
GALVANOMAt" NETI C PROPERTI ES OF n —TYPE CdAs~

CONCLUSION

Experimental data obtained on samples of e-type
CdAs2 have been fitted to a simple energy-band model

consisting of either a single conduction-band minimum

at k=0 or two minima located at equivalent points
along k, . This is in agreement with cyclotron resonance
observations. Values of the anisotropy constant E
=r&~mI/rrm«were obtained from Hall and resistivity
data and indicate that rt&/rI is approximately unity
above 250'K.
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Nuclear quadrupole resonance techniques have~been used to investigate magnetic interactions in the
bromates and iodates of certain 3d transition metal ions. In particular, for Ni(IO3) 2.2H~O there is an abrupt
disappearance of the I"'(&3/2 ~ +1/2) transition at 3.08'K; at lower temperatures there is a large, tem-
perature-dependent splitting. This behavior is attributed to the combined e6ects of an antiferromagnetic
ordering of the Ni++ electron spins and a hfs interaction of the nonlocalized Ni++ spin magnetization with
the I~' nuclear magnetic moment. Measurements of the pure'quadrupole transition frequencies above, and
of their temperature-dependent splittings below, the Neel temperature yield the quadrupole coupling con-
stant, the asymmetry of the electric Geld gradient (EFG) tensor, the magnitude and orientation of the
internal magnetic field relative to the principal axes of the EFG tensor, and the sublattice magnetization
as a function of temperature. Qualitative experiments at 1.3'K indicate T&'"«100 sec and Tsn'~10 ' sec.
Measurements of the rf and dc magnetic susceptibility have been made and are consistent with these con-
clusions and, in addition, indicate the sudden onset of a spontaneous ferromagnetic moment as the tem-
perature is lowered below T Apossible isoto.pe eilect on the T„ofNi(103) 2H20 was looked for but none
was found. Cupric iodate and the bromates give no evidence of magnetic ordering above 1.3'K.

INTRODUCTION

E present in the following the results of observa-
~

~ ~

~

~

tions of nuclear quadrupole resonance in an
antiferromagnet. ' Since this constitutes the 6rst such
observation, we brieQy review nuclear resonance phe-
nomena in antiferromagnets.

In recent years the techniques of nuclear magnetic
resonance (NMR) have been successfully applied to
the study of local 6elds in magnetic solids both in the
paramagnetic and ordered states. If, in addition, a
nucleus possesses an electric quadrupole moment Q,
and is subject to an electric field gradient (EFG),
resonances may be observable without an external
magnetic field, either in single crystals or in polycrystal-

* Submitted in partial fulfillment of the requirements for the
degree of Master of Science, Department of Electrical Engineering
(1959), Massachusetts Institute of Technology, Cambridge,
Massachusetts.

/Present address: Department of Physics, Massachusetts In-
stitute of Technology, Cambridge, Massachusetts.

' A preliminary report of this work was given at the November,
1959 American Physical Society Meeting [J. C. Burgiel, V.
Jaccarino, and A. L. Schawlow, Bull. Am. Phys. Soc. 4, 424
(1959)g.

line samples. These so called "pure quadrupole reso-
nances" we denote by NQR. Aside from the experi-
mental convenience, observation of the quadrupole
transitions permits a comparison of the directions of
the EFG tensor and internal magnetic 6eld in an
ordered magnetic material.

Before discussing the eGects that result from com-
bined nuclear magnetic moment and nuclear electric
quadrupole moment interactions, it is perhaps instruc-
tive to brieQy classify the nuclei according to their
electronic environments and their possible electric and
magnetic interactions. (We restrict our discussion to
insulating magnetic solids. )

3fagmefsc srIteractsons. (1) Nuclei of paramagnetic
ions (e.g. , Co" in CGFs).' The nucleus is immersed in
large hyperfine 6elds arising from the magnetic elec-
trons of its own ion in addition to the dipolar 6elds of
all other magnetic ions.

(2) Nuclei of nominally diamagnetic ions (e.g. , F"
in CoFs).s If an appreciable overlap exists between the

' V. Jaccarino, Phys. Rev. Letters 2, 163 (1959).
3V. Jaccarino, R. G. Shulman, and J. W. Stout, Phys. Rev.

