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The Raman spin-lattice relaxation time T&n for the oxygen divacancy (8& ) center in synthetic crystalline
quartz measured in applied magnetic fields of 3 kOe is accurately given by
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where B=0.25 sec ', C=250 sec ', and D=300 000 sec ', and the characteristic frequencies have the cor-
responding temperatures of x1T=20&2'K, x2T=125~10'K, and x~T=1400&300'K. The two lower fre-
quencies are interpreted in terms of mechanical resonances localized at each center and having large reso-
nant amplitudes. The highest frequency is tentatively associated with some of the optical modes of the
SiO~ lattice. There is no evidence for relaxation by the acoustic modes having the normal Debye cutoB.

INTRODUCTION

A RECENT paper' presented a rather extensive set
of data on relaxation of 8' centers in synthetic

crystals of quartz showing an unusual temperature de-
pendence. A model was discussed in which the local
strain at each defect center is strongly aA'ected by the
presence of localized motion of the defect atoms having
characteristic resonance frequencies at small fractions
of the Debye frequency. The theoretical expressions
used to At the data were derived on the assumption
that the motion at the characteristic frequencies was
heavily damped. They gave a T' dependence for tem-
peratures above the value corresponding to each charac-
teristic frequency. Since then, measurements' have been
made of relaxation of E' centers in vitreous silica. Those
data cannot be fitted acceptably by the theoretical ex-
pressions for heavy damping but are well fitted by
expressions derived on the usual assumption of lattice
dynamic calculations' made for a harmonic la, ttice.
Thus, the resonance modes localized at defects in vitre-
ous silica involve enhanced amplitudes at the charac-
teristic resonance frequencies. More data were needed
to decide in the case of crystalline Sio&.

It is the purpose of this note to present more complete
relaxation data on the oxygen-divacancy (Et') center
in synthetic crystalline quartz and an interpretation of
those data in terms of large amplitude motion in the
resonance modes of the defect center.

METHOD

described. ' Lattice temperature was varied from 4.2 to
250'K. Our usual inversion-recovery technique was used
with the modification' which allowed accurate values
to be taken at closely spa, ced temperatures over the
whole range.

In order to obtain the Raman relaxation da, ta, the
value of 1/Ttn was subtracted from each measured
value of 1/r. The direct process had been previously
determined' to be 1/Ttn = 1.1(10 ') T.

The calculation of the transition probability for the
Raman relaxation involves a complicated sum involving
the fourth power of the local strain. The sum is taken
over all the la, ttice modes, where the strain factor is
expected to have a peak in the region of each of the
characteristic frequencies. An illustration of the strain
factor for a grossly simplified model was given in Fig. 5
of Ref. 1. The sum is replaced by a series of simple,
definite integrals; in the region of a characteristic fre-
quency, the strain fa.ctor is replaced by its pea, k value
for the appropriate frequency interval. If the peak local
strain is enhanced sufficiently, the integral involving
it dominates the sum. The Raman relaxation then has
the form

1/Tt g =B exp (x,)/(exp (x~) —1)',

where x,=Are;/kT. The above expression corresponds to
N, (I~+1),where rs, is the occupation number of phonons
of frequency cv;. The form is this simple because the
process of relaxation involves the creation and the de-
struction of phonons at cu; only.

The spin relaxation time constant v was measured
again at 9 Gc/sec in one of the samples previously

RESULTS

The Raman relaxation times are plotted in Fig. 1.
All the data taken are plotted, with the vertical bars
indicating the statistical accuracy of about ten percent
for each point.

Et is clear in Fig. 1 that 1/Ttn has a temperature de-
pendence which fluctuates between T' and higher
powers of T. Therefore, one or more of the T' functions
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used previously' does not give an adequate fit to the
data.

All the data below 150'K are accurately fitted by a
sum of two terms of the form of Eq. (1) involving only
four adjustable parameters; this is shown in detail in
Figs. 2 and 3. The two characteristic frequencies for
the best fit correspond to 20&2'K and 125~10'K.

The additional relaxation observed above 150'K can
be represented by a term in 1/T&z of several forms;
x J6(x), or x Js(x), or exp( —x), where xT is another
characteristic temperature with a value of at/least
1100'K.
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FIG. 2. Raman relaxation in the low-temperature region.
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teristic frequency of vibration is different from the
Orbach process~ in which the interaction per unit strain
is enhanced at a characteristic frequency of electron
excitation of the center.

