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Both electric-dipole and magnetic-dipole microwave transitions have been observed between the ground and
first excited nondegenerate Stark levels of Tm**(4f'2) doped into diamagnetic monoclinic YCI;-6H,0 and
Y,(SO,);-8H,0. The zero magnetic field separation between levels, A, is small enough (1 cm™) that
microwave data can be collected using both K-band ( ~ 24 GHz) and K,-band ( ~ 35 GHz) spectrometers.
Experiments were carried out at approximately 1.5°K. Orientation-dependence measurements were made of
line positions, relative line intensities, linewidths, and line shapes. In many cases the angular dependence
agrees with that predicted. However, at large angles between g, cosa and the magnetic field we observed
splitting of the hyperfine lines which we cannot explain. Values of A, g,cosa, 4, /cosa, and G, (the
“electric”’ g value) are reported. The magnitude of G,, 115 = 35 cgs units, is very large in comparison to
values reported for other rare-earth ions in similar salts, but can be understood in terms of the experimental

values of 4 and g, cos reported.

I. INTRODUCTION

Recent optical-absorption, Zeeman, and magnet-
ic resonance studies'"® have revealed a small en-
ergy separation between the nondegenerate ground
and first excited Stark levels of the ground state
3H, of Tm* in monoclinic single crystals of
Tm,(SO,),* 8H,0, TmCl, 6H,0, and Tm* doped
into Y,(SO,),* 8H,0 and YCl,* 6H,0. Because the
site symmetry of the thulium ion is so low in
these crystals, the 2J+1 degeneracy associated
with each J manifold of Tm* is completely lifted
by the action of the crystalline electric field
(CEF). The point-group symmetry for Tm* in the
hydrated chloride salts is reported as C, by
Marezio, Plettinger, and Zachariasen.’ The
point-group symmetry for Tm* in the hydrated
sulfate salts has been deduced to be C,, from re-
cent optical studies.*”” The reported optical data
including the near accidental degeneracy of the
ground state have been interpreted recently in
terms of CEF theory and higher symmetry ef-
fects,*®

Knowing the point-group symmetry, the CEF
wave functions, and the energy separation be-
tween levels, it has been possible to predict and
observe microwave electric-dipole (ED) as well
as microwave magnetic-dipole (MD) transitions in
these salts.!® Further, it has been reported that
Tm* resides in two equally abundant types of mag-
netically inequivalent sites in the hydrated sul-
fate,!! while in the hydrated chloride there ap-
pears to be only one.? Yet there exists only one
type of crystallographic rare-earth site in each

13

salt,™?

We have recently extended earlier work reported
by our group.! The present study includes orien-
tation-dependence measurements, relative inten-
sities, linewidths, and line shapes, and includes
experimental values for g, cosa, A, and A,/cosa.
These terms are defined in the following sections.

II. EXPERIMENTAL DETAILS

Single crystals were grown by Karlow of our
group, by Dr. U, Wagner, Physics Dept., Tech-
nical University, Munich, Germany, and by one
of us (I. E. R.). The single crystals contained ap-
proximately 0.5% molar concentration of Tm3*
substituted into Y* sites in Y,(SO,);* 8H,0 and
YCl,s 6H,0. The ionic radii for Y** and Tm* are
nearly the same, being 0.93 and 0.95 A, respec-
tively, so that Tm** ions can easily substitute for
Y? ions in the lattice.

Two separate microwave resonance spectrom-
eters were used. For resonance experiments in
the frequency range of 34.5-35.5 GHz, we built a
spectrometer described by Alger!? as a reflection
homodyne type 3, RH3-Ka, with a balanced mixer.
The frequency was measured with a Systron-Don-
ner absorption-type wave meter. Frequency sta-
bility was measured to between one part in 4 X 10°
and one part in 10°, with a magnetic field stability
of one part in 10°. Magnetic field measurements
were made using a Rawson rotating-coil gauss-
meter. Details regarding the spectrometer and
its performance are described by one of us'®
(I. E. R.).