106, 602 (1957).
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wave functions of the diamagnetic ion and a neighbor-
ing paramagnetic ion, then a spatial redistribution of
the paramagnetic electrons will induce a partial para-
magnetic character in the overlapping closed-shell elec-
trons of the diamagnetic ion. Then, as in case (1),
hyper6ne interactions with the partial paramagnetism
of its own electrons are possible. 4 '

(3) Nuclei of truly diamagnetic ions (e.g. , H in
CuCls'2HsO). ' The nucleus is subjected only to the
dipolar fields of the paramagnetic ions.

Electric Azteractions. Nuclei with I& 1 in lattice sites
whose point symmetry is sufficiently low that the com-
ponents of the electric field gradient (EFG) tensor do
not vanish may have an electric quadrupole interaction
e'qQ. "We may classify these interactions according to
their origin and magnitude as follows:

(1) The EFG results principally from the electrons
of their own ions (e.g. , Co" in CoFs): e'qQ&pH.

(2) The EFG results from the charges of neighboring
ions and relatively weak covalent bonding to these ions
(e.g. , CP' in TiCls "):e'qQ) pII.

(3) Nuclei for which the EFG results from strong
covalent bonding (I"r in IOs as in this work"):
e'gQ))@II.

Experimentally, for nuclei in the last two categories
it is possible to study NQR in the absence of external
magnetic fields both in the paramagnetic and ordered
states. " NQR for the case in which e'qQ))@II in the
ordered state and for which indirect hyperfine inter-
actions would exist is of particular interest and was the
prime motivation for the present work.

In order to study the e8ects of magnetic ordering on
NQR, a search was made for an antiferromagnet in
which NQR could be observed. The bromates of certain
3d group transition metals were investigated first;
their quadrupole spectra gave no indications of mag-
netic ordering. For reasons described below, attention
was turned toward the iodates of the same metals.

4 R. G. Shulman and V. Jaccarino, Phys. Rev. 108, 1219 (1957).
5A. Mukherji and T. P. Das, Phys. Rev. 111, 1479 (1958).
6 W. Marshall, Bull. Am. Phys. Soc. 4, 142 (1959).
7 F. Keffer, T. Oguchi, W. O' Sullivan, and J. Yamishita, Phys.

Rev. 115, 1553 (1959).
A. M. Clogston, J. P. Gordon, V. Jaccarino, M. Peter, and

L. R. Walker, Phys. Rev. 117, 1222 (1960).' N. J. Poulis, G. E. G. Hardeman, and B. Bolger, Physica 18,
429 (1952).' This restriction on symmetry need not be applied to the rare
earth ions in cubic crystals because the angular momentum of
the magnetic electrons is not quenched. The 4f ions and their
nuclei enjoy all electrostatic interactions that the free atom
has in this case."R. G. Barnes and S. L. Siegel, Phys. Rev. Letters. 3, 462
(1959).

'~ This is the usual case for NQR and an extensive literature
exists. See T. P. Das and E. L. Hahn, in Solid-State Physics,
edited by F. Seitz and D. Turnbull (Academic Press Inc. , New
York, 1958), Suppl. 1.

"Restrictions on the observation of a nuclear resonance in a
magnetic material may exist either due to a short nuclear-spin
lattice relaxation time T~ or because of line-broadening
mechanisms.

Ni(IOs)s. 2H, O proved to be the compound sought for
and became the first antiferromagnet to be discovered
from observations of NQR. From the detected quadru-
pole spectra, the direction of the spin magnetization
relative to the EFG tensor was determined. From the
temperature dependence of the frequencies below the
Neel temperature T„,the temperature dependence of
the sublattice magnetization was obtained. Measure-
ments of the rf and dc magnetic susceptibility con-
firmed these results and indicated the presence of a
spontaneous ferromagnetic moment that results from
slight cocking of the antiferromagnetic sublattices.

