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Electron paramagnetic resonance (EPR) of cerium ethyl sulfate (CeES) below 2°K gives evidence of a
large nondipolar interaction between nearest-neighbor cerium ions. Writing the spin Hamiltonian for the

interaction of two spins S; and S; as

3Cij= (@ij+Aij)SeaSiat3 (Bis+Bij) (SeaSi—+Si-Si+),
where a;; and By; are the known contributions from dipole-dipole interaction, the experiments suggest that
A;=0.1054+£0.003 cm™ and B;;=0.07340.003 cm™. Although there is no proof, there are four pieces of evi-
dence which strongly support the hypothesis that the interaction is due to electric quadrupole-quadrupole
(QQ) interaction. Firstly, the order of magnitude of 4;; and B;; are reasonable. Secondly, QQ interaction af-
fords an explanation of the differences between the temperature dependence of the EPR spectra of diluted
and undiluted CeES. Thirdly, the spectra of rare-earth impurities in CeES, and fourthly, the spectra of pairs
of interacting cerium ions in dilute specimens, are consistent with QQ interaction. Finally, it is shown that
superexchange and exchange of virtual phonons probably contribute very little to the observed interaction.

OR some time now there has been discussion in the

literature about the cause of an anomaly in the
specific heat of cerium ethyl sulfate (CeES) at very
low temperatures. On the one hand, it has been attrib-
uted to electric quadrupole-quadrupole (QQ) inter-
action between the 4f electron-charge clouds of neigh-
boring ions'~*; and on the other hand it has been
attributed to a strong spin-phonon coupling which
produces an anomaly in the density of states of the
phonons?5 when the phonon frequency is equal to the
separation? (4.6 cm™) of the lowest two Kramers
doublets.

We report in this article some EPR measurements
on CeES which show that in addition to the classical
dipole-dipole interaction, there is between nearest-
neighbor ions a large interaction which we believe is
due to QQ interaction.

In the ethyl sulfates the two nearest-neighboring
paramagnetic ions lie at a distance R~7.1 A along the
crystal hexad axis. Even in a salt which shows pre-
dominantly dipolar interaction, such as neodymium
ethyl sulfate (NAES),®7 the nearest-neighbor inter-
action is sufficiently larger than the interactions with
more distant neighbors that the EPR line is split into a
partially resolved triplet; the outer components corre-
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spond to the magnetic moments of both neighbors being
aligned parallel or antiparallel to the external field H,
and the central component of twice the intensity corre-
sponds to the two arrangements when neighbors are
antiparallel to one another. When the temperature is
lowered the relative intensities of the three lines changes
because there is a higher probability for neighbors with
moments parallel to H; the low field component
becomes most intense.”

We shall consider only nearest-neighbor interactions,
which are axially symmetric, and between two neighbors
S: and S; have the form

3= @3S @St 305 (S Si—+ S-S . 1)

We shall write a;;=0a;;+A:; and b,;= B+ Bij, where
aii(=—2g°8%/R?®) and B;(=g.*8%/R?) are the dipolar
contributions which can be calculated from the known
g values, and 4,; and Bj; are the nondipolar parts which
we wish to discuss.

At 2°K in CeES a wide EPR line is observed (Fig. 1)
which shows signs of a partially resolved triplet struc-
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Fi6. 1. Integrated derivative curves of the EPR spectra of
cerium and erbium for H parallel to z at various values of §/k7,
where 8 is the separation of the components of the ground doublet
of cerium.
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F16. 2. Variation of the over-all triplet separation A
for cerium EPR as a function of 6.

ture of over-all separation about 800 G (the calculated
dipolar separation would be 390 G). At 0.25°K the high
field component is most intense (Fig. 1), showing that
the effective field exerted by an ion on its neighbor is
oppositely directed to the dipolar field. The width of
the triplet structure A, expressed in frequency wunits,
changes little with the angle § between H and the
crystal axis. This suggests that the interacting ions
have to be regarded as dissimilar,® so that A is due
solely to the component of the interaction tensor in the
direction of H, i.e.,

A=2(a;; cos’0+ b;j sin%)) .
Figure 2 shows the fit to our measured values of A of

2;5=0.07020.003 cm™!
and
b;;=0.07524-0.003 cm™!.

a;; and (34; are calculated to be —0.035 and +0.002 cm™,
respectively, so that the additional nondipolar inter-
action is

4,;=0.105 cm™!
and

B;;=0.073 cm™'.

We have no clear proof that this large interaction is due
to QQ interaction rather than due to superexchange or
some other interaction, but there are several facts
which make it appear likely.

First, the size of the interaction is reasonable.
Bleaney? has written the QQ interaction

Fqq=A[40:20;"—16(0:x70;57'4-0:5710;5) ‘
+ (003572407051, (2)
where the O,™ are spin operators and
A=23e¥r*)*/2450€eR%c cm™

(r*) is the mean-square radius of the 4f electrons, and
e is a dielectric constant to allow for the screening by
the intervening molecules. The states of the J=$§
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manifold of Ce3* in CeES are?

cosa|£5)Fsina| FL) at 0 cm™!

cosa|£3)Fsina| F3) at 6= 4.6 cm™!
| £3) at 8;~130 cm™.

Using these states and the fact that sin’ax is known to be
small® the interaction coefficients are calculated from
(2) to be

A =1600425,714102 400 cos'w A5,
B.;=25 92042 (sin?2a)d1"

The QQ interaction has no matrix elements in first
order between the components of a Kramers doublet;
the effect we have calculated is a second-order process.
Our experimental results correspond to 4=0.99X10-2
cm™, or {r2)?/e=0.78 A% which is not unreasonable; and
sina=0.036. A value of sina=0.039 was used to in-
terpret the EPR and susceptibility data.?!