The K-band spectrometer, operating in the fre-
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quency range around 24 GHz, was assembled by
another member of our group (J. E. Bray) using
the microwave bridge and klystron power supply
from a Strand Labs 602A/K EPR spectrometer
with a PAR model HR-8 lock-in amplifier. The
accuracy of the wave meter and magnetic field
readings was checked against samples of known
g values. The experimental g values obtained
using this instrument agreed to within four sig-
nificant figures of the accepted g values.

Cylindrical sample cavities were used with both
spectrometers. The cavities were operated either
in the TE,,, or TE;,; mode. To observe ED transi-
tions, the sample was placed in the cylindrical
cavity 0.25L from the bottom and 0.5R from the
cylindrical symmetry axis where the E, micro-
wave field is maximum for the cavity operating in
the TE,,, mode. L and R represent the length and
radius of the cavity. To observe MD transitions,
the sample was placed on the bottom of the cavity
0.5R from the symmetry axis where the H, micro-
wave field is maximum.

The crystals were mounted in a cylindrical
Styrofoam holder using Duco cement with the g,
direction of the sample radial to the symmetry
axis of the cavity and thus parallel to the plane
of rotation of the external magnetic field. Since
it was difficult to position the crystals exactly,
we estimate an uncertainty of several percent
associated with the cosa factor which represents
a small angle a between g, and the plane of rota-
tion of the external magnetic field. Observed
resonances were studied as the external magnetic
field was rotated about the sample. Temperatures
near 1.5°K could be achieved by pumping on liquid
helium and were read directly from a Wallace-
Tiernan pressure gauge.

A. Spin Hamiltonian

For the non-Kramers ion Tm>*(4f*?) in these
salts we can write the following spin Hamiltonian
for magnetic and electric dipole microwave transi-
tions between the ground and first excited non-
degenerate Stark levels'*1®:

H=g,ugH,S,+A,1,S,+(A +G ugE.)S,
+(A,+G,ugE)S,, (1)

where S =3 for a two-level system. Optical-ab-
sorption studies®™!! have shown that the higher-
energy Stark levels of *H, are several hundred
wave numbers away, so that the ground and first
excited Stark levels separated by about 1 em™ can
be treated as a two-level system at the tempera-
tures reported in our studies (~2°K). In Eq. (1)
& =gz=<¢2I2XJJz|¢1>’ and G, =¥, | (V/IJ'B)J::IZPO;

where y is a reduced matrix element, up is the
Bohr magneton, and ¢, and ¥, are wave functions
for nondegenerate levels 1 and 2 obtained from
Refs. 4 and 7. In Eq. (1) H,=H cos@ refers to the
component of the applied magnetic field along the
g, direction, E, and E, refer to the applied static
electric field, and A, and I, refer to the nuclear
spin of 3 for **Tm. Griffith'® has shown that for
a non-Kramers ion g, =0 and only A%=AZ+ AZ rep-
resents an observable; A is the zero magnetic
field energy separation between levels 1 and 2.
The eigenvalues for Eq. (1) are given as

w== %[(gn“'BHz +A,1,)*+(A,+G ppE,)?
+(A,+G,pgE ]2, (2)

Neglecting G, this result is identical to that ob-
tained for magnetic dipole transitions alone using
the quasidegenerate perturbation theory reported
earlier "

B. Orientation-dependence measurements

Examples of observed spectra of the hydrated
chloride and sulfate salts have been reported
earlier.! The present study has extended earlier
work by measuring the observed resonances as a
function of angle between the g, cosa direction and
the external magnetic field.

Figure 1 for the hydrated chloride shows the
orientation dependence of each observed hyperfine
resonance. The spectrum was recorded at 1.5°K
using the K, band spectrometer. To analyze the
angular dependence, we determined the average
magnetic field at a given orientation using
H, =3(H,+H,), where H, and H, represent the
high- and lew-field hyperfine lines, respectively.
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FIG. 1. Orientation dependence of resonance observed
in 0.5% Tm®* in YCl;*6H,0 at 1.5 °K for sample in H,
at 34.67 GHz. Angle MIN is the angle at which the H
(external magnetic field) direction is nearly parallel to
¥ of the crystal and angle MAX is the angle at which H
is perpendicular to k.
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FIG. 2. Average magnetic field H, (kG) of the two
hyperfine-split resonances vs magnet angle ¢ for 0.5%
Tm3* in YClg *6H,0 at 1.5°K and at 35.1 GHz with sam-~
ple in H,. Data points are connected by a curve whose
parameters A =1602 G/cm™! and B=-29.0° were estab-
lished from a NLLS analysis; 0=14.6 G and R=0.006.

