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The electron-spin recovery time T has been observed for low concentrations of Fe?* jons in
CaO in fields of about 1800 G from 1.3 to 4.1 K; line broadening at 8.9 GHz has been measured
from 7 to 15 K. The temperature dependence of 7 and the linewidth give the energy of the first
excited state(s) to be 23.9+1.5 em™!, indicating strong orbital reduction, probably due to
dynamic Jahn-Teller distortions. The observed bottleneck generated at 9, 18, and 700 GHz by
pulse saturation at 9 GHz is consistent with earlier observation of intrinsic spin-lattice relaxa-

tion of Fe® at similar concentrations in MgO.

INTRODUCTION

The configuration of Fe® is 34° and in an octa-
hedral field the ground state is an orbital triplet
(T's,). The point-charge crystal field model es-
timates the lowest excited states I'y,, T'y to be at
2| x|, where A, the free-ion spin-orbit coupling
parameter, is ~100 cm™. With the same model
the g value of the ground state is predicted to be
~3.5. Any orbital reduction! will reduce both the
energy of the first excited states and the g value
of the ground state.

The measured g value of the Fe? ion in CaO is
3.298, 2 and in MgO it is 3.428.° Early inter-
pretation of the g shift attributed the orbital reduc-
tion to covalency in MgO* and CaO. 2 However,
Ham has pointed out® that covalent effects on the
orbital reduction should be smaller in CaO due to
the larger lattice spacing a,. Measurement® of
the isomer shifts in Fe® in CaO and MgO by Chap-
pert et al. indicate the effects of covalency to be
less in CaO.

Ham suggested” the dynamic Jahn-Teller effect®
to be the mechanism for this reduction. The dy-
namic Jahn-Teller effect should be stronger in
CaO than in MgO, ® since the effect varies inverse-
ly with phonon frequency, and the larger a, in
CaO will depress the values of the effective pho-
non frequency.

The energy of the first excited state of Fe? in
MgO has been observed independently by infrared
spectroscopy® and spin-lattice relaxation'® and was
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found to be ~100 cm™. Assuming Ham’s sugges -
tion of the dynamic Jahn-Teller effect is correct,
we would expect to find in CaO the energy of the
first excited state to be lower and the spin relaxa-
tion via an Orbach process to be even stronger.
The purpose of this paper is to present the data
from which we find the energy of the first excited
state(s) of Fe® in CaO. The results are given
after a brief discussion of the two microwave re-
laxation techniques employed.

EXPERIMENTAL

Pulse saturation recovery11 and line broadeningla
have been observed on the Am =1 transition of
Fe? in CaO at a frequency of 8.9 GHz in two sam-
ples.

The absolute value of the concentration of Fe?
was estimated for sample 1 by comparison of its
electron-paramagnetic-resonance (EPR) signal,
obtained from a previously calibrated MgO sam-
ple.'®!3 The relative concentration of sample 1
to sample 2 was measured using Thermax'* powder
sealed in a thin plastic envelope as a secondary
standard.

The spin-recovery data were taken at 1880 G
by the pulse-saturation method using 100 mW of
pulse power and 1 uW of monitoring power. The
traveling-wave tube spectrometer'®® used in
this experiment can measure recovery time 7 as
short as 0.2 usec. For 7 greater than 5 usec,
recovery signals were extracted using a Waveform
Eductor'” and a logarithmic converter. This ap-
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FIG. 1. Reciprocal of the asymptotic spin recovery
time 7 of CaO at 1880 G vs temperature. Both scales are
logarithmic. The data from sample 1 are represented by
xand the data from sample 2 are represented by @ .

The solid curve is a least-squares fit of Eq. (1) to the data
of sample 1. The dashed curve was obtained by multiply-
ing Eq. (1) by 2.0 (the ratio of the concentration of Fe?*

in sample 1 to that of sample 2). The experimental un-
certainty for the 7 values was approximately +10% and the
experimental error in the temperature was negligible.

paratus has been previously discussed in the lit-
erature.!®%'2 For 7less than 5 usec the recovery
was photographed directly from an oscilloscope
and plotted on semilog paper. On the basis of
reproducibility, the experimental uncertainty in
the recovery time was judged to be less than
£10%.

