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Pulse-saturation, g-shift, and linewidth broadening data are presented for anhydrous lanthanum
trichloride containing 0.01-at.% U®*. The microwave frequency was 16.3 GHz. Pulse-saturation data
from 1.8 to 7.3 K indicate a Raman relaxation rate which varies faster than T° and is anisotropic
with respect to magnetic field direction. A temperature-dependent g shift, varying approximately as T*,
is observed between 19 and 29 K for a perpendicular magnetic field orientation. Relaxation-induced line
broadening is observed, but only at temperatures above 25 K.

We have measured spin-phonon interactions in a
single crystal® of LaCl, containing 0, 01-at. % U®*,
The measurements were made at 16.3 GHz as a
function of temperature and 6, the angle between
the magnetic field and the hexagonal crystalline
symmetry axis. Included are (¢) direct measure-
ments of the spin-lattice relaxation rate 1/ T,, as
obtained from pulse-saturation data between 1.8
and 7. 3K, (i) indirect measurements of 1/T, as
obtained from the relaxation-induced contribution
to the linewidth 1/T,, between 25 and 29K, and
(#42) measurements of the phonon-induced shift in
g, between 19 and 29 K. The spectrometer incor-
porated a TE,;, cylindrical microwave cavity which
was enclosed in a thermal-isolation can and coupled
to the liquid-helium bath with *He exchange gas.
Details of the spectrometer and the temperature
control system have been published elsewhere. '3
Lock-in detection was employed for linewidth and
g-shift measurements at higher temperatures. All
measurements were made on the absorption due
to 238U, for which* Ig,|=4.153+0.005 and |g, |
=1.520+0.002.

The sample on which our measurements were
made was cut from a larger crystal which had been
stored for several years in mineral oil. The sam-
ple had no visible defects. Mass-spectroscopic
analysis and the electron-spin-resonance spectrum
revealed a weak impurity concentration of Nd**, No
other resonances in the spectrum were detected.
The rare-earth purity of the La was 99.997%.

The usual functional form® for the spin-lattice
relaxation rate of a Kramers doublet is

1/Ty=AT +BT°+C/(e¥*T 1), (1)

when the following assumptions are satisfied: (¢)
the phonon spectrum is isotropic, (i) the density
of phonon states follows a Debye model, (iiZ) the
problem is treated in the low-temperature limit,
(2v) there is only one excited doublet with an energy
A below k®,, the Debye limit, and (v) the Zeeman
splitting v is less than 2T. A fit of our pulse-sat-
uration data to Eq. (1) for 6 =18° yields the param-
eters A=0.65+0.06 Klsec™, B=(6.0x1.4)x10"
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K®sec™, C=(8.5+1.1)x10° sec™, and A/k=66.7
+1.3 K. These data points, but not the fitting curve
are shown in Fig. 1. A comparison of mea-
surements made during two different experimental
runs at the same angle showed that for 24 pairs of
data taken within 0. 002 K of each other, the rms
reproducibility was within 3%.

We do not consider this fit of the data as mean-
ingful for two reasons. First, if the doublet giving
rise to the resonant Raman (Orbach) process were
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FIG. 1. Pulse-saturation data for the spin-lattice re-
laxation rate 1/Ty of 0.01-at.% U%* in LaCl; as a function
of temperature for two values of the angle 6 between the
external magnetic field and the crystalline symmetry
axis. Curve 1 represents the best fit of the 6 =18° data
to Eq. (2). Curves 2 and 3 represent fits of the data to
Eq. (3). The parameters of these latter fits are listed
in Table I.
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TABLE I. Fitting parameters for the data in Fig. 1 T T 1[ T T T T T *'—1
to Eq. (3). The Debye temperature for LaCl; was taken /TI(G‘ B
(see Ref. 10) to be 155 K. The parameter A was not al- 6501 T~6.55K h
lowed to vary in the fitting program; instead, various ® RAW DATA
values of A were tried and the value given in the table is 600 |- X APPROXIMATE NON RESONANT . B
that corresponding to a minimum in the variance of the fit. N RAMAN RATE
2 ss0- * 1
6 (deg) A (sec™) 109 B’ (sec™!) A/k (K) S .
82 7.24+0,13 5.30+0, 003 156. 5 500
18 0.54+0.10 3.93+0.05 156. 5 . . ® . e
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Al0 72,9 9 : ;
be about 1547°/12874°T K°, where T is the width FIG. 3. Relaxation rate of LaCly: U* as a function of

of either component of the excited doublet. Our
data would imply I'" is about 50 K. This excessive
energy width would be reduced by the presence of
three additional doublets, but this reduction is un-
likely to place I below 12 K. Second, U%* (5/%) is
the actinide analog of Nd** (4/°), which has doublets
in the LaCl, lattice” with excitation energies of 166,
177,352, and 359 K. Resonant Raman processes in
LaCl;: Nd involving the first two excited states have
been reported from linewidth studies® which exhib-
ited phonon-induced broadening above 16 K. Such
processes have not been observed in pulse-satura-
tion studies of LaCl,: Nd at temperatures below