This approach is reasonable when the hyperfine
interaction is small. Since the frequency was
varied slightly throughout the experiment, to ob-
tain as complete an angular dependence as pos-
sible, we corrected H,, through the following ex-
pression:

r Hl - A
B T BT " cos B0 @

which comes from Eq. (2) ignoring the hyperfine
interaction and ignoring the G, terms.

In Fig. 2 we plot H, versus magnet angle 8’.
The data points are connected by a smooth curve
based on Eq. (3) where parameters A (1602.0
G/cm™!) and B (-29.0°) have been determined
from a nonlinear least-squares (NLLS) analysis;
A represents the minimum value of H., and B is
the angle at which the minimum occurs. The data
appearing in Figs. 1 and 2 come from different
experiments carried out at slightly different orien-
tations and at slightly different frequencies. Thus
the value of B (minimum angle) in Fig. 1 is not the
same as B associated with Fig. 2. For the curve
in Fig. 2 the standard deviation o is 14.6G and
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FIG. 3. Splitting (in gauss) of the low-field hyperfine
resonance into two components with a third resonance
appearing as magnet angle approaches a direction where
F of the crystal is perpendicular to H (external magnetic
field). High-field resonances shows similar behavior.
Hydrated chloride data recorded at 1.5°K and 34.5 GHz
with sample in E, .

the residual R is 0.006. We see that the orienta-
tion dependence of the data follows rather well the
reciprocal cosine relation given in Eq. (3).

As the angle between g, cosa and the external
magnetic field approaches 90°, each of the observed
hyperfine resonances splits into two with a third
resonance appearing between the two. Figure 3
shows data points of the low-field resonance as
the angle from the minimum is increased. The
higher-field resonance shows the same splitting.
We do not have an explanation for these observa-
tions. However, the center of gravity of these
splittings does produce a mean value of H/, that
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FIG. 4. Orientation dependence of resonances ob-
served in 0.5% Tm?* in Y,(SO,); * 8H,0. Sample posi-
tioned so that plane containing the two magnetic mo-
ments is parallel to plane of rotation of H (external
magnetic field). MIN refers to angle at which H and n
are nearlx parallel for a given site; MAX refers to angle
at which u is perpendicular to H. Data recorded at
1.6 °K and 24.7 GHz with sample in E, .
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FIG. 5. Average magnetic field Hay (kG), of the two
hyperfine-split resonances vs magnet angle 6’ for one
site of 0.5% Tm3* in Y,(SO,); * 8H,O at 1.6 °K and at
24 .7 GHz with sample in E,. Data points are connected
by a curve whose parameters A =1002 G and B =-40.1°
were established from a NLLS analysis; 0=26.9 G and
R=0.016.

lies on the curve shown in Fig. 2.

Figure 4 shows the orientation dependence of
the resonances seen in the hydrated sulfate salts.
As pointed out earlier,! two types of sites have
been observed at an angle of approximately 60° to
one another. From the present K, ,-band data we
have obtained an average value of 60.4° represent-
ing the angle between the two magnetic moment
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FIG. 6. Average magnetic field Hay (kG), of the same
two hyperfine-split resonances vs magnet angle ¢ as
described in Fig. 5, except taken at 1.5°K and 34.6 GHz
with sample in E,; A=1590 G, B=+3.1°, ¢=15.0 G,
and R=0.004.
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directions. From the K-band data we have ob-
tained an average value of 60.6°. The spectra in
Fig. 4 taken at 1.6°K using the K-band spectrom-
eter involve the sample positioned so that the g,
directions for the two sites form a plane that is
nearly parallel to the plane of rotation of the ex-
ternal magnetic field. At any given orientation
the intensities of the resonances for each site are
nearly the same indicating a nearly equal abun-
dance of both sites. The reported intensities of
Zeeman-split absorption lines are also found to
be nearly equal for both sites.!*

