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T, was measured directly for samples containing 1 and 0.1 at.% Ho* using the method of

pulse-saturation recovery between 1.1 and 3,5 K at Ky~ and X-band frequencies.

These data

are interpreted as due to a sum of a phonon-limited direct relaxation process, aphonon-limited
Orbach process which proceeds through an excited state with 6E/k=8K, and a 7“7 Raman pro-
cess. Cross-relaxation effects among the hyperfine lines were noted in these T, data for the
1-at.% samples. Linewidths were also measured between 1.2 and 25K and the more concen-

trated samples exhibited a minimum near 10 K.
The minimum in the linewidth is explained on the basis of decreased dipolar

increased as T'.

Above 15 K the relaxation-induced linewidth

broadening, as the nonmagnetic state at 8K is populated, followed by line broadening due to a
dominant Raman relaxation mechanism. 7,/T; is estimated to lie between 0.9 and 1.8 for

this 77 Raman process.

I. INTRODUCTION

We have measured the spin-lattice relaxation rate
of Ho® in yttrium ethyl sulfate [ Y(C,H;S0,), - 9H,0
abbreviated YES] as a function of temperature using
electron-paramagnetic-resonance techniques. Com-
pared with most rare earths, YES: Ho possesses
an extremely low-lying excited state 0E/k=~8 K, so
that an Orbach relaxation mechanism contributes
significantly even at temperatures as low as 1 K.
The aim of this study was to determine if the Orbach
relaxation mechanism was phononlimited, i.e., bottle-
necked. Five earlier studies'™ over limited tem-
perature regions did not conclusively answer this
question. In this work, we have measured the
spin-lattice relaxation time T, directly, using the
method of pulse-saturation recovery (PSR) between
1.1 and 3.5 K at microwave frequencies near 9, 14,
and 16 GHz, In addition we have measured the
peak-to-peak widths AH of the derivatives of the
absorption lines from 1, 2 to 25 K. These measure-
ments yielded the transverse relaxation time T,
above 15 K, where the linewidth was relaxation
broadened by a completely dominant Raman process.
The observed linewidth of a sample containing 1
at. % Ho®* was found to pass through a broad mini-
mum near 10 K,

The general prediction for the temperature de-
pendence of T, for a non-Kramers doublet is®’

A’ coth(hv/2kT)
i= +Z B, +CT"
T, ~ | D’ coth®(hv/2kT)| ~4* ®Fi7*T 1 )

1)
where T is the temperature of the thermal bath,
SE; is the energy of the ith excited state, and v is
the microwave frequency. The coth and coth® terms
represent either normal or phonon-limited direct
processes. The terms in the summation correspond
to Orbach relaxation mechanisms (either normal
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or phonon limited since the temperature dependence
is unaltered) and the summation extends only over
those states for which 6E;/k is less than the Debye
temperature ® ,, An Orbach relaxation mechanism
has been reported for samarium-doped lanthanum
ethyl sulfate® with 6E/k equal to 72 K. The T"
term in Eq. (1) represents the Raman process for
a Debye model of the phonon spectrum and tempera-
tures well below ©p,

If either the direct or Orbach relaxation processes
are phonon limited, D’ or B; may be proportional
to 6v/T,,C, where v is the frequency bandwidth of
the interacting phonons, T, is their lifetime, and
C is the concentration of the paramagnetic ions.
Such a concentration dependence may be reduced in
the direct process, if the phonon-limited relaxation
rate is not appreciably slower than the normal di-
rect-process rate, Under that condition the tem-
perature dependence of the direct process is more
complicated than shown in Eq. (1). Because the
Orbach mechanism involves at least two different
phonon energies centered about 0F + i v, overlap
is possible and may reduce the concentration effects
of a bottleneck in that relaxation process. ®°

II. EXPERIMENTAL DETAILS

The structure of YES and the rare-earth ethyl
sulfates, in general, has been reviewed by Orbach.
The rare-earth site symmetry is C;,. The spin
Hamiltonian for YES: Ho has been given by Baker
and Bleaney!! as

=3

H=gupH,S,+al, S+ &, S, + Avsy ’ (2)
with S= 3, 1(100% abundant Ho'®)= -}, and the z
axis is parallel to the threefold crystal symmetry
axis. The last two terms reproduce the effects of
random local distortions of the crystalline electro-
static field and in the absence of a hyperfine inter-
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5 SPIN-LATTICE RELAXATION OF Ho®*' IN...