The line-broadening data were taken with the
static magnetic field parallel to [111]. In this
orientation, each sample had its minimum residual
linewidth AH of 170 G.

The temperature of the He bath was measured
by its vapor pressure. The temperature of the
cavity wall next to the sample was monitored by a
270-Q 0. 1-W Allen Bradley carbon resistor!®
calibrated at 2.0, 4.2, and 21. 2 K and fitted to a
semiempirical equal.tion19 which yields a calibra-
tion within + 0. 5% of the absolute value of the
temperature.

RESULTS

The concentration of Fe% in sample 1, ¢;, was
found from the EPR signal to be 200 ppm. Using
Thermax'* as an EPR standard, the relative con-
centration of sample 1 to sample 2 was found to
be 2.0+0.6.

At each temperature from 1.3 to 2.5 K, the re-
covery at 1880 G from pulse saturation was a
rapid decay followed by a longer asymptotic ex-
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ponential decay. The zero-time intercept for the
latter portion of a recovery at T~ 2 K was 50% of
saturation for sample 1. The time constant of the
asymptotic section of the recovery is labeled by
7. The temperature dependence of 1/7 in this re-
gion shown in Fig. 1 is well described by AT?,
where A is a constant which was found to be in-
versely proportional to the Fe? concentration c.
The accuracy of this proportionality is limited by
the uncertainty in the values of ¢. For each of
several temperatures, the recovery was observed
to have the identical shape at several positions of
the static magnetic field within the Am =1 transi-
tion, including the position of the double quantum
transition.® The value of T was found to be inde-
pendent of crystal orientation in the magnetic
field, in contrast to the angular dependence found
for the intrinsic process of Fe% in MgO by
Lewis. 2

Above 2.6 K each recovery was observed to be
a single exponential decay. The temperature de-
pendence is described by Ble 2/T =1), where
A=34 Kand the constant B is inversely propor-
tional to ¢ and independent of orientation.

The solid curve in Fig. 1 shows a plot of the
theoretical expression

1/7=AT%+B(*'T -1)*, (1)

for a least-squares fit of Eq. (1) to the recovery
data of sample 1. The values of the constants ob-
tained along with their standard error values were
A=(1.33+0.03)x10° sec’' K2, B=(34.2+0.07)
x10° sec™!, and A=34.3+0.7 K, with a standard
deviation® ¢=0.088. For comparison, the ex-
perimental uncertainty in each value of 7 is
+10%, as discussed earlier.

It should be pointed out that the observed values
of 1/7 follow very closely 7" for T above 2.6 K,
as shown in Fig. 1. The normal Raman processes

Loa (Y %) em( L) ()

have not been used in Fig. 1 since the theoretical
values of the terms in Eq. (2) are several orders
of magnitude too small to contribute to the ob-
served recovery rate. The ® p value to be used®
is known from optical data® on CaO.

The recovery data for sample 2 is well fitted
by multiplying the right-hand side of Eq. (1) by
2.0, the ratio of the Fe® concentrations. The fit
is shown by the dashed line in Fig. 1. The standard
deviation of this curve from the data of sample 2
is 0.11, also comparable to our experimental
scatter. The fact that both coefficients vary in-
versely with ¢ demonstrates the presence of a
phonon bottleneck in both the direct and Orbach
processes at these concentrations.

Sample 1 was cleaved reducing its smallest
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FIG. 2. Lifetime broadening linewidth AH;(T) calcu-
lated by Eq. (3) vs the reciprocal of the temperature T.
The data from sample 1 are represented by Xand the data
from sample 2 are represented by ®. The solid curve is
(7.1x10% G) (3*%/T-1)"!, The scatter in the data above
10 K is due to the presence of the Am = 2 transition near
900 G.

dimension by half to 1.0 mm. Spin recovery mea-
surements were taken at 1.8 and 3.0 K; the val-
ues obtained were unchanged within experimental
uncertainty.

