
of the two methods. The solution to the self-consistent
Geld equations was an eigenstate characterized by a
particular direction 0 t'Eq. (30)j.However, if the mirror
18 highly RnlsotI'oplc thc wRve suGcrs R signi6cant
amount of rotation upon reflection t cf. Eq. (27)J, so a
8lnglc dlI'cctlon of PolRllzRtlon ls) ln this casey not Rn
adequate kind of description. If the anisotropy is weak,
thc rcQection x'otation is small, Rnd it, then becomes a
good Rpproxlmatlon to say thRt thc wave 18 RlwRys 1Q

one particular direction.
Lasers having mirrors which show a weak loss anisot-

ropy have been studied experimentally, "" but no
studies have been reported for the case of a substantial
loss anisotropy. H observations were to be xnade for this
lattcI' CRsc Rnd CGDlpRlcd to thc results pl'cscQtcd hcx'c,

it shouM be remembered that the wave which is
described ln Eq. (1) is 'the wave incident upon the
RnlsotI'oplc Inlx'lox'. To 6nd thc tlansmlttcd wRvc onc
Inust tRkc Recount of thc trRQSID1881GQ IQRtllx fol thc
anisotropic mirror (assuming, as is most likely, that the
output is taken there)

IQ suD11nary, then, wc have consldclcd ln dctall R

centrally tuned laser subject to an axial magnetic 6eld
Rnd having onc end mirror which shows an x-p-type
of loss anisotropy. It was found that the behavior of the

frequency-locked modes of linear polarization is to a
large extent independent of the complex details of the
nonlinear interactions, with the result that the mathe-
matics required to describe these modes is relatively
siInple. " Thus, a consideration of these modes is
especially RppI'opx'1Rtc to the puI'pose of lllustrRt1ng
through a concrete example the differences between two
theoretical bases, namely, (a) application of the reso-
nance condition for a round-trip pass, and (b) the use
of the self-consistent 6eM, equations with distributed
loss. In general, the former method (a) should be used,
although the diGerences between the two become
negligible in the limit of small asymmetries. In the
cxaIQplc considered herc thc theory predicts ln thc CRsc

of mirrors with R strong loss anisotropy, some new
features which have yet to be observed.

~1 This Inathcxnatlcal slnlpllclty 1t should be noted, derives froID
the fact that the symmetry relations I'12) allow for a rather fuH
treatment of the eigenvalue problem; in particular, the solutions
for the frequency of oscillation and the eigenstate of polarization
do not depend on the details of the nonlinearities, which are con-
tained in the susceptibility X. Thus for the frequency-locked
modes of linear polarization the simplicity of their physical be-
havior is rejected in the mathematics. The situation would, of
course, not be so simple for other con6gxrations (e.g., two fre-
quency operation, detuning of the cavity from linc center, the
lncluslon of phase anlsotroplcs).
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Syi~-Lattice Reigxa, tiog, Of y Centers in Alkali Halides: Theory and
Optlcstl Measurements to 50 k6*

H. PaNEpvccrt own L. F. MoLLsNArTE&

Dopargygorgl of Bgyggog, pNgsorgggy of Cabforr'la, Bor'lgoloy, Cakforlga P47ZO

(Received 23 September 1968)

%'e have measured the ground-state spin-lattice relaxation «F centers in KSr and KI over the range of
magnetic Geld from 0 to 50 ko, and at the temperature of f.6'K. Essentially continuous measurement over
this large Geld range was made possible by a detection technique in which the magnetic circular dichroism
of the optical absorption band was monitored. In the range 10 to 50 kG, the relaxation rate is predominantly
that of single F centers. Here, the 6eld dependence of the relaxation rate followed very closely a curve of thc
form (AHg+BH'}coth(gpH/2KT) The 6rst term re.presents a mechanism involving phonon modnlation ol
thc hypcrGIlc contact mtcYactlon with nclghbor1ng nuclei, and ls the lalgcx term fox Ho+ 25 ko, Thc second
terxn is due to relaxation via the Kronig-Van Vlcck process. A theoretical evaluation of that part of the rate
due to the hyper6ne mechanism has produced close agreement with experimental results. In the evaluation,
the interaction with the second shell of nuclei (halogcns) was found to be of greatest importance for KBr and
KI.

I. DTTRODUCTION

A T vcI'y low temperatures, where the RRIQan
pI'occss 18 fl'ozcn outy spin-lattice I'elRxRtlon of F

centers in alkali habdcs takes place by the direct
ploccss. l IQ its gI'ound stRtc, thc F-center clcctI'on mRy

~ Supported in part by the U. S, Atomic Energy Commission.
Report No. UCB-34P20-I36.

)Visiting Research Fellow of the Consejo Nacional de In-
vestigaciones Cienti6cas y Tecnicas, Argentina.