action give rise to a zero-field splitting of the dou-
blet A equal to ( AZ + A2%)'/2 which varies from one
lattice site to another. The constants of the spin
Hamiltonian are g, =15.36+0.04, a=0. 334+0. 001
cm™, and 4y =0.065+0.015 cm™, where AZ is the
average value of A% over the distribution. All of

our measurements were made with both the static
and the microwave fields parallel to the crystal
symmetry axis. The presence of the random strains
allows resonance transitions to be induced between
the electronic doublet under these experimental
conditions. In addition microwave electric fields
perpendicular to the crystalline axis are known to
induce similar transitions. &

Single crystals of YES doped with small percent-
ages of Ho®* were grown slowly from saturated
aqueous solutions by evaporation at 0 °C in a vacuum
desiccator. YES was synthesized by a reliable
method suggested to us by Mroczkowski. % yttrium
trichloride was made from 99. 9999% rare-earth-
purity yttrium oxide and reagent-grade hydrochloric
acid, Yttrium trichloride was mixed with electronic-
grade potassium ethyl sulfate in a water and ethyl
alcohol solution from which potassium chloride
precipitated leaving YES and the remainder of the
potassium chloride in solution. The YES and po-
tassium chloride were then separated in an absolute
ethyl alcohol solution. Holmium ethyl sulfate with
a rare-earth purity of 99. 9% (available from A. D.
Mackay, Inc.) was used as the doping agent by mix-
ing together saturated solutions of HoEs and YES.
The dopings in at. % refer to the relative volumes of
these two saturated solutions from which the sam-
ples were grown. No attempt was made to deter-
mine the ratio of Ho®* to Y** actually in the crystals.
Typical samples were hexagonally shaped plates,

1 cm across and 0.5 cm thick.

Three different low-temperature microwave
probes were employed; one for the Ku-band PSR
measurements, one for the Ku-band linewidth
measurements, and another for both types of mea-
surements at X band, Carbon and germanium re-
sistors were employed for temperature sensing.
Details of the Ku-band spectrometer have been
published. *°

Superheterodyne detection was used for the PSR
measurements and the relaxation times were ex-
tracted from the signal recoveries near thermal
equilibrium since these recoveries were not singly
exponential, These measurements were made by
comparing the signal voltage against a known ex-
ponentially rising voltage on the xy axes of an os-
cilloscope. Relaxation times obtained in this man-
ner had a typical accuracy of +10% and were found
to be independent of the saturating power (varied
over a factor of 3), pulse duration (varied between
factors of 20 and 100), and pulse rate frequency
(varied between factors of 10 and 30). All reported
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relaxation times were determined with a pulse dura-
tion of 50 usec.

For linewidth measurements, straight microwave-
diode rectification was used, followed by narrow-
band amplification and phase-sensitive detection at
the 14-Hz magnetic field modulation frequency.
Peak-to-peak derivative linewidths were measured
along with line shapes on a strip-chart recorder
as a function of temperature.

Data were computer fitted to various theoretical
temperature dependences using a least-squares
fitting routine which allowed for nonlinear param-
eters.

III. RESULTS
A. Linewidth Data

Measurements were made on three crystals, two
with a nominal Ho®* doping of 1 at. % (samples A
and B), and one with a doping of 0.1 at. % (sample
C). Linewidth and PSR data were taken on sample
A at Ku- and X-band microwave frequencies and
for sample C at Ku band, Only Ku-band PSR mea-
surements were made on sample B, Of the eight
hyperfine lines, only the three highest-field lines
(I,=-%, -3, and - $) were extensively studied
since the magnetic field positions of these transi-

TABLE 1. Variation of the observed peak-to-peak de-
rivative linewidth with temperature for sample A (1 at.%
Ho) and C (0.1 at.% Ho) at various frequencies.