Figures 5 and 6 show the orientation dependence
of the average of the two hyperfine resonances, H,,,
associated with one of the sites. The pattern is
the same for the second site except it is shifted by
approximately 60° from the first. In Fig. 5 the
data were taken at 1.6 °K using the K-band spec-
trometer. In Fig. 6 the data were taken at 1.5°K
using the K -band spectrometer. A NLLS analysis
was made on data associated with each site and at
the two different frequencies. The resulting curves
obtained from such an analysis appear in Figs. 5
and 6. The standard deviation o and the residual R
are larger for data collected at the lower frequen-
cy. At the higher frequency (Fig. 6) o and R are
slightly smaller than found for the hydrated chlo-
ride data given in Fig. 2. At both frequencies we
see the reciprocal cosine relation given in Eq. (3)
as describing the orientation dependence of the
data.

As the angle between g, cosa and the external
magnetic field is increased, we observe a split-
ting of the hyperfine lines for each site. In addi-
tion to this splitting a pair of weak satellite reso-
nances observed even at the minimum angle begins
to shift rapidly away from the center of gravity as
shown in Fig. 7. Presently, we can only speculate
on one or more possible explanations. We need to
know the crystal structure in greater detail, and
we need to carry out further experiments involving
different concentrations of Tm3* 72

From the data presented so far it is possible to
establish values of g, cosa and A, Rewriting Eq.
(3) in terms of frequency v, we obtain

V2= (1/h?)[(g, cosa)?u? HZ, + A?], (4)

If we plot ® vs HZ,, we obtain a straight line whose
slope is (ugg, cosa)?/h® and whose intercept is
A%/p%, In Table I we present the results of the
present study together with results from an error
analysis of g, cosa and A for data reported ear-
lier.,»*%!! The details of the error analysis are
described by one of us!® (I. E. R.). In addition to
presenting our results, Table I serves a useful
purpose in bringing together the same parameters
deduced from different experiments and from theo-
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TABLE I. Summary of results obtained for Tm® in hydrated chloride and sulfate crystals.

T A A /cosa
Crystal (°K) & cosa (em™) (G Method and Ref.
Tm* in YCl;* 6H,0 13.7 “Almost CEF calculation
degenerate” (Ref. 3)
(Ref. 3)
0.5% Tm* in YCl;3 *6H,0 4.2 14.00% 0.05 1.12 £0.01 243 (33.7-36 GHz) Microwave resonance
(Ref. 1)
14.05% 0.36 1.117+0.006 Present analysis of
raw data in Ref. 1
2% Tm¥* in YCl;*6H,0 77 13.5 1.3 0.3 Optical Zeeman data
(Ref. 2)
TmCl; *6H,0 4.2 13.91 0.3 CEF calculation
(Cysym.) (Ref. 4)
14.00 0.4 CEF calculation
(Dgsym.) (Ref. 5)
0.5% Tm®* in YCl;* 6H,0 1.5 13.37+£1.08 1.12 (Ref. 1) 246+ 2 (24.7 GHz) Present study
0.5% Tm* in Y,(SO,);*8H,0 4.2 13.4 0.61+0.02 243 (33.7-36 GHz) Microwave resonance
(Ref. 1)
13.4+1.83 0.61+0.21 Present analysis of
raw data in Ref. 1
TmySOy);° 8H,0 7 14.2 0.64%0.1 Optical Zeeman data
(Ref. 11)
4.2 13.9 1.2 CEF calculation
(Cipsym.) (Ref. 7)
4.2 14.00 0.4 CEF calculation
(Cgysym.) (Ref. 8)
0.5% Tm® in Y,(SO,)3*8H,0 1.5-1.6 14.16%0.19 0.49%0.04 225+4 (24.7 GHz)  Present study
241+ 4 (35.6 GHz)
800 ry.
In columns 3 and 4 in Table I the limits of un-
600} certainty arise when g, cosa and A are determined
from Egs. (3) and (4), where the results depend on
400} a very small difference between two large numbers.
) Even though the large numbers involve such terms
2200} as the magnetic field and the microwave frequency,
E which are known to better than 1%, the uncertainty
E 0 = associated with the very small difference is calcu-
@ lated to be much larger as Table I shows. A,/cosa
-zooi\/”—'—*ﬁ\‘\ is determined using the separation between hyper-
I fine lines at the angle where the magnetic field is
400 . MIN ) ) ) ) ) a minimum. In Table I the microwave resonance
-40 -30 -20 -I0 o 10 20 30 experimental values reported are for ED transi-