1 For a good collection of papers~ scc Sps@-IQNk'8 g84gpARt SN

be RpproxiInately described by RQ s-type wave function
which spreads out over many lattice sites. At all but
thc highest 6elds, a relaxation process by way of
modulation of the hyper6nc interaction may pre-
domlnatc over thc common mechanism of modulation
of thc cI'ystal Geld) which fol an s-type clcct1'on Should
be very small. From measurements of 6,eld dependence

longo SoHdg, edited by A. A. Manenirov and R, Orbach (Harper
snd Row, New Pork, 1966).
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of T~ in KCl by Feldman, Warren and Castle, ' it was
concluded that the hyperdne mechanism was indeed the
major one. A further test of the importance of this
mechanism would be provided by similar measurements
on other alkali halides having the same F center
structure. For this purpose we have chosen KBr
and KI.

It is apparent from the discrepancies in the values of
T~ measured by different authors' ' that it is difBcult
to obtain the true relaxation rates for pure and isolated
F centers at low fields (Ps&10 kG). However, the
authors of Ref. 2 were able to produce KC1 samples of
extremely good quality which gave reproducible and
long values for Tz. In Ref. 6, the same authors studied
what they call extrinsic effects and found them mainly
due to relaxation via clusters of I' centers. This effect
of clusters was found to become less important as the
magnetic field was increased, and the relaxation rates
approached the values for isolated centers at the highest
6elds used, about 10 kG. A theoretical analysis of the
cluster effect was given by Glinchuk et cl., ' and also
indicates that the effect of the clusters should become
relatively unimportant at high 6eMs, especially at low
J -center concentration.

According to the above discussion, it is necessary,
or at least desirable, to measure Tj at high fields

(Hs) 10 kG) and low F-center concentration in order
to be sure that one is measuring the true values for
the isolated, Ii center. Under these conditions of high
field and, low concentration, the standard microwave
techniques are very dBFicult or impossible to apply,
both because of the high resonance frequencies in-
volved, and because of sensitivity requirements. There-
fore, for our measurements on KBr and, KI we have
chosen an optical technique of high sensitivity which
is independent of microwave apparatus and which is
very easily adaptable to varying the field, in contrast
to microwave methods. By monitoring the magnetic
circular dichroism of the optical absorption band, we
have a direct measure of the electron-spin polarization
in the F-center ground state. A burst of optical pump-
ing light provides the necessary displacement away
from thermal equilibrium to allow observation of the
relaxation. This method provided excellent signal-to-
noise ratio for P-center concentrations considerably
less than 10"/cc. It should be mentioned here that our
detection scheme is similar to that used by Karlov

~ D. W. Feldman, R. W. Warren, and J. G. Castle, Phys. Rev.
135, A470 (1964).

~ G. A. Noble and J. J. Markham, Bull. Am. Phys. Soc. 5, 419
(1960).

4W. D. Ohlsen and D. F. Holcomb, Phys. Rev. 126, 1953
(1962).' J. Mort, F. Luty, and F. C. Brown, Phys. Rev. 137, AS66
(1965).

6 R. W. Warren, D. W. Feldman, and J. G. Castle, Phys. Rev.
136, A1347 (1964).' M. D. Glinchuk, V. G. Grachev, and M. F. Dergin, Fiz. Tverd.
Tela 8, 3354 (1967) I English transl. : Soviet Phys. —Solid State
8, 2678 (1967lg.

et al.8 in their studies of the F center in KBr; however,
the authors of Ref. 8 limited their measurements of
T~ to the field range 1 to 9 kG, nor were their measure-
ments entirely independent of microwave sources.

The experimental results for KBr and KI obtained
by the above method have yielded a fi,eld depend-
ence for the relaxation rate of the form (ABs+BH')
XcothgPH/2ET for fields in excess of 5 kG. The 6rst
term corresponds to that expected for the hyperfine
modulation mechanism, and is the predominant term
for Ho+25 kG. The second term in the field dependence
is that expected for relaxation via the Kronig-Van
Vleck mechanism, and. is of major importance only for
the highest fields (Zs&25 kG).

We have used a Gourary and Adrian type wave
function, ' orthogonalized to the core orbitals of the
ions in the 6rst two shells to estimate theoretically
the relaxation rates for the hyperfine mechanism. As a
result we arrived at an expression containing only known
parameters, such as the hyperfine constants for the
different alkali halides determined from ENDQR experi-
ments. "In this way we can explain the relative size of
the relaxation rates as well as the absolute values for
KBr, KI and also KC1, which is included for comparison.
Furthermore, we show that for KBr and KI, interaction
with the second shell of nuclei (halogens) is of even
greater importance than that with the first (alkali)
shell.

IL THEORY OF SPIN-LATTICE RELAXATION BY
MODULATION OF THE HYPERFINE

INTERACTION

The different mechanisms which may lead to an
energy exchange between the electron spin system and
the lattice vibrations, and thus to the relaxation of the
s component of the magnetization are: (1) phonon
modulation of dipole-'dipole coupling between the
paramagnetic centers, (2) phonon modulation of the
crystal-field interaction with the electron spin which
takes place through the spin-orbit coupling and (3)
phonon modulation of the hyperfine interaction of the
electrons with the nuclei of neighboring ions.