ELEMENTARY THEORY

The Hamiltonian for the Zeeman effect of quadrupole
spectra may be written as

x=I K I—yI H,

where K is a second rank tensor describing the inter-
action of the nuclear electric quadrupole moment with
the gradient of the surrounding electric Geld and
p=p/I. With the principal coordinate system (x,y,s)
of the EFG tensor defined in the usual way, Eq. (1)
may be written as

BC=32[I '—-'sI(I+1)7+riALI ' I 'g —yI —H, (2)

where 2 = e'qQ/[4I(2I —1)] in which eq= B'U/Bs' and

Q is the electric quadrupole moment of the nucleus,
and where ri= (B'V/Bx' —B'V/By' )/(B'U/Bs') is the
asymmetry parameter. It is interesting to note the
formal similarity between the quadrupole Hamiltonian
and the spin Hamiltonian that describes the interaction
of a magnetic ion with the external field and the electro-
static fields in a crystal. '4 The latter, to terms quadratic
in the spin operator, may be written as"

K=S 9 S+gpS H
=D[S.' ',S(S+1)j+EttS—'-S'1+gPS H, —(3)

where D is the crystal field tensor. This equivalence
is a consequence of the identity of the transformation
properties of the respective tensors under rotation and
hence, by the Wigner-Eckart theorem, the correspond-
ing Hamiltonians have matrix elements with the same
m dependence. (The formal equivalence of the electron
spin Hamiltonian, including only terms quadratic in S,
with the nuclear electric quadrupole Hamiltonian is
exact but cannot be extended to higher order terms. )

The recognition of the equivalence of (2) and (3) is
useful in our case because procedures for diagonalizing
the spin Hamiltonian exist and have been extensively
employed by M. Peter and B. B. Cetlin. The relation

'4W. Low, in Solid-State Physics, edited by F. Seitz and D.
Turnbull (Academic Press Inc. , New York, 1960), Suppl. 2.

"The change in sign in the last term arises because P =@/S is
conventionally given as a positive number whereas it is, of
course, negative. For simplicity we consider g as being a scalar
quantity.
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perature of 4.2'K after some elementary considerations"
concerning the known spectra of other iodate crystals. A
resonance that was temperature independent in the
immediate vicinity of O'K and, which remained so
between 4'K and 20'K was observed at 148.75 Mc/sec.
A peculiar feature of this resonance was noticed.
During a period of several weeks following the initial
preparation and use of the sample, the resonant fre-
quency increased to about 148.97 Mc/sec. We believe
this effect to result from the local annealing that
follows intermittent warming and cooling after initial
crystal growth at 100'C.

If rf=0 the (Ass ~ Ass) resonance should occur at
twice the frequency of the (&-', ~ +-,') transition or
297.50 Mc/sec. A resonance was initially found at
296.62 Mc/sec and correspondingly increased to about
297.05 Mc/sec as a function of time. From these two
observations rf and e'qQ may be determined from a table
prepared by Livingston and Zeldes. " The values so
obtained (after "annealing" ) are given in Table I.

As the temperature was lowered, the (&s ~ ~s) reso-
nance was observed to disappear abruptly at 3.08'K.
Below 2.9'K two resonances were found with the tem-
perature dependence shown in Fig. 2. Between 2.9'K
and 3.08'K the resonances are not observable, possibly
because of intrinsic line broadening to be expected in
the region of T„ormore likely because of the combined
eft'ect of slight temperature inhomogeneities in the
sample and the strong temperature dependence of the
resonant frequency in this region. The (&ss~ Ass)
resonance changes its e6ect on the superregenerative
detector somewhat (see Fig. 3) due to a small splitting
discussed in the caption to Fig. 3 and decreases its fre-
quency by 38&3 kc/sec as the temperature is lowered
from 3.08' to 1.3'K. All resonances at 1.3'K are esti-
mated to have a width at half power of approximately
80 kc/sec corresponding to a Ts"" 10 ' sec. No indica-
tion of saturation was found at our maximum rf level

( 1 volt). The amplitude of the rf field was empiri-

TEMPERATURE IN DEGREES KELVIN

Fro. 2. The frequency of the I"r NQR transition (%-', ~ &-,')
in ¹(IOa)e. 2HeO as a function of temperature. The abrupt
disappearance of the resonance, as the temperature is lowered,
occurs at 3.08'K. The average of the T=O limits for the two
branches is 149.065 Mc/sec.

