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ly x is rising sharply at the lowest temperatures.

The narrow range of compositions for which
ferromagnetism exists in the Sc-In system sug-
gests that this kind of ferromagnetism may be a
more general phenomenon than has been thought
until now, and may be found to occur in other
systems.
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It is well known that a static magnetic field
splits the nuclear quadrupole resonance (NQR)
lines in a single crystal.! One might immediately
think of the similar effect caused by an electric
field applied to the specimen. As a matter of
fact, Pound?® applied a field of about 50000 v/cm
across a thin plated-shaped single crystal of po-
tassium iodide, but no shift in the resonance fre-
quency nor change in the line shape was observed
in the I'*" nuclear resonance line. Gutowsky and
Williams?® tried to observe the effect of an elec-
tric field on an NQR line of the Cl nucleus in
NaClO, single crystal without success.

Recently Bloembergen* pointed out the possibil -
ity of observing the change in the quadrupole
coupling constant caused by an external electric
field, if the crystal lattice has no local inversion
symmetry about the pertinent nucleus.

It is the purpose of this Letter to report the suc-
cessful observation of this effect for the Br® NQR
line in a single crystal of NaBrO,.> The resonance
frequency and the line shape are observed as a
function of applied electric field using a regen-
erative spectrometer® in conjunction with a pre-
cise 0°C ice bath in order to keep the tempera-
ture of the sample constant during the run. Alu-
minum film electrodes are evaporated on the sur-
faces of a thin plate sample which has been cut
from a larger single crystal.

The peak frequency of the line shifts linearly
with the applied field E when E is parallel to
[111], whereas no shift in the center frequency
is observed in the case of £|[100]. Reversal of
the polarity of E reverses the sign of the shift.

A typical example of the observed absorption
curve is shown in Fig. 1. Here E is along the
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FIG. 1. The effect of the electric field on the Br®!
resonance in NaBrOj single crystal. The arrow §
indicates the center frequency of the original line
without the field.

[111] direction of the crystal, and H,, an rf
magnetic field in a sample coil of the spec-
trometer, is applied along the [110] direction.
The vertical arrow } indicates the center fre-
quency without the electric field. The line shape,
which was symmetric without an E field, is slight-
ly asymmetric, and the center frequency has
shifted by about 500 cps.

A cubic unit cell” of NaBrO, has four physically
inequivalent, but chemically equivalent, BrO,~
radicals. The maximum principal axes of elec-
tric field gradients about Br nuclei are parallel
to the body diagonals of the unit cell. The field
gradients along the [111], [11T], [T11], and [1T1]
directions will be denoted, respectively, by g,,
dy, 93, and g,.

The distortions of the field gradients produced
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by the electric field along [111] are the same for
d;, 4;, and g, because of the threefold symmetry
of the crystal along this direction. Because g,
distorts differently, a doublet separation of the
line would be expected. Since the relative inten-
sity of the component lines is proportional to
sin® Z(H,, q), the intensity ratio of the compo-
nents of the doublet will be I,:1,,, =3:5 in the case
of H,lI[T10]. Using this intensity ratio the ob-
served asymmetric curve can be decomposed
into two components as shown in Fig. 1. When
H, is along the [111] direction, one observes
only the (g,9,4,) line, which does not show any
asymmetry nor increase in the linewidth com-
pared with the original line without the E field.
The observed shift of each component is

-2500+ 500 cps /(10 000 v/cm),
750+ 150 cps/(10000 v/cm).

q, line
(9,954,) line

The minus sign for the g, line indicates only the
fact that the ¢, and the (g,q,9,) lines shift to op-
posite directions; no attempt has made to de-
termine the absolute sign of these magnitudes.

When E is along [100] and H, is along [010],
the shift for the (q,9,) line is the same as, but
opposite in sign to, that for the (g,q,) line. Since
both lines have the same intensity, no shift in
the center frequency is observed up to about
5000 v/cm, where the crystal always breaks
down.

The distortion of the field gradient tensor com-
ponent, 6(pl-]~, may be expressed as

6<pij=2k(8¢ij/8Ek)Ek; i,j,k=x,y,z. (1)

The third rank tensors, a<pij/aEk, are zero if
local inversion symmetry about the nuclei exists.
This is the case for KI. Symmetry requirements
of the crystal structure® and the traceless prop-
erty* of ?ij generally decrease the number of the
independent components of this tensor.

The observed shift of the resonance frequency
indicates only the change in ¢, which is ¢;; along
the maximum principal axis, because a small
asymmetry parameter 7 produced by the E field
changes the resonance frequency only in the sec-
ond order. From the shift of the ¢, line we ob-
tain
0

Guql/vo=(q "8q/8E“)E, (2)

and the shift of the (g,q,q,) line gives

2V2 - E
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where v, and g, are, respectively, the original
resonance frequency and g without the field.

The values of the “field-gradient electrostatic”
tensor are derived as

q,7t0q/eE 0= (1.7+0.3) x1075/(10 000 v/cm), (4)

and

4,7*9¢/8E | =(0.00.2)x 107%/(10000 v/cm). (5)

The vanishing of 8q/0E | is expected from the sym-
metry requirements of the third rank tensor for
this crystal.®®

Since NaBrO, is piezoelectric,? it would be in-
formative to compare the value of g,™8q/8E
with the g change produced by a piezoelectric
strain. The electric field along the [111] direc-
tion produces an axial strain along this direction.®
The resonance frequency change accompanying
this axial strain can be estimated from the piezo-
electric constant and the pressure (hydrostatic)
dependence of the resonance frequency.!® Since
the implicit effect via the piezoelectric strain
thus estimated is less than 10% of the observed
value of g, 8¢q/8E II» it may be concluded that
the explicit electric effect on g, namely
(2o7849/3E ||)const strain’ 18 mainly responsible
for the observed effect.

The authors are indebted to Professor N.
Bloembergen for valuable discussions and to
Dr. A. H. Silver for the critical reading of the
manuscript.
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