The 6rst, discussed by Wailer, " yields the same
behavior with 6eld as found experimentally here for
the Il centers in KI and KBr. On the other hand, the
Wailer mechanism will exhibit a strong concentration
dependence, and leads to very large values of T& for
the low concentrations studied here; both predictions
are in contradiction with the experimental results.
Thus, this mechanism may be omitted from con-
sideration.

SN. V. Karlov, J. Margerie, and Y. Merle-D'Aubignd, J.
Phys. (Paris) 24, 717 (1963).' B. S. Gonrary and F. J. Adrian, Phys. Rev. 105, 1180 (1957).' H. Siedel, Z. Physik 165, 218 (1961)."I.Wailer, Z. Physik. 79, 370 (1932),
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The second mechanism, introduced by Kronig'~
and independently by Van Vleck, '3 leads to a II5
Xcoth (gpB/2ZT) dependence of the rate when
applied. to Kramer's conjugate states such as the Ii-
center ground state in alkali halides. The results of this
work show such a field dependence at the very highest
Gelds for KBr and KI. We defer further discussion of
this mechanism until a later section in which we com-
pare the experimental results with an expression for the
relaxation rate calculated by Kronig. "

Thus, the only mechanism left for calculation is
that of the modulation of hyperfine interaction. We
shall restrict our treatment to the contact or isotropic
hyperfine interaction, and neglect the much smaller
anisotropic terms. Further, we will be concerned only
with a region of temperature suKciently low such that
only the direct process is involved.

We should mention that Deigen and Zevin" have
employed this mechanism to calculate the relaxation
rate for KC1. However, their treatment, which requires
considerably more complex calculations, yields results
less accurate than those of the simpler theory given
below. Furthermore their theory is limited to the six
nearest neighbors, and thus it cannot explain the
differences among the various potassium halides.

For the interaction between the F-center spin and
the nsth neighboring nucleus we take the contact
hyper6ne operator:

3'.=a„I Slg(r ) l',

where a = 8m/3tt. ttr, and where f(r 0) is the F-center
wave function evaluated at the site of the mth nucleus.
Thus, at suSciently high 6elds, the splittings will be
given by

I v„=-,'a„lp(»„0)12.

The relaxation mechanism is based upon the fact
that the lattice vibrations make r, and hence K,
functions of time. For convenience, we write the nuclear
coordinate r =r '+u (t), where r 'is the equilibrium
position and u (t) the displacement from equilibrium.
Similarly, we write rt=rP+ut(t) for the F center. The
relationship among the various coordinates is shown
in Fig. 1.Furthermore, it is convenient to dedne

u~~=u~ —u~.

It will be shown later that for the f(r ) assumed here,
f(r ) is a function only of the distance rt between the
F center and the nucleus m. Thus, we are justi6ed
in expanding K in the following form .'

x(t)=ad Slf(» ) l'+a&„SV[p(r„)l'ug (t)+
+0+~pe—tt(t) ~

"R. de L. Kronig, Physica 6, 33 (1939).
'3 J.H. Van Vleck, Phys. Rev. 57, 426 (1940).
'4 M. F. Deigen and V. Ya. Zevin, Zh. Eksperim, i Teor. Fiz. 39,

1126 (1960) /English tran sl. : Soviet Phys. —JETP 12, 785
(1961l).

Vacancy center site
r

site

Fia. 1. Coordinate system defining displacement of the nstn
nucleus relative to the Il center.

X~„t(t) in the above is restricted to terms linear in the
u&, since we are interested only in processes involving
single phonons. To describe the interaction with
phonons, we must write the N~ and the e in terms of
normal coordinates, following %aller, "

ut ——P Q La~t cos(k rt)+b»; sin(k rt)]PI,J,

where eI,; is a unit vector describing the polarization
of the phonon of wave vector k. Thus, in terms of the
normal coordinates, X~„~becomes

X,.„=a+„Sg P faq;{cosk rt cost—r„)

+bq;{sink rt —sink r„)]el,; Vlf(r„)l'. (4)

Each term in the above summation leads to an in-
dependent process in which a phonon is created (or
destroyed), of the type Ms ——-'„M~, »4y-+ Me= —2t
M +1, eq,+1, where nl,; is the number of phonons of
propagation vector k and polarization vector j. The
transition probability for such a process is given by

1/ft l(——', , M , »tq;la I Sa~;(cosk rt —cosk r )
xe„vly(»„) lml-', , M +1,e„+1)l. (5)

The total transition rate will be given by an appropriate
sum of terms like Eq. (5) above.

