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of the Vy center. Such a process requires no

electron acceleration by the field. However,
this situation should result in an emission in-
tensity in phase with the reference signal at
twice the field frequency, in contrast to that
observed.

The application of a de field of the same peak-
to-peak value as the corresponding ac field
failed to give any emission intensity on the
same scale as the rms signal obtained with
the ac field. This is attributed to the fact that
the crystal is given the opportunity to polar-
ize and build up sufficient space charge to ef-
fectively quench the electron acceleration in
the crystal.

A study of other alkali halides is being un-
dertaken to determine the dependence of the
existence or magnitude of eleetroluminescence
on the characteristic breakdown fields of these
materials. It is also hoped that frequency-de-
pendent measurements will yield some useful
information on the transport of charge carri-

ers in alkali-halide crystals.

*Research supported in part by U. S. Air Force Of-
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EFFECT OF APPLIED ELECTRIC FIELD ON THE ELECTRON PARAMAGNETIC RESONANCE
SPECTRA OF DOPED FERROELECTRIC ROCHELLE SALT
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A linear shift of the epr lines of Cu2+-doped Rochelle salt by an applied electric field
has been observed in the high-temperature paraelectric phase. The shifts become
asymmetric with respect to the polarity of the applied field in the ferroelectric phase
and disappear at low temperatures in the antiferroelectric phase, demonstrating that it
is only the instability of the crystal lattice connected with the ferroelectric transitions
which makes the electric-field effect easily observable.

Bloembergen was the first to point out that
linear effects of the applied electric field on
the epr spectra of ions occupying sites which
lack inversion symmetry could be observed.
The shifts should be particularly interesting
and pronounced in ferroelectrics and in this
Letter we report the first observation of this
ferroelectrie epr Stark effect.

Recent epr and optical studies' ~ of Cu~-doped
Rochelle salt' did not show significant chang-
es in the spectra on going through the two Cu-
rie points but demonstrated that the Cu2+ ions
are located on the sites of the Na atoms and
that the 3d copper orbitals and the 2s and 2p
orbitals of the four oxygen ligands (1, 7, 5, 10)
form molecular orbitals with C2„(and nearly

D2I, ) symmetry. Since the Cu'+ sites thus lack
inversion symmetry, linear effects of the ap-
plied electric field on the epr spectra' should
be observable.

The measurements were made on a CuCl, —

doped Rochelle-salt crystal, containing 0.05
wt. % of Cu'+ ions with the electric field applied
along the ferroelectric a axis. Spontaneous po-
larization was observed between+16 and -11 C.
The hysteresis loops were found to be displaced
from the center in the x and y directions, in-
dicating the presence of an internal bias of
about 950 V/cm and the stabilization of a par-
ticular direction of the spontaneous polariza-
tion due to the Cu2+ impurities. In the absence
of the applied electric field the epr spectra
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could be described by the following spin Ham-
iltonian:

X=PH ~ g S+S ~ A I,

where S = 2, I(Cu") = —'„and the principal val-
ues of the g and A tensors are equal4 to the
following: g, =2.046, g, =2.055, ps=2. 325 and

Ai 16x10 ' cm ', A, =35x10 ' crn-x As
= 153x 10 ' cm '. There are four physically
nonequivalent Cu'+ sites (A1, B2, BS, and A4
in the notation of Blinc, Petkovsek, and Zupan-
cic ) in the unit cell, which are, at least in
the high-temperature paraelectric phase, all
chemically equivalent and which are related
by the symmetry operations of the P2,2,2 space
group. ' Since a previous Na" magnetic reso-
nance study showed' ' that the A - and 8-site
electric-field-gradient tensors behave differ-
ently at the two Curie points, an orientation
was selected where the existence of a small
splitting between the A- and 8-site epr lines
allowed us to study the effects of the applied
electric field on the A- and B-site Cu'+ ions
separately.