MAGNET ANGLE (deg)

FIG. 7. Splitting (in gauss) of high-field hyperfine
resonance of one site of 0.5% Tm?* in Y,(SO,); * 8H,0
into two components (inner pair on right-hand side of
graph). Weaker satellite lines (outer pair on right-hand
side of graph) separate more rapidly as the angle be-
tween a given 4 and H increase toward 90°. Data re-
corded at 1.5°K, 34.9 GHz with sample in E,. Low-field
hyperfine resonance and resonances from other site
show similar behavior.

tions. We observed that both ED and MD reso-
nances occurred at the same field value to within
experimental error.,

The present study reports a different value of A
for the hydrated sulfate than that reported earlier.!
The new value is based on having a greater fre-
quency range that allows us in Fig. 8 to obtain a
better value of the intercept which is a measure
of the separation between the two Stark levels in
zero magnetic field. Additional frequency depen-
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FIG. 8. Determination of A at zero magnetic field for
0.5% Tm®* in Y,(SO,); *8H,0. Data include frequency
dependence values, O, from present work and values,
X, from Ref. 1. Upper extrapolated straight line is
based on Ref. 1 only; lower extrapolated straight line
includes present K-band data which would indicate a
straight line extrapolation to 0.49 cm™ rather than 0.61
em™! reported in Ref. 1. All values reported for this
study were taken at T °K between 1.5 and 1.6 °K with

sample in E, .

dence studies will help to diminish the uncertainty
in establishing A. The present values of A,/cosa
agree with earlier work with the exception that the
value obtained for the hydrated sulfate salt using
the K-band spectrometer has a smaller value than
values obtained using the K,-band spectrometer.
We have no explanation for this apparent frequency
dependence.

C. Relative-intensity measurements

We have observed both ED and MD microwave
transitions in both salts. Both types of transitions
have intensities comparable to the intensity of the
10'® spin 2, 2-diphenyl-1-picrylhydrazyl (DPPH)
sample used as a standard along with the crystals.
The relative intensities of the hydrated chloride
resonances were studied more completely since
these crystals exhibited the simpler spectra of the
two different salts. To obtain the ratio I(ED)/
I(MD), the sample was placed in two different
positions in the cavity as described earlier. A
separate run was required for the crystal in each
position. However, the DPPH sample was kept at
the same position in the cavity for each run so
that we could compensate for changes in the micro-
wave power from one run to the next. Every effort
was made to maintain a constant temperature of
1.6 £0.1°K for both runs. The angular dependence

of the intensities was qualitatively the same for
both types of transitions. Within the uncertainties
associated with these measurements we found for
the hydrated chloride crystals I(ED)/I(MD)
=1,16+0.23.