At 4.2 K, the EPR line shape is approximately
Lorentzian in each sample. Therefore, we use a
single linewidth parameter, AH, ,(T), the separa-
tion of the extrema of the derivative, to describe
the line at temperature 7, The temperature de-
pendence observed for the component of the line-
width due to relaxation,

AHI(T):AHp.p(T)'AHO ’ (3)

is shown for both samples in Fig. 2 over the range
T=7-18 K. The solid curve is D(e*/T —1), with
A=34.3 Kand D=7.1x10° G. For changes in A
of 12%, the systematic excursion from the data is
clearly greater than the experimental uncertainty.
At temperatures above 5 K the line of inverted
phase was present in the center of the Am =1
transition but had no effect on the linewidth or the
determination of the temperature-dependent line-
width AH, ,(T). Above 10 K, where AH, (T) is
over 450 G, contributions from the Am =2 transi-
tion to the low-field wing of the Lorentzian Am =1
line makes the determination of AH, ,(T) less pre-
cise, as reflected in the scatter in Fig. 2. The
maximum the contribution from the typical Raman
terms of Eq. (2) can be without introducing notice-
able deviation from the data is about 25% at the
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highest temperature, 18 K.
DISCUSSION

The presence of a phonon-limited relaxation®
in the one -phonon or “direct” process is experi-
mentally distinguishable from the intrinsic (nor-
mal spin-lattice relaxation) process by four char-
acteristic properties: (i) The recovery signal of
the spins is after pulse saturation nonexponential;
the recovery rate 1/7 of the resonant phonons and
spins to the rest of the world is taken to be the
long asymptotic exponential. (ii) The temperature
dependence of the recovery rate is changed from
the intrinsic value of coth(hv/2kT) to coth?(hw/
2kT). In the temperature range considered here,
this is from T to T2, to a very good approxima-
tion. (iii) and (iv) The recovery rate is inverse-
ly proportional to the concentration of paramag-
netic ions and to the phonon scattering length,

We have observed the nonexponential recovery,
the T2 dependence, and the inverse proportionality
to Fe?* concentration. We attempted to observe
the phonon scattering length dependence by cleaving
sample 1, reducing its smallest dimension by ap-
proximately half. Since the recovery rate did not
change we conclude the phonon scattering length
in this crystal to be less than 0.5 mm, consistent
with its milky appearance.

The nonexponential recovery signal cannot be
taken as proof of the existence of a phonon bottle-
neck in the S=1 system as it can be in the S= 3
system, since the rate equation for the intrinsic
process predicts a single exponential for S=3
and a double exponential for S=1. There are, how-
ever, two features of the intrinsic relaxation pro-
cess of a three-level system that are predictable
from the rate equations—the angular dependence
and a change in the recovery rate at the center of
the resonance line. These effects have been ob-
served? in Fe? :MgO at 100 ppm. In our experi-
ment on CaO we found no angular dependence and
no change in the recovery rate at the center of the
line. Based on the value of the transverse acoustic
frequency in CaO found by Evans and Kemp,  the
velocity of propagation of transverse acoustic
waves vy is approximately three-fourths of its
MgO value. This fact makes the presence of a
phonon bottleneck® in CaO at the same Fe?* concen-
tration at which the intrinsic relaxation occurs in
MgO entirely reasonable.

The recovery shape of a phonon-limited three-
level system has been analyzed by Brya, 26 and
our measurements show qualitative agreement
with this prediction. The spins initially decay at
an intrinsic spin-lattice relaxation rate (this is
strictly true only at the center of the resonance
line where the levels are equally spaced; how-
ever, it is approximately true at saturation even
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where the levels are not equally spaced) after
reaching equilibrium with the resonant phonons;
the spin (resonant) phonon system decays to the
bath temperature. At the center of the resonance
line the only substantial change in the recovery
signal was an increase in amplitude.

A phonon bottleneck in the direct process of a
triplet spin state with strong electron-phonon
coupling has been reported® # for Ni% : MgO and
evidence of a 9-GHz phonon bottleneck in Fe?*:
MgO has been found by Shiren. 28

A phonon bottleneck at the energy of an excited
electronic state generated by an Orbach process
exhibits a single exponential recovery signal after
saturation by a long pulse. The same temperature
dependence [Eq. (1)] is expected as for the in-
trinsic Orbach process. It is not clear what the
effect of interference terms between two phonon
processes, as suggested by Stoneham?® for more
than one excited state, might be in this case. The
only expected dependence of 7 in the Orbach re-
gion is the inverse concentration dependence and
the crystal size dependence. Our results for the
former show the inverse concentration dependence
expected for a bottleneck at 23.9 cm™. The latter
test was inconclusive; we attribute the absence
of crystal size dependence to the same cause as
in the direct region. The existence of a phonon
bottleneck at comparable energy (29 cm™) and at
lower concentration (10'2-10'%) has been clearly
demonstrated® for ruby by Geschwind and co-
workers,

