sites shifts in opposite directions.

If the direction of the applied magnetic field is re-
versed, only the second term in Eq. (23) will reverse in
sign. Reversal of the magnetic field reverses the direc-
tion of the z axis and, hence, the sign of E,and R, and
A¢® On the other hand, reversing the sign of the ap-
plied electric field reverses the sign of only the first term
if one assumes that V¢*>E. Thus, on reversal of either
the applied electric or the applied magnetic field, the
splitting (=2|8»|) changes by 4 times the second term
in Eq. (23). If A represents the change on reversal of
either the applied electric or magnetic field, one has

AQ2|6v|) =8k EBA,.(Vd™),. (24)
Any possible additional splitting due to the 7I-tensor
terms would have the same symmetry as the R-tensor
terms as far as reversal of sign is concerned. Hence,
possible effects of a T-tensor term may be lumped with
the first term of Eq. (22) at fixed field and frequency.
One may inquire as to why any electric field was ap-
plied, thereby introducing the complication of the ordi-
nary electric field effect. The electric dipole splitting by
itself must be assumed to be much smaller than one
linewidth, and hence, the observed additional broaden-
ing of the line produced by the dipole effect would be
proportional to the square of the effect. Also, there would
be no way to “turn off”’ the induced broadening. The
ordinary electric field is used to initially split the line,
in which case any additional splitting arising from the
dipole effect is directly observable.

In this work the procedure was to observe the elec-
trically induced line splitting for four cases: (1) electric
and magnetic fields normal, (2) magnetic field reversed,
electric field normal, (3) both fields reversed, and (4)
electric field reversed, magnetic field normal. The dif-
ference between the line splittings for the second and
fourth cases, on the one hand, and the first and third
cases, on the other hand, is A(26v). Experimentally,
this quantity was found to be (0.02540.125) G or
(0.0740.35) Mc/sec. The uncertainty quoted is based
on the standard deviation of the results of eight runs. In
Eq. (24) one has 4,,=1.15X10"% and from a purely
electrostatic model V¢*=23.6X108 V/cm, which yields
| £] = (0.54£2.3) X 10-5, (Taking into account only near-
est neighbor oxygen ions gives Vg*=6X10% V/cm, but
a lattice sum? gives the value used.) Remembering the
possible uncertainty in 4., of a factor of 2, it is possible
to say only that | | is probably less than 3.5)X10~%and
almost certainly less than 7X1075, The latter corre-
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sponds to a dipole moment of 1.4X107%5 cm times e.
This upper bound on the electric dipole moment of the
electron is three times lower than the bound set by Nel-
son et al.,* but not as good as the bound of 4X 1016
cm times e set by Wilkinson et al.%® or the bound of 10—15
set by Goldemberg and Torizuka.5¢

In view of the molecular orbital theory of crystal
fields developed previously, one may question the use
of the simple electrostatic crystal field theory in calcu-
lating the dipole effect. Unfortunately, while the semi-
empirical molecular orbital theory is very good in treat-
ing the chrome-ligand interactions, it is unsatisfactory
in treating the interactions between the various elec-

#D. F. Nelson, A. A. Schupp, R. W. Pidd, and H. R. Crane,
Phys. Rev. Letters 2, 492 (1959).

% D, T. Wilkinson and H. R. Crane, Phys. Rev. 130, 852 (1963).

5 J. Goldemberg and Y. Torizuka, Phys. Rev. 129, 2580 (1963).
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tron orbitals on the chromium ion, and it is just these
interactions which are dominant in calculating the dipole
effect. The electrostatic model used in evaluating Eq.
(20) is probably conservative in estimating the value
of Vopu.

The experimental limitations which prevented a
better upper bound from being set on the electric dipole
moment of the electron by this method arise mainly
from instrumental instabilities over the period of a run.
More fundamental, however, is the limitation that this
measurement depends on the calculation of effective
crystalline fields in a solid, a problem whose solution is
still beset with considerable uncertainty. The approxi-
mations used in the calculations here are quite crude,
but a better calculation must await better wave func-
tions and energy levels for excited states of an atom
in a solid, and a better theory of the crystalline field.
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Cry0; is discussed from the point of view of pairs of Cr ions with strong exchange coupling between mem-
bers of the pair and subjected to a relatively weak molecular field. This is done using the Oguchi method.
The anomalous behavior of the parallel susceptibility above Ty and low-temperature spin-saturation value
are explained. If the spin system is assumed to be canted, it is possible to explain the nonzero value of x
at 0°K and the resultant optical properties are found to be in good agreement with experiment.

I. INTRODUCTION

HIS study of the magnetic and optical properties

of Cr:0; was stimulated by the very interesting
high-resolution measurements of the optical absorption
of Cry0O; at 4.2°K by Wickersheim.! He found that using
a spin-Hamiltonian description of an individual Cr** ion
subjected to both a crystal field and an effective mag-
netic field due to exchange, there appear various dis-
crepancies between the consequences of this model and
the experimental results. Since Cr:0; can be thought of
as being constructed from a set of parallel chains of
atoms with each chain a ¢ axis along which the Cr®t+ions
are grouped as pairs of Cr®* ions with a relatively large
separation between pairs, it seems more natural to use
a model which treats the optical properties of a pair of
Cr®t ions rather than individual Cr*t ions. In Fig. 1 we
show the atomic arrangement along the ¢ axis. Our
model consists, then, of a pair of Cr’*t ions such as the
pair A— B in Fig. 1 with an antiferromagnetic superex-

T This work was supported in part by the U. S. Office of Naval
Research.
1 K. A. Wickersheim, J. Appl. Phys. 34, 1224 (1963).

change coupling between these ions. The crystalline
environment subjects the pair to a crystal field and an
effective magnetic field from exchange interactions with
the pair. With this geometric arrangement, the method
of Oguchi?® seems ideal to discuss Cr:0;3 and this is the
scheme used in this analysis.

The results obtained are very satisfactory. Not only
can the optical properties be accounted for but the
anomalous magnetic properties of Cr;O; can also be ex-
plained by the same model. These anomalies are the
failure of the parallel magnetic susceptibility X, to
vanish at 0°K and the failure of X;; to drop sharply as
the temperature increases through the Néel point. Our
theory further predicts that the sublattice spin per Cr
will not saturate at 0°K to 1.5 but more nearly to 1.3.
In addition, we predict that the Cr spins order in some
form of canted spins forming spirals. The introduction
of canted spins into our model provides an explanation
of the low-temperature behavior of X;; and at the same
time improves agreement with the optical anisotropy

2 T. Oguchi, Progr. Theoret. Phys. (Kyoto) 13, 148 (1955).