Knowing this ratio it is possible to determine the
parameter G, associated with ED transitions.
From Ref. 13, following a lengthy derivation,
based on earlier work of Wolf and Jeffries,*! we
have obtained the following expression:

2_ I(ED) (gui)z(A/;ﬁ‘-’)2
Gl <I(M®> (D./H)¥1 - (A/Rw)?]? ®

where T°K and 7w are assumed constant for the
two runs, € is the dielectric constant for the salt,?
and D,/H, represents the ratio of the maximum
microwave electric to microwave magnetic fields
in the sample cavity. For dielectrics the electric
field in the sample is related to the electric field
in the cavity by D, =€E, so that €2/(D,/H,)?
=1/(E,/H,)?. Using the field equations given by
Poole,?® we can calculate this ratio which agrees
with the value used by Wolfe and Jeffries,?! namely
(E,/H,)?=0.25+0.1, Using values of g, =14,
A=1.,12 cm™, and Zw=1.154 ¢cm™'(34.6 GHz), we
obtain for the hydrated chloride samples

IGl]=115i35 cgs units. (6)

This large value suggests we determine the static
E, field needed to induce a resonance. Equation (2)
can be rewritten using perpendicular components
rather than reference to x and y directions. Ne-
glecting hyperfine structure and letting H,=0, we
obtain

GugE =hv-A, (7

which gives us a value of (2.1+0.6) X 10® V/cm for
E, in the sample. To obtain the applied (external)
electric field needed to induce ED transitions we
multiply E, by the dielectric constant which is tak-
en to be?* 8+1.6 and obtain D, =(1.7+0.2) X 10*
V/cm. It is feasible to obtain such fields in a
TE,, cavity which can be made about 1 cm long

at 35 GHz.

It is interesting to compare our value of IG Ll
with values obtained by others who studied dif-
ferent rare-earth ions diluted into different crys-
tals.'>!%2! Williams'® obtained |G,|>1.5,

g, =2.5 cgs units for non-Kramers Pr**(4f2) doped
into yttrium ethylsulfate. For the same ion diluted
into La-Zn double nitrate Culvahouse et al.'® ob-
tained |G,|=2.6 cgs units. For the Kramers ion
Yb3* doped into yttrium ethylsulfate Wolf and Jef-
fries® obtained 0.4 cgs units for |G,|. Efforts
have been made by all these authors to calculate
Ile using theoretical models. The much larger
value for G, reported here is due to the large ex-
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FIG. 9. Orientation dependence of the average inten-
sity of the two hyperfine resonances of 0.5% Tm?3* in
YCl; *6H,0. MAX and MIN are defined in Fig. 1, for
example. Dashed line is predicted [cos(25°-6")] de-
pendence; solid line is a [cos(25°-6’)]"! dependence.
Data recorded at 1.5°K and 34.7 GHz with sample in
H\,. Data points are given as X’s.

perimental values for g, cosa and A,

In Fig. 9 we give an example of the variation of
relative intensity with angle for the hydrated chlo-
ride. The data were taken at 1.5+0.1°K using the
K,-band spectrometer with the sample in H,. The
intensity of the resonances were taken as propor-
tional to the peak-to-peak amplitude S times the
peak-to-peak linewidth AH squared. The average
of the measured intensity of the two hyperfine lines
is given in Fig. 9. The intensity measurements
were not easy to make over the entire orientation
angle so that the error associated with certain
data points can be large.

In Ref, 13 the intensity for ED and MD micro-
wave transitions was calculated for Tm* in the
hydrated chloride and sulfate salts., These calcu-
lations showed that both I(ED) and I(MD) were
directly proportional to a cosé angular dependence
neglecting hyperfine interaction. In Fig. 9 we
show as dashed lines the predicted angular depen-
dence of the intensity when the sample is in posi-
tion to observe MD transitions. Between —40 and
+25 deg of magnet angle 6’ the intensity data ap-
pear to follow the (cosf) dependence predicted in
Ref. 13.

However, at larger angles from the g, cosa di-
rection where the two hyperfine lines are observed
to split, the intensity changes direction and in-
creases rapidly like a (cos8)"! dependence rather
than the predicted (cos@) dependence. This effect
probably results from the fact that each hyperfine
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+2r MAX / MIN
+ F 3 N\ T -/ 1‘ l