To facilitate calculation of the individual proba-
bilities, we split Eq. (5) into two factors:

l(——',, M„la„I„Sl-'„M„+1)l
=-,'a '(I„+M +1)(I„—M„), (6a)

l(»t~+1[at;(cosk rt —cosk r )eI,; Vlig(r ) l'lrt~)l'

= P 8q; l;V;lfl'(cosk rt —cosk r )

X&»tg„+1l ag;l»tg;)

-tt(»tI„+1)—
{lcosk rt —cosk r„]

2% pp& xE e.; l,v;lyl')2, (6b)
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where the l; are unit vectors in the x, y, and s directions
which have been introduced to facilitate the summation
over i, where ~ =A/4a M, and M is the total mass of the
crystal.

To sum the probabilities we erst bring together the
cos and sin terms for a given k and j:

(cosk r~—cosk r„)'+(sink r~—sink r„)'=(k r~ )',
where we have made use of the fact that k r~„&&1 since
we are considering only low-frequency acoustic phonons.
We than have for the sum of the squares of the matrix
elements

a(eg„+1)
Z Z (k «-)'LZ(~. "~')'(~'Ill')'+" j (&)

2Ãpp~

where the dots stand for terms that will average to
zero. To evaluate the sum aver k and j we make use
of the fact that we are interested only in those values of
k for which Ikl =r/w=gPII0/v, where e is the speed of
sound. For simplicity, we have assumed a single value
of e, when in fact v is somewhat dependent upon the
propagation direction and polarization. Ke then replace
the dot products in Eq. (6) by their average over-all
polarization and propagation directions, and multiply
by 3+ (p), where 'r (v) ls the density of phonon modes:

y (v) = 4m V(w'/v') .
In the above, V is the total valume of the crystal. Thus,
over a unit frequency interval, the sum in Eq. (7)
above becomes

equivalent in terms of the experimentally measured
hyperfj. ne frequencies ~,.

If we write Eq. (10) above as W+ E——(8„+1),then
lV +——EN„. From the rate equations' it can then be
shown that the total relaxation rate due to interaction
with the sth shell is

(1/Tg), =E coth(hv/2ET). (11)

To obtain an expression for (1/2"~), which may be
compared with experiment, we have only to make a
theoretical calculation of the 6nal factor in Eq. (10)
containing V

I if I'; all the other parameters in Eq. (10)
are well known. We shall use the following wave function
for the Ii electron:

Z«~——&«zl «,.)«.,g m, a.
(12)

where S is a normalization factor, and

«p A(a/g——r)e

is the type-III Gourary and Adrian wave function9
from the point-lattice approximation; here e is the
(smallest) interionic distance and g is a variational
parameter. Thus, Eq. (12) represents the I"-center
wave function orthogonalized to all the orbitals f of
aU the neighbor ions m in the 6rst and second shells.

The overlap integrals &«pl y„) can be approxi-
mated" by

(« ~l «-s)=« ~(«.) « .,«= « ~(«-)1'-, (14)

where p is the mass density and 8, is the phonon-
occupation index for temperature T.

Also in the summation of probabilities we must
average Eq. (6a) over all possible initial-spin projec-
tions 3f, weighted by the probability of the initial-spin
state. Thus, we obtain

(I„+M +1)(I —M„)
=-,'a 'I„(I„+1). (9)

2I +1
Combining Eqs. (8) and (9), and multiplying by X„
the number of (equivalent) nuclei in the sth sheH
surrounding the F center, we obtain for the total
transition rate 8'+ for a spin Rip down due to inter-
action with the sth shell:

2h p
(5"+ ),=-——(n„+1)I,(I,+1)v.2

9pe'
L~'l~f'3'

yX.(«.)2 Q — —. (10)
I+I'

In Eq. (10) we have used Eq. (2) to replace a, with its

for the s-type ion core wave functions which give a
contribution to I/I'. The quantity is a constant with
respect to position of the nucleus m.

In calculating ~, l4 I' we first notice that the elec-
tron density at the mth nucleus depends only upon its
distance r~ from the center of the vacancy; this is
valid in the approximation where we ignore the overlap
between the core orbitals of diGerent ions. Thus,

(dl&l' '
Z(~;lel')'=I

E d«„

Furthermore, when the right-hand side of Eq. (12)
j.s squared, ct has been shown" that the most relevant
contribution to i/I' comes from the terms involving

I «, I'. Accordingly, we write

I@( -)I'=—& & ( -) I —.)'I -."'I'
gP a8

=—
I «(«-) I' & 1'-.'I «-."' I'E:

I « ~(«-) I'. (16)
~s

"B. S. Gourary and F. J. Adrian, in Solid State Physics, edited
by F. Seitz and D. Turnbull {Academic Press Inc., New York,
1960), Vol. IO, p. 246."%.E. Blumberg and T. E. Das, Phys. Rev. 110, 647 {1958).
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I4(«-) I'=It
I v r(«-) I'.

~~to ~&los

Z(v, lplp)p/
Ig pl' dr)

From Eqs. (15)-(17),we obtain

(17)

+/2
YR 1/

/2 ——

+'/2
sL

+/2
-I/2

)L
3/2 ~

JE

Replacing y& with the expression (13), we Gnally have

lo 3y.

3a lg
p

20r~

1
Zl v;IV Iglgil|t I'=4I +-

I
.