TABLE I. Results derived from the NQR of I"' in the para-
magnetic and antiferromagnetic states of Ni(IOq)e 2HeO. a and
q are, respectively, the polar and azimuthal angles specifying the
direction of H; t relative to the principal axes of the EFG tensor.

Paramagnetic state

Antiferromagnetic state

q =0.048
(1/fe) e'qQ =990.65 Mc/sec

H;n~' (O'K) =3400 oe
e-90'a5', y=90 a10'
T1«100 sec, T2~10 ' sec

cally determined from the known saturation behavior
of the high-frequency NMR of F" in antiferromagnetic
MnF2." In this way an upper limit of T&" «100 sec
could be set on the nuclear spin-lattice relaxation time
at 1.3'K from the absence of saturation of the
(+-s'~ &—',) transition in Ni(IOs)s 2HsO.

To obtain the internal magnetic Geld at the P"
nucleus at temperatures below T„the following pro-
cedure was employed. The "zero-field" intervals ob-
tained from the paramagnetic state measurements were
combined with the observed splittings of the two
transitions at a given temperature T&T„in a first-
order perturbation calculation of H;~t, (T). The quadru-
pole Hamiltonian, expression (2), was then diagonal-
ized exactly for a range of values of H;„&,0, and y
(the polar and azimuthal angles specifying the direc-
tion of H;„&relative to the principal coordinate system
of the EFG tensor) in the neighborhood of the approxi-
mate values determined from the perturbation calcu-
lation. It is interesting to note that the splitting of the
transitions is proportional to the magnetic Geld to a
high degree of accuracy. The nonlinear terms are
smaller than the linear terms by a factor (pH; &/e'gQ)'.
Assuming that e'qQ and t) do not change in the anti-
ferromagnetic region, we obtain on the basis of this
information the magnitude, temperature dependence,
and direction of II;„~relative to the principal axes of
the EFG tensor. At the site of the I" nucleus
II;„~(T=O)=3400 oe. An estimate of the electronic
dipolar Geld gives an approximate value of 800 oe. %e
presume the diGerence to have its origin in the indirect
hfs interaction of the I" nucleus on the Ni'+ spin.
Table I summarizes these results.

Though no detailed interpretation concerning the
indirect hyperGne interaction between the Ni~ spin
and the P27 nuclear moment will be attempted for the
present, a few words concerning the origin of the inter-
action are perhaps in order. The nearest neighbors of
a Ni++ ion are an octahedron of 0 ions, two of which
belong to the waters of hydration and the remaining
four belong to the (IOs) radicals. " Thus one might
think no appreciable overlap of Ni and I wave func-
tions would exist. However, it is to be remembered
that the I-0 bond is extremely covalent, and the I 5s
and Sp wave functions and O 2s and 2p wave functions

2'Livingston and H. Zeldes, Oak Ridge National Laboratory
Report ORNL-1913, 1955 (unpublished). e2 V. Jaccarino and R. G. Shulman, Phys. Rev. 107, 1196 (1957).
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FIG. 3. Photograph of the oscilloscope presentation of theI"' NQR transition (&-', &-+ &-3) when (a) T=4.2'K (T)T )
and (b) T=1.3'K (T(T„).Calculations indicate that at 1.3'K
all observed lines are actually doublets with a 536 kc/sec splitting.
In order to resolve such doublets with a super-regenerative de-
tector, one needs a quench frequency greater than the linewidth
and either very much less or very much greater than the splitting.
Because the lines are so broad in this case, one must use a quench
frequency very much greater than 500 kc/sec. The detector used
would not operate with such quench frequencies. The patterns
on the oscilloscope were therefore not absorption lines but rather
interference patterns of two lines and their images from sidebands
of the detector. The frequencies used in the calculations were the
frequencies of the centers of symmetry of the patterns. As would
be expected, changing the quench frequency changed the pattern
but did not shift its center of symmetry.

are therefore strongly admixed. (The large I electric
quadrupole interaction is a manifestation of the cova-
lent character of the I-0 band and the hybridization
of s and p wave functions. ) For our purpose this has
as a consequence a spatial extension of the I ss and
5p orbits to a region that largely includes all of the
(IOs) radical.