[}
v
/QJ-O

| MOMENT I
+2r

MIN MAX
3'/3 =+ \1‘7/ f — I Lff

[ =LINE crOSSING

AMPLITUDE RATIO
+
o
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80 -60 -40 20 O +20 +40 +60 ¥80 H0O
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FIG. 10. First-derivative amplitude ratio versus
magnet angle for observed resonances of either site in
0.5% Tm3* in Y,(SO,); * 8H,0 at 1.6 °K, 24.7 GHz, and
with sample in #,. MAX and MIN defined in Fig. 1, for
example. The ratio is positive when low-field hyperfine-
split resonance is larger and negative when the high-
field resonance is larger.

line splits into several components at these larger
angles, thus making the linewidth appear much
broader, causing the intensity, which goes as the
peak-to-peak linewidth squared, to increase rather
than decrease as expected at the larger angles.
The mechanism(s) causing the splitting need to be
explored before we can interpret the intensities at
the larger angles. In Fig. 9 a (cos8)™* dependence
is also plotted for comparison. Within experi-
mental uncertainties it is possible that a (cos)™
dependence may be found over the entire range of
angles observed.

We have also examined the relative peak-to-peak
amplitudes of the hyperfine lines as a function of
angle for the hydrated sulfate crystals at 24 and
35 GHz. Figure 10 shows a plot of our results at
24 GHz taken at 1.6°K. On the graph MIN refers
to the g, cosa direction and MAX refers to 90°
from that direction. The convention in assigning
the amplitude ratio signs is as follows: If the low-
field line peak-to-peak amplitude was greater than
the high-field line peak-to-peak amplitude, the
sign was assigned a positive value. Two different
effects can be seen in Fig. 10. Whenever the lines
from one site cross the lines from the other site,
the amplitude ratio appears to be affected. This
effect may indicate a coupling between the Tm*? in
the two sites. The other effect appears around 20°
to the right of MAX where we observe a rapid pos-
itive excursion of the amplitude ratio for magnetic
moment I. This same effect is observed about 17°
to the right of MAX for moment II, except that it
has a rapid positive rather than negative excur-
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FIG. 11. First-derivative amplitude ratio vs magnet
angle for observed resonances of either site in 0.5%
Tm®* in Y,(SO,); - 8H,0 at 34.6 GHz and 1.5°K. The
ratio is positive when the low-field resonance is larger
and negative when the high-field resonance is larger.
MAX and MIN are defined in Fig. 1, for example.

sion. To see if these effects were frequency de-
pendent, we ran the same sample mounted in the
same position at 35 GHz and 1.5°K. These results
are shown in Fig. 11, A careful examination for
the excursion on moment I did not seem to be
present; and, in general, the relative amplitude
fluctuations were considerably smaller at 35 GHz.
These effects may possibly arise from dipole-
dipole coupling or from cross relaxation. We have
not seen these effects discussed in any of the lit-
erature.

D. Measurement of linewidths and line shapes

We have been able to measure the linewidths of
many of the observed resonances at 1.5°K using
the K,-band spectrometer. It is possible to deter-
mine the shape of a resonance transition by com-
paring the percent of derivative heights versus
(H-H,)/(AH_,/2), where H, is the center of the
line and AH is the peak-to-peak linewidth, with
the calculated Lorentzian and Gaussian limit ex-
pressions given in Ref. 13. The lines picked for
the analysis of Fig. 12 were chosen because of
their high signal-to-noise ratio and consequently
were not at a field angle such that AH, was a min-
imum, In Fig. 12 the Lorentzian and Gaussian
limits are sufficiently different that the data for
both salts would indicate the resonances have
Lorentzian line shapes. Lorentzian-shaped lines
result from time-dependent interactions such as
spin-lattice and spin-spin interactions. The fact
that the lines are nearly Lorentzian also indicates
that A more likely arises because of the low-sym-
metry CEF than from random strains in the crys-
tals. We should point out that at large angles
where the resonances are seen to split, the line-

100 SAMPLE © Tm Cly -6H,0
@ Tm, (SO4)y 8H,0
- HIGH FIELD SIDE
< sof 4Tm, (SO4)3-8H,0
w LOW FIELD SIDE
< AHpp © 116G
£ @a 796
T 60}
o
w
T LORENTZIAN
Yaof LMt
> GAUSSIAN
> LIMIT
5 20+
o
o . . . .
10 15 20 25 30 35 40

(H-Ho)/ % AH,,

FIG. 12. Resonance line shapes for 0.5% Tm®* in
YCl; * 6H,0 and Y,(SO,); - 8H,O. H is the resonant mag-
netic field and AH, is the peak-to-peak linewidth.
Data recorded at 35.1 GHz, 1.5°K, and sample in H .

widths and line shapes become difficult to estab-
lish experimentally.