I r,„a) (19)

By inserting Eq. (19) into Eq. (10) and making use
of Eq. (11), we obtain as the completed expression
for 1/T~

1) 8h v' hr—
I

=———coth I,(I,+1)v.'
Tg), 9 p vP 2KT

2 +~/2----
S/ —/2-

tgsH

By magnetic circular dichroism, we mean differential
absorption of o+ and a circularly polarized light by the
crystal, in the presence of a magnetic 6eld Ho. Further-
more, from the definition of o-+, the light must be
propagating parallel to Ho. For transmitted and incident
intensities I+ and Io+, respectively, of o ~ light we have
the relation

I+=Ip+ expL —ly(o+) 1,

FIG. 2. Selection rules for the 5 —+ P absorption band of the
Ii center. The Zeeman splittings shown are not resolved in the
actual spectrum.

III. MAGNETIC CIRCULAR DICHROISM OF THE
OPTICAL ABSORPTION BAND AND

where l is the crystal thickness and p the absorption

THEORY OF ITS MEASUREMENT.
coefEcient per unit length. To facilitate analysis in
terms of ground-state populations, we write

From fairly recent experimental''" ~ and theo-
retical studies" we have the following picture of the
erst-excited state of the Ii center in alkali halides. The
appropriate wave function is essentially a hydrogenic P
state which extends over several shells of ions surround-
ing the F-center vacancy. Orthogonalization of this P
state to the ionic core orbitals leads to a large negative
spin-orbit splitting; the splitting is especially due to the
second shell of ions (halogens).

Qualitatively, selection rules for transitions to the
excited state should be the same as those for the is ~ 2p
transition of hydrogen, as summarized in Fig. 2.
However, even at low temperatures, the excited state
exhibits a width of hundreds of cm ', and thus direct
observation of the Zeeman e6ect is impossible. Never-
theless, because of the large spin-orbit splitting, the
band is more or less separated into P'~ and Pg parts.
Thus, it is possible to observe large magnetic circular
dichroism or Faraday rotation.

~(n') = f'n(o'+)+f n(o' )—
where n(o+, +) and f+ are the fractional-absorption
coeKcient and fractional population for the ground-
state sublevel Ms ——+g, and n(o+, —) and f are the
corresponding quantities for Ma= —2. We choose to
measure a circular-dichroism signal defined by

S=2(I+ I )/(I++I )=DI—/Io„

SP.) =2lyp(&) I'.=XI'.,
'

n++n
(21)

by switching the monitor beam rapidly between o-+ and
o. light. From the fact that the ground state is a
Kramers' doublet, the absorption from that state must
obey the symxnetry n(o+, +)=n(o, —)=—n+ and n(o+, —)
=n(o, +)=n Und—er t.he assumptions that S«1 and
that lLy(o+) —p(o )j«1, it can be shown that

''I F.Luty and J.Mort, Phys. Rev. Letters 12, 45 (1964).' R. Romestain and J. Margerie, Compt. Rend. 258, 2525
(1964).' J. Margerie and R. Romestain, Compt. Rend. 258, 4490
(1964).

~ J. Gareyte and Y. Merle d'Aubigne, Compt. Rend. 258, 6393
(1964)."D.Y. Smith, Phys. Rev. 137, A574 (1965).

where P. is the ground-state electron-spin polarization
f+ f, and where —yp is the absorption coeKcient for
HO=0. E is a constant independent of B, and de-
pendent primarily on the monitor wavelength X, the
crystal thickness, and the E-center concentration. K
will be dependent on the temperature T only to the
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FIG. 3. Magnetic circular dichroism signal S(A) for the Il
center in KI at H0 ——10 kG and T=1.65 K. The quantities X„
and X are the pump and monitor wavelengths, respectively
(see text).

IV. EXPERIMENTAL

A block diagram of the apparatus is given in Fig. 4.
For most of the experiments described belovr, the
magnetic Geld was provided by the small superconduct-
ing solenoid shown; for 6elds of less than 0. / kG, the
superconducting magnet was replaced by a copper

Thermal ecivilibrium sipnol

FIG. 4. Buildup of dichroism signal with optical pumping and
decay back to thermal equilibrium. The very clean curve reQects
the excellent signal to noise ratio attainable with optical detec-
tion; the decay curve is accurately exponential. (H&= 800 G.)

~ C. D. Jerries, Phys. Rev. Letters 19, 1221 (1967).

extent that the absorption band is broadened and
shifted at high temperatures.

In Eq. (2l), the quantity I'= n+ —njn—++a, which
we choose to call the "magnetic circular dichroism
coeKcient", is also a function of P. From the relative
transition probabilities shown in Fig. 2, it can be seen
that if the spin orbit splitting sects a nearly complete
separation of the I'~ and I'y parts of the band, I'(X)
can be on the order of unity for the optimum wave-
length. A large value of I' is of course desired for good
signal-to-noise ratio. Figure 3 shows a typical measure-
ment of S(lh,) for the F center in KI at a axed tempera-
ture and Geld; the curve is thus proportional to the
product yp(X) I'(X).