Sample A

Sample A 8.82 GHz Sample C

17.49 GHz I=—% 16.22 GHz
T AH AH AH
(K) (Oe) (Oe) (Oe)
1.2 13.3+0.4 7.5+0.1
1.50 13.7+0.3
2.50 12,7+0.4
2.80 13.5+0.2
4,22 14.1+0.4 12,7+0.2 7.2+0.2
7.00 12.8+0.4 12.2+0,1 7.1+0.3
9.00 11.9+0.4
10.0 11.6+0.4 12.0+0.3 7.4+0.3
11.0 11.4+0.4 12.0+0.2
12.0 12.1+0.5 12.2+0.3 7.7+0.5
13.0 12.0+£0.4
14.0 13.2+0.3
14.5 13.0£0.4
15,0 11.7+1.2
16.0 15.4+0.5 16.1+0.5
17.5 19.6 +0.6
18.0 21.1+0.6
19.0 26.2x1.3 25.7+0.6
20.0 30.5+2.2
20.5 36.4x3.7
22.0 55,9+3.7 44.5+1.5
23.0 T.3x£2.7
25.0 75.2+3.3
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tions were well separated from the others. The
eight positions calculated from Eq. (2) at 16. 35
GHz are 2382, 1918, 1453, 989, 869, 524, 405, and
59. 8 Oe.

We consider first the linewidth measurements
which are given in Table I. No designation is made
with respect to I, at Ku-band frequencies since the
three lines, all symmetric, give the same peak-to-
peak derivative width within experimental error.

At X band, only data for the highest-field line (7,

= -3 are tabulated since the I,= ~2 and - lines were
asymmetric and had different widths. It is interest-
ing to note that sample A(1 at. % Ho®") clearly
shows a minimum width near 10K. A similar effect
for sample C (0.1 at. % Ho*) is only marginally
observable, at best. One plausible explanation of
this phenomenon depends critically upon the nature
of the dominant relaxation process at these higher
temperatures, so further discussion will be post-
poned.

The observed peak-to-peak derivative linewidth
AH must be corrected for that component AH,
which is not connected with relaxation mechanisms.
The method by which the relaxation-induced peak-
to-peak derivative linewidth AH’ is extracted from
AH and AH, depends upon the line shapes associated
with each broadening mechanism. The relaxation-
induced line shape is Lorentzian while the low-
temperature line shape is generally approximated
as either Lorentzian or Gaussian. For a Lorentzi-
an- Lorentzian convolution

AH'= AH - AH, | 3)

and for a Lorentzian-Gaussian convolution
AH'=F(AH, AHy) , 4)

where F(AH, AH,) is an analytic function, formu-
lated by Stoneham, '® which approximates the effects
of such a convolution to better than 1% accuracy

for all ratios of AH'/AH,,

The transverse relaxation time 7, is defined in
terms of the full width Aw,,, (in rad/sec) at half-
amplitude of a Lorentzian-shaped relaxation-
broadened absorption line as follows:

1
Ty

AH AH'
L Aw, = gﬂazﬁ 1/2 _ J3 guzaﬁ

= (7.62%x10%gAH’, (5)
where g is the spectroscopic splitting factor of the
transition,

Two complications arise in determining AH’ from
the data of sample A in Table 1. First, the low-
temperature linewidths exhibited a broad minimum
and second, the line shape at this minimum is mid-
way between Gaussian and Lorentzian, We have taken
AH, to be the minimum linewidth and have treated
the data in two ways, using either Eq. (3) or (4)
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appropriate to Lorentzian-Lorentzian or Lorentzian-
Gaussian convolutions, respectively. Values of
1/T, were subsequently obtained through the use

of Eq. (5) with g=g,=15.4 and the Ku-band results
are shown in Fig. 1., Curves representing fits to

a T" dependence are also shown. The three lowest-
temperature points have a large uncertainty be-
cause of the small value of AH /AH,, and fall
slightly below the fitting curves. If these three
points are omitted and separate fits are made of
these data to a T" power law, the optimum value

of n is 7.1+0.4. Similar fits of the X-band line-
width data for sample A (not shown) produced
optimum » values between 5 and 7 depending upon
the convolution and the number of points fitted.