The overlap of the 3d Ni~ wave functions with the
spatially extended I Ss and 5p wave functions is the
origin of the magnetic hyperfine interaction at the I"'
nucleus. There are two contributions to the hyperfine
interaction. ' ' The overlap of the unpaired 3d electrons
with the paired (diamagnetic) Ss and Sp electrons
produces a partial polarization of s and p electrons
with spin direction parallel to that of the d electrons.
This e6ect is a consequence of the nonorthogonality
of the 3d and Ss and 5p wave functions. There is also
a contribution to the polarization of Ss and Sp electrons
which results from electron transfer of I electrons into
Ni 3d orbits. Since the Ni++ 3d electrons are Hund's-
rule coupled and the d shell is more than half flied, a
parallel spin polarization is expected in this case as
well.

In the paramagnetic state, the thermal average of
the spin polarization (S,) is zero in the absence of an
external magnetic field. In the antiferromagnetic state
(5,) is proportional to the sublattice magnetization.
The magnitude of the magnetic Geld at th.e iodine
nucleus in the antiferromagnetic state is

where A,g" is the efkctive magnetic hyperfine in-
teraction between the Ni~ spin and the I" nuclear
moment. 4 "

A more detailed interpretation of the indirect hyper-
Gne interaction would be possible if single crystals of
sufficient size were available for Zeeman studies.

The normalized temperature dependence of H;„~is
given in Fig. 4 along with the magnetization curve
calculated from molecular-field theory assuming S=1,
corresponding to the spin of Ni~. In the temperature
range between 2' to 3'K, II;„~falls oG faster than T'.
The lack of agreement between experiment and theory
testifies to the inadequacy of the simple molecular-Geld
theory which neglects the e6'ects of large, anisotropic
crystal fields. The observed. behavior of the magnetiza-
tion is similar to the results obtained by Jaccarino and
Walker in FeF2 and CoF2."
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Fro. 4. The normalized teInperature dependence of the internal
magnetic 6eld at the I"' nucleus in the antiferromagnetic state
of Ni(IO3)2 2820 as a function of the reduced temperature
(T/T„).This 6eld is taken to be proportional to the sublattice
magnetization and is indicated by the dashed line. In addition,
the molecular fIeld calculation for the spontaneous magnetization
for 5=1 is given by the solid line.

"V.Jaccarino and I.. R. Walker, Phys. Rev. (to be submitted).
'4 A. L. Schawlow and G. E. Devlin, Phys. Rev. 113, 120 (1959).

MAGNETIC SUSCEPTIBILITY OF Ni(IOS)2 2HsO

In an attempt to confirm our Gnding of the anti-
ferromagnetic behavior of Ni(IOs)s. 2HsO at low tem-
peratures, a measurement of the susceptibility y was
undertaken.

X.,g. Since neither rf nor dc measurements of ~ ex-
isted, and because of the immediate availability of a
suitable rf apparatus, '4 X,~ was first determined. The
sample was inserted into the resonant coil of a low-
frequency (60 kc/sec) oscillator. The change in fre-
quency of the oscillator, at a given temperature, when
the sample was removed from the resonant coil was
utilized in determining the inductance change in the
circuit (5v/v= ,'ll-/L, ). No —attempt was made to cali-
brate our apparatus and therefore our procedure yields
only the relative magnitude of X,& as a function of
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Fro. 5. The reciprocal of the molar susceptibility (at 60 kc/sec)
I/x, r, of Ni(IOr)r 2HrO as a function of temperature. Absolute
values of 1/x~, r were obtained using the calculated Curie con-
stant for the Ni++ ion and assuming a Curie-Weiss behavior for
&))&n

obtained by use of a measurement at 77.9'K by DeHaas
et al.26 It is interesting to note that while the rf moment
in NiF2 tends to persist well below T„,the rf moment
of Ni(IOs) & 2HsO disappears almost immediately below
T„.For antiferromagnetic crystals satisfying certain
crystal symmetry properties, a cocking of the sub-
lattice magnetization resulting in a small ferromagnetic
moment is not unexpected. ""

The value 3.077'%0.003'K obtained from Fig. 5
agrees well with 3.08'K determined from the NQR.
Extrapolation of the linear portion of the 1/X, r curve
yields a Curie-Weiss temperature 0, of approximately
—5'K.