A large value of I' is also of great importance for
optical pumping of the electron spins with circularly
polarized light. That is, if one assumes equal proba-
bility for return to the ground state, then F represents
the value of —I'. to be obtained for saturated pumping
with 0+ light of a given vravelength. For further details
and the appropriate rate equations see Ref. 22.

Helmholtz coil external to the Devrar. The samples,
typically about 5XSX1 mm thick, vrere centered in
the magnet bore vrhere they could intercept the monitor
beam propagating parallel to B0. Both sample and
magnet were subject to the same He bath at 1.65'K.

The monitor beam consisted of a very narrow band
of wavelengths centered, about X„=6800 A for KI and
X„'=6328A for &Rr. (See Fig. 3). The beam was
switched from 0+ to a. light by a vibrating quarter-
wave plate of fused silica dynamically stressed at its
mechanical resonance frequency of 16.7 kHz by piezo-
electric transducers. The modulator and its proper
adjustment have been fully described elsewhere. ~

To allovr measurement of very small dichroism
signals, the monitor-beam optics were carefully purged
of all spurious circular dichroism. In the Grst place,
all optical elements betvreen the modulator and the
sample had to be free of rotation; in this connection,
the Devrar windows w'ere of a special strain-free design,
also described elsewhere. '4 Furthermore, all optical
elements following the sample w'ere such that no one
linear polarization was favored over any other. Thus,
it was necessary, for example, to use total internal
reQection in a right-angle prism to turn the monitor-
beam direction by 90'.

%ith the above precautions, it was possible to reduce
the residual signal (that obtained with no sample or
equivalently, that obtained at Ha 0) to an imme—a—sur-
able level. That is, the residual signal, if any, repre-
sented a modulation of the transmitted intensity of
considerably less than one part in 10'. Furthermore, I&,
corresponded to a Qux of about 10" to 10" photo-
electrons per second. For the above two reasons, it
was possible to measure circular-dichroism signals as
small as one part in 10' when the lock-in integration
time vras 1 sec.

To facilitate the measurement of small changes in a
large dichroism signal, it was necessary to stabilize I~,
against lovr-frequency noise sources, such as Qicker of
the xenon lamp supplying the monochromator. This
stabilization was accomplished by means of a servo
loop in which the photomultiplier tube power-supply
voltage vras controlled by Ig, itself. The feedback loop
contained a single-time constant of the smallest value
such that the feedback vrould produce no measurable
effect on the 16.7-kHz dichroism signal. Thus, a great
deal of correction was provided against noise com-
ponents whose frequencies were less than, say, a few
hundred cycles per second.

To measure spin-lattice relaxation times, it was
necessary to perturb E. from its thermal equilibrium
value; this was accomplished by optical pumping with
circularly polarized light from a 200-W Hg arc lamp.
An interference Glter limited the pump light to a narrovr

~L. F. Mollenauer, D. Downie, H. Kngstrom, and W. B.
Grant, J. Appl. Opt. (to be published).

~ L. F. Mollenauer, C. D. Grandt, W. B. Grant, and H. Pane-
pucci, Rev. Sci. Instr. 39, 1958 (1968).
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band of wavelengths centered about XR=6300A for
ID; a corresponding pump wavelength lLR'=58004
was used for KBr (see Fig. 3). A complementary
interference Glter centered at P or X

' and installed in
front of the detector completed the separation of the
beams.

As an alternative to optical pumping, it was also
possible to obtain a large initial value of

~
E.

~ by raising
IIO to several tens of ko. The Geld could then be
switched in a fraction of a second to the value at which
the measurement was to be taken. This method was
used only for Ho in the low-Geld range where relaxation
times w'ere very long.

For the measurement of long times (Tq&5 sec) the
lock-in signal w'as read out directly by a chart recorder.
A typical example of the data thus obtained is shown in
Fig. 5. For shorter times (TL&5 sec), consecutive
signals were ad.ded in a Nuclear Data Enhancetron
Model No. 1024 to improve the signal-to-noise ratio.
The latter process was automated by means of a
solenoid-actuated mechanical shutter in front of the
pump lamp.

The samples were prepared from Harshaw crystals
both by the method of additive coloration and by an
electrolytic process. For the former, the crystals and
a small quantity of potassium metal w'ere sealed into
an evacuated tube and baked at a temperature of
600'C for times on the order of 10 min or less. The
method is treated in detail by Van Doom." In the
latter, the crystals were subject to an electric Geld of a
few hundred V/cm, again at a temperature of 600'C.
To avoid the deleterious eGects of oxygen and water
vapor, the process was ca.rried out in an atmosphere of
nitrogen. The Geld was turned oG when the current
through the crystal had risen to a predetermined. value,
and the crystals quenched by rapid cooling to room
temperature or lower. Although the sample properties
at high magnetic Geld seemed to be independent of

"Van Doom, Rev. Sci. Instr. 32, 755 (1961).

sample-preparation technique, the longest relaxation
times at low 6eld were found for the electrolytically
colored samples (see Sec. V). Since, in addition, the
electrolytic process was easier to control, most of the
samples were prepared by that method. The resulting
F-center concentrations never exceeded 10LR/cmR, as
d.etcrmined by absolute measurement of absorption
band strength.