Fits were also attempted for these data in which

an Orbach process with 6E/k values of 8 or 66. 8 K
(the second excited state) was included, but the
results were inconsistent between the two convolu-
tions used and also with the PSR data taken at lower
temperatures. The values of 1/T, fit well to an
exponential temperature dependence of the form

e 13%/T phut this exceeds estimated values of @, for
rare-earth ethyl sulfates!” by nearly a factor of 2

0.0 o n vES T T

SAMPLE A,v = I7.49GHz
-|‘.-ZDEDUCED FROM LINEWIDTH DATA
LORENTZIAN CONVOLUTION —A
MIXTURE CONVOLUTION o

9.5

17.51K
'

L 1.2 .3 1.4
LOG o[ T(K)]

2I.?9K

FIG. 1. Temperature dependence of the transverse
relaxation rate, 1/T,, of the [,=—% -3, and —1} hyper-
fine lines of sample A (1 at.% Ho in YES) at 17.49 GHz.
The rates were deduced from the linewidth data by consid-
ering two different convolutions, Lorentzian-Lorentzian
and Gaussian-Lorentzian (mixture), of the lifetime and
nonlifetime components of the resonance lines as explained

in the text.
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and furthermore does not correspond to any energy
level of YES: Ho.!® Such a temperature dependence
could represent relaxation via optical phonons, '°
However the presence of a 7" process is consistent
with our PSR data to be discussed later and also
with the work of others on rare-earth ethyl sul-
fates. ® In all further analysis we assume these
data to be described by a 77 process.

The linewidth data on sample C were too meager
to be of value indetermining T, but the absence of
a clearly defined minimum will be of interest in
later discussion.

B. PSR Data

PSR measurements of 1/7,; were made between
1.1 and 3.5 K. Figure 2 shows the Ku-band data
on samples A and C. The curve in Fig., 2 indicates
the temperature dependence associated with an
Orbach process with 6E/k=8 K. It can be seen that
the relaxation is dominated by this Orbach process
over a significant portion of the temperature range.
Note also that the relaxation rates of the three
hyperfine lines were different for sample A, while
for sample C (0.1 at. % Ho®) there were no ob-
servable differences among the hyperfine lines.

10" T T T T T ™
F x 0.1% Ho in YES, v = 16.29 GHz ]
[« 0 I, =-3/2 1

o 0 I, =-5/2 1% Ho in YES
o x & I,=-7/2) SAMPLE A 1
LB v = 16.35 GHz 1
X
)
0,0 X

ol

1021 1 | | 1 ] |
3 4 5 | 6 | N 8 9
'T-'(K )
FIG. 2, Temperature dependence of the relaxation

rates of the I,=— 3, — %, and — ¥ hyperfine lines of sample

A (1 at.% Ho in YES) and sample C (0.1 at.% Ho in YES)
as deduced from PSR data at Ku-band frequencies. For
sample C the relaxation rates of these three hyperfine
lines were the same within a maximum spread of +7% and
the averages are plotted.
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FIG. 3. Temperature dependence of the relaxation rate

of the I, =~ § hyperfine line of sample A (1 at.% Ho in

YES) at 16.35 GHz. Also shown is the temperature de-

pendence of 1/T for the I,=—$%, — 5, and —~77 hyperfine

lines of sample B (also 1 at.% Ho) at 13.96 GHz.

Figures 3-5 show additional PSR data on the two
samples containing 1 at. % Ho®*, We note from
these figures that the relaxation rates of these two
samples differ by 20-30%. Computer fits of the
Ku-band data for sample A are also indicated in
these figures. In Sec. IIIC, we discuss the details
of these fits.

C. Fitting Temperature Dependence of Data

The Ku-band T, and T, data for sample A and the
Ku-band T, data of sample C were fitted to Eq. (1).
Since for sample A, the T, and T, data were taken
at 17. 49 and 16. 35 GHz, respectively, a common
fit of these two sets of data involves the implicit,
but reasonable assumption, that the 77 relaxation
process, which completely dominates the T, data,
is independent of frequency. The frequency which
appears explicitly in the direct process was, of
course, set equal to the value used in the 7y mea-
surements. Some ambiguity exists as to the appro-
priate value of 6F to be used in the Orbach process
involving the first excited state. Optical measure-
ments by Grohmann ef al.*® suggest 6E/k changes
from 6. 96 to 8. 65 K as the temperature drops from
58 to 4. 2 K. Baker and Bleaney®® arrived at a 3E
value between 5.5 and 5.6 cm™. We chose 6E/k
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FIG. 4. Temperature dependence of the relaxation
rate of the I,=— 3 hyperfine line of two 1-at.% YES: Ho
samples, A and B, at 16.35 and 13.96 GHz, respectively.