Xq.. Some months after the results of x,g were ob-
tained, Williams and Sherwood" measured the dc
susceptibility Xd„ in the temperature range 1.4'K to
60'K. Their results are given in Fig. 7 and generally
con6rm the rf measurements with one noticeable ex-
ception. The spontaneous ferromagnetic magnetization

50

temperature. The absolute value of x was obtained by
assuming a Curie-Weiss behavior at high temperatures
and using the calculated Curie constant for Ni'+.

Figure 5 gives the results of these measurements
showing the temperature dependence of the reciprocal
molar susceptibility as a function of temperature. The
unusual behavior of 1/x at 3.08'K was not expected.
The reciprocal susceptibility has fallen far below the value
for a paramagnet (given by the dashed line). This indi-

cates the presence of a spontaneous rf ferromagnetic
moment, the onset of which coincides with our NQR
determination of T„.The antiferromagnet NiF2 is known
to have a small ferromagnetic moment below T from the
work of Stout."Figure 6 gives the results of an independ-
ent rf susceptibility measurement we have made using
powdered NiF2. The absolute values in this figure were

140

120

100

~ 60
0

60

40

gp
/'73e22

0 ~IQggg ~
40 44 46 52 56 60 64 68 72' 76 80

TEMPERATURE IN DEGREES KELVIN

Fjo. 6. The reciprocal of the molar susceptibility (at 60 kc/sec)
1/g, l, of NiF~. Absolute values were obtained using the dc
measurements of DeHaas et at.26

"L.M. Mataresse and J. W. Stout, Phys. Rev. 94, 1792 (1954).
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that develops below T„increases monotonically with
decreasing temperature as is indicated in the insert of
the same figure. A diagrammatic representation of the
cocking of the antiferromagnetic sublattice magnetiza-
tions resulting in a net ferromagnetic moment is given
in the lower right-hand corner of Fig. 7. As would be
expected, the ferromagnetic moment would have the
same temperature dependence as the antiferromagnetic
sublattice magnetization.

The magnetization per gram of the spontaneous ferro-
magnetic moment, extrapolated to T=0, is 1.45 emu/g.

2' W. J. DeHaas, B.H. Schultz, and J. Koolhoos, Physica 7, 57
(1940).

27 I. E. Dzialoshinskii, J. Exptl. Theoret. Phys. (U.S.S.R.) BB,
1454 (1957) Ltranslation: Soviet Phys. -JETP 6(55), 1120 (1957)].

~8 T. Moriya, Phys. Rev. 117, 635 (1960).
"H. J. Williams and R. C. Sherwood (unpublished).

Fro. 7. The reciprocal of the dc susceptibility 1/x~, r of Ni(IOr)r
~ 2H.O versus temperature as measured by Williams and Sher-
wood. The insert in the upper left-hand corner of the figure is the
spontaneous ferromagnetic moment observed below T„,normal-
ized to its extrapolated T=0 value, plotted versus T. In the lower
right-hand corner is a schematic indication of the cocking of the
two sublattices that results in a net ferromagnetic moment. The
angle given is that which is determined from experiment,
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If we assume the magnetization of Ni'+ to be saturated
at T=0, we may calculate its magnitude

~gram =EgramgPS= 27.2 emu/g.