Second, a large QQ interaction would explain why
it is necessary to go to as low as 2°K to see EPR in the
ground doublet, and why one cannot see EPR in the
excited doublet at all; although one can see them both
at 4°K in LaES (19, Ce) where the spin-lattice relaxa-
tion time T is expected to be the same as in CeES, as
both are dominated by the Orbach process. Although
the interaction between two ions in the ground state is
a second-order process, that between one ion in the
ground state and another in the excited state is first
order in the QQ interaction, and the EPR of both ions
is severely shifted and broadened by the interaction.
Above 2°K the probability of an ion in the ground state
having a nearest or next-nearest neighbor in the excited
state becomes high enough to smear out the EPR;
and at all temperatures ions in the excited state have
ground-state neighbors, so EPR is never observed. The
supposition that T is still long is supported by the
observation of triplet structures on the EPR of Gd and
Er impurities in CeES which do not disappear until
14°K.

Third, the spectra of these impurities provides ad-
ditional evidence for the QQ interaction. Pure dipolar
interaction between the impurity ions and Ce neighbors
would give a triplet structure to the EPR of the im-
purity with separation 390 G for H parallel to z and
<20 G for H perpendicular to z; this is observed for
Gd impurity. As Gd is in an S state, 8; is large and one
expects no QQ interaction between Gd and Ce, in agree-
ment with the experimental results. Between Er and
Ce one does expect a small QQ interaction with B;;=0.
In accord with this the triplet separation when H is
parallel to z is observed to be somewhat less than
dipolar (325 G) and of the same sign (4;=45X10-*
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cm™); Fig. 1 shows the low field component most in-
tense at 0.25°K. No structure is observed for H perpen-
dicular to z on a line-50 G wide suggesting that B;;<0.01
cm™. The size of the QQ interaction between Er and Ce
may be extrapolated from that between Ce and Ce if
one assumes that (r2)c./{(r*)r: is equal to [4:(r*)]ce/
[42{(r?) &, where the latter is known from the static
crystal-field parameters. The extrapolated value 4 ;=51
X 10~* cm™ is gratifyingly close to the measured value.

Fourth, evidence is provided by EPR spectra in
dilute crystals, where the weak spectra of interacting
pairs of nearest neighbors can be observed as resolved
satellites of the main EPR line due to isolated ions.
This evidence is tenuous as the comparison of inter-
actions between Ce ions in yttrium ethyl sulfate (YES)
or LaES with CeES is made uncertain by lack of know-
ledge of the correct wave functions and their energies.
In YES (109, Ce, 0.19, Gd) pair spectra are observed
at the dipolar separation for Gd-Ce pairs, but no pair
spectra are observed for Ce-Ce pairs, presumably
because they are too close to be resolved from the main
line. For a pair of similar? interacting ions one expects
a separation of the satellites

A=131(3 cos?9—1)(a;j—b;),

so that the measurements suggest a;;= by, in agreement
with the results in the undiluted salt. One does not see
EPR in the excited state as it is too little populated.!
In LaES (109, Ce, 0.19, Gd) the order of the two
lowest doublets of Ce?* is reversed. Again pair spectra
are observed at the dipolar separation for Gd-Ce pairs,
but not for Ce-Ce pairs when at least one of the ions is
in the excited state (the same as the ground state in
CeES and YES). If both ions are in the excited state
the situation is the same as that in YES and the pair
spectra are not resolved, and if only one ion is in the
ground state the first-order QQ interaction removes
the EPR to some distant frequency. Pair spectra are
observed when both ions are in the ground state giving
a measured value of

a,;—b;==0.014 cm™.

To make a rough estimate of this quantity theoretically
one can assume that nothing is different from the CeES
problem except that one is observing ions in the other
low-lying doublet state. This has different g values
and a;;—pB;; 1s calculated to be —0.008 cm™; also A4,;
has a smaller value, because of a smaller contribution

11 Private communication from G. H. Larsen who has measured
the Orbach process for 7'; and finds that the separation of the
lowest doublets is about 17 cm™.
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from the state at 6,, leading to estimated values of
A=~40.09 cm,
B.j=+0.08 cm™,
A ij—B;j=+0.01 cm™,
This leads to a calculated value of
a;—b;=0.002 cm™1,

The disagreement with the measured value is not too
disturbing as the value of 4 ;;— B;; is quite sensitive to
differences in sin’x and &;, both of which are unknown.
The main deduction from the experiments on dilute
crystals is that the interaction is clearly not purely
dipolar, or even mainly dipolar; the results are not in-
consistent with the possibility of QQ interaction.

The two other nondipolar interactions which should
be considered seriously as possible sources of the
measured interaction are virtual phonon exchange'? and
superexchange. Virtual phonon exchange can be ruled
out as it is expected to be proportional to the square of
the applied magnetic field, and measurements at 35
kMc/sec give the same results as those at 9.4 kMc/sec.
One would expect the major contribution to super-
exchange to be an isotropic interaction between real
spins, which, when it is converted into a spin-
Hamiltonian formalism in terms of a fictitious spin
S=% as in Eq. (1), leads to A4.;/Bi;=gu?/g.2=100
for CeES. The measured ratio, 1.4, makes it clear that
superexchange is not responsible for the whole inter-
action. Moreover, the fact that there is no observable
superexchange interaction between Ce and Gd suggests
that it will also be small between Ce and Ce.

In this analysis there are many comparisons which
are made uncertain by incomplete knowledge of some
parameters. Theseparametersaresusceptible tomeasure-
ment so that the calculation should become more reliable
in the future. In the meantime it appears very probable
that the observed interaction in CeES is indeed QQ
interaction.
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