=8K (6E=5.55 cm™) for our fits. This value fell in
the midrange of those giving the best fits.

In order to fit the 7T, data with the T, data we
must know the ratio T,/7;. Various authors have
recently discussed this problem for the situation
where T, is dominated by the phonon-induced life-
time and find that 7, /7, depends upon the specific
relaxation mechanism. The Orbach process has
been treated by Culvahouse and Richards? and the
Raman process has been considered by Stedman. 2?
Since the T, data are dominated by a 7" Raman
process, we consider only that case, Stedman finds
that the full frequency width at half-maximum of the
resonance absorption line, 2/T,, is composed of
two parts. One is related to the thermal equilibra-
tion of the level populations and is just 1/7,. The
other contribution involves self-energy processes,
which do not change the level populations, but
shorten the phase memory time 7',. It is difficult
to evaluate the strength of this contribution, I', but
the general prediction which can be made for Raman
processes is that

2/T,=1/Ty+ T (6)
or
Ty/Ty<2. (7)
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Since we had no definite prediction for this self-
energy term, we elected to determine 7, /7Ty from
our experimental data on sample A. To do this in
a consistent manner, we first fit the T, data for
each of the three hyperfine lines to Eq. (1) assum-
ing a bottlenecked direct process, since this gave
consistently better fits than the use of a normal
direct process. We then fit the linewidth data to
a T" power law using both types of line-shape con-
volutions and compared these results with the co-
efficient of 77 in the PSR data. The results were

T,/Ty=1.06+£0.19
( Lorentzian-Gaussian convolution) (8a)

or
T,/Ty=1.52+£0.27

( Lorentzian- Lorentzian convolution). (8b)

Since the actual line shape at minimum linewidth
was midway between Gaussian and Lorentzian, pre-
sumably the true 7', /T ratio lies between these
values so we conclude

0.9<T,/Ty<1.8 (8¢)

for a 77 Raman process.

Using the T, /T, factor [(8a) or (8b)] appropriate
to the convolution, a fit of both linewidth and PSR
data was made for each of the three hyperfine lines.
The resulting fits were essentially independent of
the convolution employed, and the strength of the

5
10 T T T T T ]
1% Ho in YES ]
L I, =-7/2 i
L O SAMPLE A , v =16.35 GHz ]
| A SAMPLE A |, v =8.82 GHz i
O SAMPLE B , v =13.96 GHz
I L-464 (como'—39——2)‘2 ]
T ‘ T
.—A .'
T 4 +874x10° (8 T -1k 29177
[
210 - 7
_I.: : :
lool1 | 1 I L
3 4 S .6 7 8
F (K
FIG. 5. Temperature dependence of the relaxation

rate of the I,=——27- hyperfine line of two 1-at.% YES: Ho
samples, A and B, at various microwave frequencies.
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Raman process was about the same for each line
because it is primarily determined by the linewidth
data. Figure 6 shows such a complete fit for one
of the hyperfine lines of sample A. In the case of
sample C (0.1 at.% Ho®*) only the PSR data taken
at 16. 29 GHz were fit to Eq. (1). Table II indicates
various fits of the data from sample C along with
the fits of the hyperfine data of sample A. No dif-
ferences were observed among the hyperfine states
of sample C so no I, designation has been made.

The results of these computer fits are consistent
with the existence of a phonon bottleneck in both
the direct and Orbach relaxation mechanisms. In
particular the relaxation is faster for the 0.1-at.%
sample than for either of the 1-at.% samples. The
Ay/C dependence is not as strong as predicted by
the simplest models, but recent measurements on
Ce®* and Nd** in lanthanum magnesium nitrate?:2*
nave given definite indications of a phonon-limited
Orbach process with a concentration dependence
which is weaker than Ay/C. It is also possible in
the case of YES: Ho that cross relaxation among
the paramagnetic ions contributes to the weaker
concentration dependence. Further comments on
this will be given in Sec. IV.