The additional relaxation which appears at tempera-
tures above 150'K may be due to the normal type of
Raman relaxation, say x ~J&(x) with xT being an effec-
tive Debye limit. However, to fit the few data points
well requires a value for xT which is significantly higher
than the specific heat value of about 750'K. Therefore,
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Fro. 1. Reciprocal of Raman relaxation time versus
temperature, measured at 3 koe.
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DISCUSSION

The spin attached to the silicon atom in an oxygen
divacancy (E&') is apparently relaxed at temperatures
from O'K up to about 150'K by just two mechanisms,
each contributing a term of the form of Eq. (1). The
significance of this form is that the strain due to motion
at ~; is very large. The Raman relaxation produced by
strain at co; completely overshadows the relaxation due
to all the other frequencies up to the Debye limit. An
estimate from a complete sum of terms in 1/Tr~ in-
dicates that the strain modulus at co; must be at least
a factor of 10 larger than that due to normal phonons,
in order for the. T' terms to be overshadowed. This
Raman relaxation due to enhanced strain at a charac-
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Fxo. 3. Raman relaxation in the high-temperature region.
The solid curve is the sum of the dashed curves.
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we prefer an explanation which does not involve the
acoustic modes of the lattice.

A term of the form of Eq. (1) with xsT=1400'K
could also be written as D exp( —xs). Such an expression
would be expected from any process involving optical
lattice modes. In fact, the value we find for x3T is con-
sistent with the energies observed in Raman spectra
and infrared spectra of quartz. '—"

CONCLUSIONS

The spin-lattice relaxation of the spin attached to the
silicon atom in the oxygen divacancy (Et ) center in
crystalline quartz is given accurately from 1.3 to 250'K
by the expression

1/Tt AT+B——(e*'/(e*' 1) )+C—(e*'/(e" 1)s)+D—e *&,

s A. Kats, thesis, University of Delft, 1961 (unpublished).
W. G. Spitzer and D. A. Kleinman, Phys. Rev. 121, 1324

(1961).
'0 D. A. Kleinman and W. G. Spitzer, Phys. Rev. 125, 16 (1962).

where 2 =0.011 sec ' 'K ', 8=0.25 sec ', C=250 sec ',
a=300 000sec ', xIT=20&2'K, x2T=125&10'I, and

x3T= 1400&300'K. The three exponential factors corre-

spond respectively to characteristic frequencies of mo-

tion at the defect of 4.1)&10",2.5)&10", and 2.9)&10"
cps. The dominance of the first two terms shows the
existence of large strain amplitudes at the defect for
the frequencies of these two localized resona, nce modes.
The last term indicates the probable role of optical
modes of the normal lattice.
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Theoretical values
E A

(eV)

1.31a0.07
1.23&0.10
1.37&0.07

1.06
1.08
2.00.

38&9
2.1+0.5
8.5&1.8

1.88%0.02
1.38+0.02
1.84~0.01

Gadolinium
Erbium
Ytterbium

The Saha-Langmuir theory was found to be inadequate for the surface ionization of complicated atomsin
beams on single-crystal tungsten surfaces. This work makes clear the necessity for more detailed theoretical
studies of the process. An auxiliary measurement of the work function of the (112) surface of tungsten
yielded 4.85&0.07 eV.

The surface ionization of Gd, Er, and Yb atomic beams on a clean (112) tungsten surface has been studied
in an ultrahigh-vacuum mass spectrometer. For the first time, the absolute ionization eKciencies have been
determined as a function of surface temperature. The degree of ionization a was found to follow the general
form of the Saha-Langmuir equation A o.=Ae ~~~. The magnitudes of A and 8, however, are not consis-
tent with the predicted values. Values of A and E are summarized below:

Material Experimental values
A

(eV)

I. INTRODUCTION

A. Foreword

~ 'HE phenomenon of surface ionization (SI) has
been studied for the alkali metals on tungsten

surfaces since 1923. Zandberg and Ionov' have pre-
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sented a thorough review which includes critiques of
the major experiments in the light of present knowledge.
Kaminsky' has written a useful summary of the experi-
mental work in SI.

Both the temperature dependence and the absolute
magnitude of SI efficiency in the eery low efEciency case
have not adequately been studied. The agreement of
the temperature dependence with theoretical predictions
is not conclusive. Absolute efhciency work in the very
low efIiciency range has been limited to copper and

' M; Kaminsky, Ergeb. Exakt. Naturw. (to be published).