Finally, a few details of the superconducting magnet
should be of interest on account of its high perform-
ance and low cost. The magnet was designed and built
in this laboratory. It was wound of uninsulated copper-
clad Nb-Ti wire on a copper spool of approximately
40-mm length by 30-nun outside diam, and had an
inner bore of 9 mm. The only insulation used was that
provided by single layers of porous Gberglass cloth
betw'een winding layers. Despite its small size, the
Inagnet could. produce Gelds up to 55 kG at a current
of 70 A; this performance corresponded very closely to
that 1isted by the wire manufacturer for short samples.
A simple but eS.cient heat exchanger on the current
leads in the path of the He blow-oG gas reduced the
measured heat load on the He bath at full current to
less than 300 m%.

Calibration of the magnet was by means of the
Zeeman eGect of the E~ line of dilute ruby. The splitting
scheme is well known from the analysis of Sugano and
Tanabe, ~s and the pertinent g factors are known
accurately from resonance experiments. '~'8 The ruby
sample, which was only 4 mm thick in the direction
parallel to its C axis, was mounted with that axis
accurately parallel to Ho. The E&-line fluorescence was
analyzed by the modulator of Fig. 4 before it was passed
thl ough a high"resolution gratlIlg spectrometer and
from there on to the detector. Thus, it was possible to
resolve Zeeman splittings (between 0+ and 0 com-

~6 S. Sugano and Y.Tanabe, J.Phys. Soc. Japan D, 880 (1958).
«~ J.E. Geusic, Phys. Rev. 102, 1252 (1956).
&s S. Geschvrind, R.J. Co11ins, and A. L. Schawlovr, Phys. Rev.

Letters 3, 545 (1959).
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ponents) at low Geld where they would not be resolved
in the direct spectrum. At fields in the neighborhood
of 50 kG, the splittings produced were more than one
order of magnitude greater than the widths of the
individual components. The magnet current was
measured in terms of the voltage drop across a heavy
manganin shunt and read out on a digital voltmeter.
Thus, to within the accuracy of the above method,
which is considerably better than 0.3% at high 6elds,
we were able to show proportionality between Ho and
the magnet current for all fields up to the maximum.
A calibration point near the maximum was used in
setting the digital voltmeter to read the field directly
in G.

I/Tr= (AEP+BZ') coth(gPH/2ET), (22)

where (T) 'is in sec ', H is in G, and where the pararn-
eters A and 8 have been determined from a computer-
generated least-squares fit of expression (22) to the
experimental points. In the fitting, all data points
below H=5 ko were thrown out, as the behavior in
this region is similar to that observed in Refs. 2 and 6,
which was shown to be due to clusters of Ii centers. ' 7

Since the relaxation rates span several orders of magni-
tude in the region of interest, the fitting was based
upon the fractional deviations of the experimental
points from the theoretical curve. The values of A

and 8 thus determined are given in Table I, where we

have included an appropriate value of the parameter

t
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FIG. 6. Experimentally measured relaxation rates and 6tted curves
for the F center in KI and KBr (see text).

V. RESULTS AND DISCUSSION

The principal experimental results are summarized
in Fig. 6. The solid curves are of the form

TABLE I.Values of the parameters A and B to make the curve 1/T&
= (AH'+BH') coth(gpZ/2KT) at the experimental points.

Crystal

KI
KBr
KC1

A
(sec 'G ')

9.&1X10 '4

1.05X10 '4

2.8 X10 '6

B
(sec-~ G-B)

10.0 X10~
1.68X10~

Theoretical values of the parameter A are given in
Table II. In the computation of the theoretical rates,
the values v= (c44/p)'I' were chosen for the speed of
sound, and the values of g used for KBr and KI repre-
sent extrapolations of values given in Ref. 15 for other
alkali halides.

The values of v& were those determined by the ENDQR

experiments of Seidel."A ~ and A2 represent the contri-
butions from the first and second shell of nuclei,
respectively; no higher shells were found theoretically
to make significant contribution. Thus, the total
theoretical rate is given by A =A&+As. It is interesting
to note that most of the hyperfine relaxation mecha-
nism in KCl is contributed by the first shell, whereas
the second predominates for KBr and KI. This shift
in relative importance of the potassium versus the
halogen nuclei is due primarily to the large nuclear
magnetic moments of Br and I.