IV. FURTHER DISCUSSION
A. Linewidth Minimum

We can give a plausible explanation for the line-
width minimum observed for sample A at Ku- and
X-band frequencies. It is based on magnetic dipole
interactions between the paramagnetic ions and the
non-negligible population of the excited singlet at 8K
when temperatures are of the order of 10 K. As
more and more ions are excited into this nonmag-
netic state, the dipolar linewidth should decrease.
Noting that for Ho®* concentrations under a few
percent the dipolar broadening should be directly
proportional to the concentration, and applying
Boltzmann statistics, we can write the dipolar con-
tribution to the linewidth as

AHay=26/(24¢'T) ©)

T T T T3
F 1% Ho in YES E
F 1, =-3/2 .
o SAMPLE A ]
10"k Ky BAND -
£ LINEWIDTH 3
- DATA ]
0% E
10" E
g e: 1: 464 (coth°‘—3ﬁ)2 .
210 = T T <l =
e +207x10° (% T <1)+287773
10°L .
£ E
C ]
4
0 PULSE SATURATION E
£ DATA 3
|O3=— =
g 3
. ]
o3l L
0 4 8 2 6 20 24
T(K)

FIG. 6. Temperature dependence from 1.1 to 22K of
the relaxation rate of the I,=— 3 hyperfine line of 1 at.%
Ho in YES (sample A) measured at Ku-band frequencies.
For points in the upper temperature region, 1/7T; was
determined from 1/7, measurements.

where we have neglected the separation of the
ground-state doublet with respect to 27. G, which
represents the dipolar width for T'<<8 K, is inde-
pendent of T when 2y <kT. We can estimate G by
comparison of our linewidth data for samples A and
C, and also by applying a formula given by Mims
etal.® For a 1% sample, the two methods yield

6 and 12 Oe, respectively, in terms of the peak-
to-peak derivative linewidth. These estimates,
inserted into Eq.(9), yield a decrease in the line-
width with temperature on the order of that observed

TABLE II. Resulting parameters from fits of the data to Eq. (1) with #v/2k=0.392 K. The numbers in the column
labeled VAR are proportional to the weighted variance of each fit.

Ho A’ D' B C
Sample (at.%) I, (sec™!) (sec) (sec™!) (sec™tK™T) VAR
A 1 -2 46.4 2.07 x10° 2.87 2.6
A 1 -8 37.6 1.27 x10° 2.91 2.2
A 1 -4 46.4 8.74x 104 2.91 2.6
c? 0.1 81,4 1.77 x 10° 7.46 1.0
c? 0.1 200 2.95x 10° 2.90° 4.9
c? 0.1 66.0 2.57x 10° 2.90° 5.7

2PSR data only. No differences were observed among the three hyperfine lines studied at this lower concentration.

bParameter held fixed.
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for sample A and are consistent with the fact that the
linewidth minimum was not resolvable for the 0. 1%
sample. If a 7" temperature dependence, repre-
senting lifetime broadening, is added to Eq. (9)
then the resultant function possesses a minimum.
In particular for the estimates of G and the ob-
served strength of the T" line broadening on sample
A, this linewidth minimum occurs in the tempera-
ture range between 8 and 10 K, in reasonable agree-
ment with observations.

If an Orbach relaxation mechanism is added to
Eq. (9) so that

2G B
= o ST T (10)

then no linewidth minimum is possible if B exceeds
3G. Clearly if the observed linewidth were dominat-
ed by an Orbach process of this type, B would ex-
ceed 3G and no minimum should be observed.
Therefore the existence of a linewidth minimum is
additional evidence that the Orbach relaxation pro-
cess, observed in the pulse-saturation data, is
negligible at temperatures where the lines broaden.

We now comment briefly on the line shapesbelow
14 K. At the Ku band all eight hyperfine lines of
sample A were symmetric, while at the X band one
line was very asymmetric (signal amplitudes at
the two derivative peaks differing by a factor of 2),
four were moderately asymmetric, and three others
were symmetric. None of the low-temperature
linewidths of sample A were equal at the X band.
As the temperature was raised above 14 K the very
asymmetric line became symmetric and Lorentzian
as lifetime broadening dominated. The existence
of symmetric resonance lines at low temperatures
is surprising for this non-Kramers ion. The ran-
dom strains discussed earlier are expected to pro-
duce asymmetric line shapes. 2°

Figures 2and 3 indicated that 7T, had a hyperfine
dependence in the temperature range 1.1-3.5 K
at concentrations of 1 at. %, but no such dependence
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at one-tenth thatconcentration. Furthermore, the
I,= - 5 transition relaxed faster than the [,= — 3
transition, which in turn relaxed faster than the
I,=- %— transition. This would suggest cross-re-
laxation mechanisms involving 7:m:»n multiple spin
flips among ions in different hyperfine states.