Line broadening can be caused by shortened
lifetimes, by changes in the local strain, and/or
by exchange coupling. In the temperature range
considered here the thermal expansion coefficient
of CaO is very small, therefore, the changes in
strain are probably too small to explain the data.
The low concentrations, absence of temperature
cycling effects, and concentration dependence
argue against exchange effects. We have attributed
all of the line broadening to shortened lifetimes,
consistent with our model of the spin recovery,
even though the other causes cannot be entirely
ruled out.

We have found that the line broadening as a func-
tion of temperature is dominated by the Orbach
process and is independent of the concentration of
Fe? (see Fig. 2). Culvahouse and Richards have
treated® lifetime broadening due to an Orbach pro-
cess. In their discussion, they concluded that the
most probable explanation of the Ty /T, ratios ob-
served by Stapleton and Brower?®? in neodymium-
doped yttrium ethyl sulfate, a Kramers ion, was
a phonon bottleneck generated by an Orbach pro-
cess. Later this speculation was experimentally
verified®® using the same experimental criteria
as stated above.

8

An estimate of the magniutde of the 7° Raman
process for Fe® in MgO has been made by Ham. 3
Since many of the constants for the transition
probability [Eq. (8) of his paper] are not available
for CaO, we have used the same values for all the
constants with the exception of v, (clearly the
single most important factor since it ocecurs to
the tenth power); as stated above, v, in CaO is
approximately three-fourths the value measured
in MgO. This estimate and a similar one for T
show the Raman processes to be a factor of ~103
too long to account for the measured recovery
times. On the other hand, with A=23.9 cm™,
the magnitude of the intrinsic Orbach process is
estimated, ** using Ham’s equation (9) and the
same constants as above, to be approximately 15
times faster than the observed recovery mea-
sured here. We consider this estimate to be ad-
ditional confirmation that the observed Orbach
process is bottlenecked.

The line broadening data show these estimates
are essentially correct by demonstrating the dom-
inance of the Orbach process up to T=15 K. If
one calculates the coefficient of the Orbach term
by equating 7y to T, and 1/T,=1V3h™ guyz aH,(T),
appropriate for a Lorentzian line, the value ob-
tained is also about 15 times larger than the value
of B measured near 4 K. T, and T, are not ex-
pected to be equal theoretically® or from past ex-
perimental evidence, % however, they are expected
to be the same order of magnitude.

CONCLUSIONS

The energy of the first excited state(s) is found
to be 23.9+1.5 cm™ for Fe® in CaO. Comparison
with the value 105 cm™ for the same quantity in
MgO indicates that the dynamic Jahn-Teller effect
is, as proposed by Ham, the effective mechanism
for this orbital reduction,

Theoretical estimates of the magnitudes of the
normal Raman process(es) and the Orbach process
clearly show that the spin recovery is dominated
by the Orbach process. The line broadening data
confirm the dominance of the Orbach process
even at temperatures as high as 15 K and is con-
sistent with the value of the first excited energy
level(s) obtained from recovery data.

In CaO, we find that recovery of Fe? spins from
pulse saturation in applied fields of about 1880 G
generates a severe phonon bottleneck at ion con-
centration of 100 ppm and at sample temperatures
from 1.3 to 2.2 K. In this “direct” region, the
phonon bottleneck involves heating of 8.9- and
17.8-GHz phonons.

At temperatures from 2.5 to 4.2 K, we have ob-
served relaxation via excited states. The concen-
tration dependence of the coefficient of this Or-
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bach process shows that a phonon bottleneck is
also generated at 717 GHz.

The presence of phonon bottlenecks for Fe¥ at
100 ppm in CaO is consistent with the previous ob-
servation of intrinsic relaxation for the same con-
centrations of Fe? in MgO since vy in CaO is about
three-fourths that in MgO.
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