8 K. We have searched for evidence of a resonant
Raman relaxation process in LaCl;: U using line-
width data up to our maxiumum regulated tempera-
ture of 29 K. Our linewidth measurements were
taken with a perpendicular field orientation where
the temperature-independent linewidth was 6. 3 Oe.
No line broadening was observed until 25 K. Be-
tween 25 and 29 K the observed linewidth increased
only 2.1 Oe. Such a small change does not allow us
to determine the temperature dependence of the
dominant relaxation mechanism at this temperature,
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FIG. 2. Relaxation rate of LaCly:U® as a function of
the angle 6 between the external magnetic field and the
crystalline symmetry axis at a temperature near 1,35 K
(as estimated from the vapor pressure of the liquid-heli-
um bath),

the angle 6 between the external magnetic field and the
crystalline symmetry axis at a temperature of about 6. 55
K. The circles represent the measured relaxation rates.
The crosses are obtained by subtracting the contribution
of the direct process as extrapolated from the data in
Fig. 2.

but the extreme differences in T; between LaCl,;:Nd
and LaCl;: U lead us to conclude that no resonant
Raman processes are present in the latter.

Optical data® on LaCl,: U** exist, but experimen-
tal values of the energy levels in the lowest-J man-
ifold are not reported. The Debye temperature
©,, of the LaCl, lattice'® is 155 K. This can only
be considered a crude approximation to the phonon
cutoff frequency, however, since phonons with en-
ergies of 166 and 177 K must be available to ex-
plain the observed resonant Raman process in
LaCl;: Nd.

Thus we shall assume that all the excited dou-
blets of LaCl,:U* lie above 9, and consider pos-
sible consequences to the Raman relaxation rate.
With C=0, Eq. (1) becomes

1/T,=AT +BT®, (2)
and curve 1 in Fig. 1 represents the best fit of our
data at 6=18° to this expression. Clearly the fit
is poor. If, in the derivation of the Raman rate,
one does not neglect the phonon energies 7w in
comparison with the ionic excitation energy A, then
Eq. (2) becomes

kon/A
—1—=AT+B'f ?
T, 0

dx x® 3
sinh®(xA /2kT) (1 - 22 ®

where x=/%w/AX and only the lowest excited doublet
at an energy A is assumed to contribute appreciably
to the relaxation. The results of fits to Eq. (3) are
given in Table I and the corresponding curves are
shown along with the data in Fig. 1.

A more exact treatment would add to Eq. (3) ad-
ditional terms for each of the higher doublets, as
well as cross terms between the different contri-~
butions from each doublet. ! Without knowledge of
the energy levels, this refinement does not seem
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FIG. 4. Phonon-induced shift in the resonant field of
LaCl; :U% as a function of temperature with the magnetic
field perpendicular to the crystalline symmetry axis., At
this orientation the resonant field increased as the tem-
perature increased. H, refers to the resonant field of
the unshifted resonance line at lower temperatures,

feasible.

The fitting parameter A/k in Table I indicates
that the upper limit of the intergral in Eq. (3) is
nearly unity, and thus the resulting value of the
integral is very sensitive to the assumed density
of states near the Debye limit, It is unlikely that
the Debye model assumed in Eq. (3) is at all appro-
priate.

A further sophistication would be to include ef-

fects of phonon dispersion. Kiel and Mims, *? fol-
lowing an approach used by Vredevoe, * assumed
an isotropic phonon spectrum with dispersion in
order to explain their observation of Raman re-
laxation rates which varied between 71 and 71,

We do not quite agree with their calculations.

In addition, one should consider the proper form of
the orbit-lattice interaction in the short-wavelength
regime for a Hamiltonian such as that due to Blume
and Orbach. *° Only in the long-wavelength limit do
the matrix elements of the strain operator factor
into a term depending on temperature and the mag-
nitude of the phonon wave vector times a tempera-
ture-independent angular function, thereby simpli-
fying the integration over an assumed spherical
Brillouin zone. At higher phonon frequencies this
factorization does not occur, and it becomes more
judicious to perform the integration over the exact
Brillouin zone.

Lacking any phonon spectrum for LaCl,, we have
not attempted to fit our data to anything more com-
plex than Eq. (3).

Additional relaxation data were taken as a func-
tion of 6 at 1.35 and 6.55 K, and are shown in Figs.
2 and 3. Figure 2 shows the strong angular anisot-
ropy of the direct relaxation process, while Fig. 3
indicates an anisotropy in the Raman rate. Others
have also reported anisotropic Raman rates in the
LaCl, lattice®!® and a model calculation by Stedman
and Newman'” yields qualitative agreement with the
experimental data.

Figure 4 shows a temperature-dependent g shift
which roughly follows a T* dependence, as ex-
pected.!® We were not able to detect a g shift with
a parallel orientation of the magnetic field.

In conclusion, we have been able to explain our
relaxation data for LaCl,: U* by assuming a direct
and a Raman relaxation process, provided that, in
computing the latter, we did not neglect the phonon
energies with respect to an electronic doublet,
which was assumed to have an excitation energy
just beyond the phonon cut-off frequency.
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