From this we obtain a cocking angle of 1.5'.
The sudden decrease in X,f as 7 drops below T„is

presumably associated with the decrease in domain
wall motion resulting from a large anisotropy energy
which spatially restricts the motion of the Ni'+ spins.
Such a result is not surprising since the anisotropy
energy of the Ni'+ spin in an electrostatic field of less
than cubic symmetry is of the order of 2'—O'K. We
thus have a case in which the effective anisotropy and
exchange "fields" are comparable in magnitude. A de-
tailed examination of the antiferromagnetic properties
of NiF2, where the local symmetry of the Ni'+ is known,
has been made by Moriya. "

ISOTOPIC EFFECTS ON T FROM K,f
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The extraordinarily abrupt increase (see Fig. 8) in
the rf susceptibility as one approaches T„,from either
above or below in temperature, immediately suggests
using X,& as a sensitive measure of any effect which
might cause a variation in T„(e.g. , isotopic change,
external pressure, etc.). Samples of isotopically en-
riched nickel iodate were prepared by Remeika. A
change in T„,relative to Ni(IOs)s 2HsO (natural iso-
topic abundance for all atoms), was searched for in
Ni(IOs)& 2DsO, Ni"(IOs)s. 2HsO, and Ni~(IOs)s 2HsO.
For the deuterated salt the change in T„,if any, was
less than O.Pi K. and for the Nj58 and Ni+ salts an
upper bound of 0.04'K was obtained. (The relatively
larger uncertainty in the latter two samples results
from increased experimental error associated with the
small quantities that were prepared in these two cases. )
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APPENDIX. NQR OF THE OTHER
COMPOUNDS INVESTIGATED

(&s ~ &s) trarssitions. Figure 9 and Table II give
the NQR frequencies of Br"(I=-,s) in the bromates
(of which large single crystals were grown from a satu-
rated solution by a procedure originally developed by

TAnLE II. Summary of (&-,' ~ &q) NQR frequencies (in Mc/sec) as a function of temperature for the cubic bromate-hexahydrates
and copper and nickel iodates. Data at 290', 285', and 195'K taken from reference 17.

175.70
177.48179.51

181.23&0.03
181.72&0.03
181.75&0.03
181.75&0.03
181.75&0.03

181.82&0.03
181.82&0.03
181.82&0.03
181.77a0.03

181.56+0.03
181.56&0.03

Temp('I) Co(Br03)2 6H20 Ni(BrO&)2 6H20 Cu(Br03)s 6H20 Zn(Br03)2 6H20

290 176.92 177.62
285 177.38
195 179.10 179.49
77.2 181.07&0.03 181.34&0.03
20.3 181.45&0.03 181.62&0.03
14.0
4.2
1.3

148.8&0.1
148.8%0.1
148.97

(see body of paper)

154.5
154.5

154.5

Ni(IO3)s 2HsO Cu(IO3)2'2H20

"A. N. Holden (private communication).
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dix I).
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Holden'e) and of P'r in nickel and copper iodate (the
latter prepared in the same manner as the Ni(IOi)i

~ 2HiO). The Br" linewidths are all about 30 kc/sec.
No concerted effort was made to Qnd the second reso-
nance in Cu(IOa)i 2HeO. The break in the curve for
Cu(BrOq)e 6HiO and the slight decrease of the NQR
frequency at 1.3'K are most probably manifestations
of the Jahn-Teller effect on the Cu'+ ion in a cubic
environment. " '4 Bayer's theory of the NQR tempera-
ture dependence" may be fitted by assuming a torsional

"H. A. Jahn and E. Teller, Proc. Roy. Soc. (London) A161,
220 (&937).

ii H, Bayer, Z. Physilr 130, 227 (1957).

vibration frequency for the Br03 ion of co 2&10"
sec ' in the other three bromates.

(+-,' ~ W-,') transitions. For a single crystal in a uni-
form magnetic Geld, a resonance between the rN=+i~
and nz= —

2 quadrupole levels is observable. Although
no extensive measurements were made, it was veri6ed
using Co(BrOi)i 6HaO that the Z axis of the electric
Geld gradient tensor in the bromates is along the L111j
direction as expected from crystal symmetry considera-
tions. The eGective g value for the bromine nucleus in
Co(BrOi)e. 6HiO along the [001]direction at 20'K is
1% higher than the accepted value. This is probably
caused by the magnetic dipole Geld of the Co++ ions. '