Figure 13 shows the angular dependence of the
measured linewidths taken from the hydrated chlo-
ride data at 1.5°K using the K,-band spectrometer.
The linewidths follow a (cos8)™! dependence rather
well, except at large angles where splitting of the
resonances is observed. A (cosf)™! dependence is
predicted in Ref. 13 assuming the broadening is
primarily due to lifetime broadening. The pre-
dicted (cos@)™! curve is also given in Fig. 13.

For similar salts containing non-Kramer’s rare-
earth ions in low concentrations (such as ours)
spin-lattice coupling is found to be quite strong.

If we assume our linewidths are primarily gov-
erned by this mechanism, we can estimate T,
the spin-lattice relaxation time, from the expres-
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FIG. 13. Average peak-to-peak linewidth of both hyper-
fine resonances of 0.5% Tm®* in YCl;*6H,0 as a func-
tion of magnet angle 6. Data recorded at 1.5°K, 34.67
GHz with sample in H,. MAX and MIN are defined in
Fig. 1, for example.
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TABLE II. Average peak-to-peak linewidths and relaxation times.

AHPP (G) AE (cm")
Frequency Present (Refs. 17 and 24)
Sample (GHz) microwave data ® T, (sec) Optical data® At = (sec)
0.5% Tm* in Y,(SO,)3*8H,0 34.6 265 (1.9%0.4) x1071 (0.14£0.05)  (3.8%0.1)x107!!
24.7 36£5 (1.3%0.3) 1071 (0.14£0.05)  (3.8+0.1) X107
0.5% Tm* in YCly*6H,0 35.1 58%5 (8.1x2) x10°1 (0.17£0.05  (3.1%0.1)x10™!

2 Microwave data reported were taken at 1.5°K on samples containing Tm¥* concentrations listed in first column.

b Optical linewidth data measured at half-maximum of linewidth were taken at 4.2 °K of samples containing 2.0%
rather than 0.5% Tm®* in the various crystals. The more concentrated crystals were necessary for optical studies
since samples were used to establish temperature-dependent Stark levels of the ground-state manifold 3H6.

sion'?
T,~V3g,cosauzAH, /. (8)

In Table II we present values of T, and AH for
the two salts at 1.5°K at K- and K, -band fre-
quencies. The values of AH_, given in Table II
are noticeably smaller than those presented in
Figs. 12 and 13 because either they were from a
run where g, cosa@ was not minimized (Fig. 13) or
because the measurement was made at an angle
that was not the minimum angle for that run (Fig.
12). These values for T, appear reasonable when
compared with T, values given for other rare-
earth ions in similar crystals.!* It is instructive
to compare T, values in Table II with lifetimes
deduced from linewidths observed in the optical
spectra of these salts.!”?* If we conclude that the
optical linewidth of an optical transition observed
at 4.2°K and 2% dilution factor is due primarily to
spin-lattice relaxation between the components of
a nearly degenerate ground-state doublet, we can
estimate a lifetime for the state using the uncer-
tainty relation AEAf>F. We note that the T, and
At values are within a factor of 5 of each other.
We might also point out that both the higher con-
centration factor and higher temperature for the

optical lines would tend to broaden the optical
lines as compared to the EPR lines. If we were to
extrapolate the optical results back to the EPR
concentration and temperature, the T, and A¢
values likely would be in even better agreement.
Thus, the results in Table II seem to be consistent
and imply that the EPR lines and optical lines are
homogeneously broadened. A temperature-depen-
dent study of spin-lattice relaxation times seems
in order and would shed light on the particular
spin-phonon mechanism(s) involved at tempera-
tures between 4.2 and 1.5°K.
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