For example, energy is approximately conserved

if two ions in an I,= - § state make a downward
spin flip while one ion each in the I,= - 3 and - 3
states makes upward spin flips. Such a mechanism
would be concentration dependent and qualitatively
show the I, dependence observed.

It is also worth noting that the I, dependence in
Figs. 2 and 3 does not depend upon the tempera-
ture, or more precisely, the dominant relaxation
mechanism, but rather each curve of data points
is displaced almost uniformly. This would appear
to rule out the influence of wave-function admix-
tures due to a hyperfine interaction proportional
to T+ J%2" The fact that this I, effect is indepen-
dent of frequency and dependent upon concentration
argues against it being associated with impurities.

B. Conclusion

We conclude from these data that the direct and
Orbach relaxation rates are phonon limited for the
concentrations studied, and that the low-tempera-
ture relaxation rates were affected by cross-re-
laxation processes. Furthermore, at temperatures
above 15 K, we find the relaxation mechanism to
be described by a 77 Raman process which com-
pletely dominates any Orbach mechanism involving
the excited state with 6E/k equal to 8 K. In addi-
tion a minimum in the linewidth was found for a
sample containing 1 at, % Ho and this is consistent
with a model involving dipolar broadening, an ex-
cited singlet at 8 K, and a dominant Raman relaxa-
tion process. The fitting of the data was by no
means unique, but we consider the fits reported
here to be the most reasonable ones, compatible
with both the linewidth and PSR data.
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The dielectric loss of rutile doped with 0.05% vanadium impurities is measured at low tem-

peratures and at 10 GHz.
given by (1.5 X 1010) =220/ T

The electron-hopping frequency 1/r has a temperature dependence
The model of Dominik and MacCrone of a hopping electron between
the V*4 ion and the Ti*? ion is consistent with the data,

The motion of the electron from the

vanadium site is observed by electron—~spin-echo techniques.

I. INTRODUCTION

The dielectric properties of rutile have been
studied by many investigators.' The various types
of defects that can occur in rutile have been dis-
cussed by Von Hippel ef al.? The dielectric relax-
ation in rutile at low temperatures has been studied
by Dominik and MacCrone.? In their work, they
present data that can be explained by the model of
an electron hopping between titanium lattice sites.
We present in this paper further data on dielectric
loss at low temperatures and at microwave fre-
quencies that can also be explained by the hopping-
electron model.

We have measured the dielectric loss of nominally
pure rutile and rutile doped with vanadium impuri-
ties over the temperature range of 1,6 to 30 °K.

We will discuss our experimental procedures and
results, and then use the hopping-electron model
to explain the experimental results, We will men-
tion some electron-paramagnetic-resonance results
that support this model.

II. EXPERIMENTAL PROCEDURE

A procedure for measuring the dielectric con-
stant and loss tangent of rutile at microwave fre-
quencies and low temperatures has been discussed
by Sabisky and Gerritsen.* Since the dielectric
constant of rutile is so high (~100), a sample of
about 0.5 cm?® in volume canhave dielectric modes®
at X-band frequencies which can be easily coupled

to the waveguide modes.
For a microwave cavity, the decay time ¢, is
given by

td=Q/7Tf)

where @ is the quality factor of the cavity and f is
the microwave resonant frequency. The @ factor

is defined as the maximum stored energy divided

by the average energy loss per radian. For a
cavity in which all the energy is dissipated in a low-
loss dielectric, the @ factor is given by

Q= €1/€2= l/tan6 ’

where €; is the real part of the dielectric constant,
€, is the imaginary part, and tand is the loss tan-
gent. Thus we see that

1/t,= nftand .

Our procedure for measuring the loss tangent is
to excite one of the dielectric modes of the rutile
crystal with a very short microwave pulse. Then
we observe the exponential decay of the dielectric
modes after the excitation and record the decay
rate 1/¢,. The dielectric modes are very similar
to the TM modes of a circular cylinder. For a
TM,, mode there are electric fields in both the
axial direction and the radial direction of the cir-
cular cavity. However, for rutile with its high
dielectric constant, the electric field in the axial
direction is more than ten times larger than the
radial electric field. Therefore, we will assume