The temperature dependence of the effect
of the applied electric field on the splitting
between the A1 and 82 (and A4 and BS, respec-
tively) Cu'+ resonance lines AIJ= (CPA B)E~O
-(&PA B)E-0 is shown in Fig. 1(a) for E&H.
Since the effects are practically identical on
all four Cue' hyperfine lines, only the shifts
for the rnI= 2 lines are presented. Below -50'C
no measurable shifts could be observed. At
-40 C the shifts are still small, but neverthe-
less very definite: %hen the field is applied
in one (say +a) direction, the separation between
the A and 8 lines increases, whereas it decreas-
es when the polarity of the field is reversed
(-a). The A and B lines thus shift in opposite
directions indicating that the matrix elements
p of the Hamiltonian RE=eEx, describing the
interaction of the electric field in the a direc-
tion with the A, —and B,-site charge distribu-
tions, have opposite signs. Since in the low-
temperature antiferroelectric phase (as well
as in the high-temperature paraelectric phase)
the A, and B, as well as the A, and Bs sites
are related by twofold screw axes parallel to
the b direction which map P into —f. , this
is exactly what is expected. In the ferroelec-
tric phase, this symmetry element disappears
and the electric field effects depend on the di-
rection of the field with respect to the natural
polarity of the sample. If the field is applied
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FIG. 1. (a) Temperature dependence of the effect of
the applied electric field on the separation between A-
and B-site Cu+ lines in Hochelle salt. (b) Dependence
of the electric field effect in the ferroelectric phase on
the angle between E and H.

in the -a direction, the reduction of the split-
ting between the A and B lines is a factor 4
larger than in the antiferroelectric phase, where-
as a field in the +a direction produces only
a small enhancement of the splitting which is
not much larger than the one produced by the
same field strength at —40'C. What is even
more interesting is that it is only the A-site
spectrum which seems to be anomalously shift-
ed when the field is applied in the -a direction.
The field in the +a direction produces no anom-
alies.

On going to the high-temperature paraelec-
tric phase, the +F. shifts increase and the —F.
shifts decrease, so that the electric field ef-
fects are again linear and symmetric with re-
spect to the polarity of the applied field.

The dependence of the shifts in the ferroelec-
tric phase on the angle y between E and H is
presented in Fig. 1(b). The shifts are largest
for + =75' and no effect was found for E (jiH.

The asymmetry of the effect with respect to
the polarity of the applied field is again very
pronouced.

It seems that in the two nonferroelectric phas-
es the effects of the applied electric field on
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the energy levels of the Cu'+ ions can be well
understood by the theory developed by Ham'
and Druzhinin which shows that

g. .(z )=g. . "'+g T z. . + ~

zg k zg k zgk

where T,&~
and Q,&~ represent third-rank ten-

sors describing the first-order change in the

g and A tensors in the external field. The the-
ory for the ferroelectric case still has to be
developed and would apparently have to take
into account the asymmetric shifts of the ions
in the internal electric. field and the change
in the effective lattice force constants with tem-
perature.

The "Stark" effect epr method thus seems
to be particularly well suited for the study of
lattice instabilities in displacive ferroelectrics.
For Rochelle salt the present results demon-
strate that it is the surrounding of the A sites
which becomes unstable or disordered at the
lower Curie point and that 8 sites are primar-
ily affected at the higher Curie point. The
decrease of the anomalous polarizibility of the
A sites for a particular direction of the applied
field at the higher Curie point is probably a

consequence of the disappearance of the spon-
taneous polarization field. The disappearance
of the effect at low temperatures further shows
that it is only the instability of the system con-
nected with the ferroelectric transitions which
makes the electric field shifts easily observ-
able.

The authors are indebted to Mr. A. Levstik
for the spontaneous polarization measurements.
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MAGNETIC MOMENT OF ZrZn, UP TO 150 kG: IS "PURE" ZrZn, FERROMAGNETIC' ?

S. Foner and E. J. McNiff, Jr.
National Magnet Laboratory, * Massachusetts Institute of Technology, Cambridge, Massachusetts

V. Sadagopanff
Center for Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts

(Received 1 September 1967)

We present magnetic-moment measurements in polycrystalline and single-crystal
ZrZn2 for fields to 150 kG. The high-field susceptibility is identical for all materials
whereas the low-field moment varies over a wide range. The data indicate that the low-
field moment is correlated with trace impurities (such as Fe and Ti) and details of prep-
aration. We suggest a localized-moment model for ferromagnetism in impure ZrZn2
which is consistent with our results; but it is not yet clear whether or not "pure" ZrZn2
is ferromagnetic.

An interesting feature of ZrZn2 is that both
Zr and Zn are nonmagnetic metals which are
individually superconducting, yet the compound
appears to be ferromagnetic. During the last
decade numerous studies' in ZrZn, have been
pursued particularly for evidence of itinerant
electron ferromagnetism. In this Letter we

present high-field magnetic-moment measure-
ments which force us to re-examine the source
of the ferromagnetism in the usual ZrZn, com-
pounds and to inquire whether or not "pure"
ZrZn, is ferromagnetic at all. The results
are of direct interest to currently active stud-
ies of the theories of band magnetism, dilute
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