The last column of Table II compares theory to
experiment. In view of the many approximations that
had to be made in the calculation, the agreement in
absolute value is about as good as could be reasonably
expected. However, in judging the correctness of the
theory, it is of much greater significance that the ratio

A for KCl from the data of Warren, Feldman, and
Castle. '

The theoretical curves of Fig. 6 should be an accurate
representation of the empirical behavior of the isolated
Ii center. In the first place, the data points for samples
prepared in different ways and of varying F-center
concentration all converge closely in the high-field
region. Furthermore, no field dependence is to be
expected theoretically other than that given by the two
terms of expression (22) for the hyperfine and Kronig
mechanisms. For the determination of the parameters
A and 8, the least-squares fitting described above
reduces the eGects of random error by a very large
factor when the number of data points is large. Finally,
no significant systematic error is expected for the experi-
mental technique used here.

We are now able to give precise expression to the
qualitative statements made earlier about the relative
importance of the two relaxation mechanisms. That
part of the rate due to the hyperfine mechanism will
be given by the fraction A/(A+BZs); this fraction is
plotted in Fig. 7 as a function of H for both KI and
KBr.
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TABIE II.The parameters A as computed theoretically from expression (20), and comparison with A experimental.
The values of important parameters appearing in (20) are included.

Crystal

KI
KHr
KCl

ps/1025
(cm/sec)'

2.1
4.5

16.9

2.70
2.54
2.44

MHz

10.4
18.3
21

49.5
42.8

7.0

AI/10 "
sec ' G '

13.4
9.8
4.5

Ag/10 D

sec ' G '

1170
182

1.7

A/10 '~

sec ' G '

1180
193

6.2

~expt. /~ theor.

8.2
5.5

of experimental to theoretical rates is nearly constant
as one goes from KC1 to KI; this fact becomes especially
signi6cant when one realizes that the corresponding
absolute rates span a range of roughly 300 to 1. That
is, in view of the great similarities among F centers in
the various crystals, it is likely that the absolute values
will be in error by a common multiplicative factor
arising primarily in the calculation of V~f~s. Never-
theless, the constancy of the ratios rejects the fact
that the experimental values are scaling properly
according to factors such as ~~' and e ' in expression
(20). In view of the above agreement, we are left with
little doubt that our theory is~essentially correct.

The fact that our theoretical relaxation rates are
smaller than those observed could be attributed to the
neglect of the ion-ion overlaps in the wave function
(12).Inclusion of such terms in C will make the electron
density

~
i/i

~

' at a given nucleus depend upon the mutual
displacements of all the others; this will have the efI'ect
of allowing the phonons more opportunity to act upon
the electron spin. The preceeding argument could
explain the somewhat too fast relaxation rates obtained
in Ref. l4 for KCl where the authors have overesti-
mated the mutual dependence by using molecular
orbital-type wave functions for the F electron.

Unfortunately, no proper calculation of the Kronig
mechanism is yet available for the F center. However,
in his original paper, "Kronig treated a problem similar
in most respects except for the detailed nature of the
wave functions. Thus, in addition to yielding the exact
6eld dependence, Kronig's expression for the relaxation
rate should also indicate, at least approximately, the
proper dependence upon the spin-orbit splitting 8 and the
energy of the first excited state 6 relative to the ground
state. The expression should also yield a very crude
order-of-magnitude agreement in absolute value
between calculated and experimentally determined

TABLE III. Values of the parameter 8 computed from expres-
sion (23), and comparison with 8 experimental. Some parameters
entering into the calculation of 8 theoretical have been included
for convenient reference.

rates. In a slightly modi6ed form, Kronig's expres-
sion 1s

1 3 1 e4 fgP st b~s 1 gPIJ
~

—
~

—XHs coth, (23)
Tr 4vsh4 pas ( v kg j rg 2KT

)00

90

80
E

'E 70
D

Vo eoE
Oc

50I
CL

40

30

20

20

30 .eEc0
40

E

5o 'c
0

hC
60 c

70 o

80

where u is the lattice constant and e is the electronic
charge. Table III gives the values of the parameters 8
calculated for KBr and KI from expression (23), and
compares them to the experimentally determined
parameters 8 of Table I. Although the intercomparison
would be more meaningful if data were also available
for KC1, at least it can be seen from the above that
in the comparison of KBr to KI, the theoretical rates
are in the same ratio as the experimentally determined
ones. As for the very rough correspondence in absolute
rates, one can at least be assured that the Kronig
mechanism is capable of providing an effect of the size
observed. In view of the simplicity of the F center and
its consequent amenibility to theoretical treatment,
and in view of the fact that accurate experimental data
are now available, a proper calculation of the Kronig
mechanism for the alkali halides should be most
rewarding. Until such computation is made, our con-
tention that the behavior at very high 6elds is due to
the Kronig mechanism must rest primarily upon the
very close conformity of the experimentally determined
6eld dependence to the theoretical behavior Tq '
~ Bs coth(gPH/2KT).

Crystal h, cm' ~theor. ~the or. /~empt,
10— —90

KI
KBr
KCl

15.8X 10-3
9.1X10 3

47X10 '
15 300
16 800
20 600

24 X10 ~ 24.0
4.1X10 ~ 24.4
3.6X10 "

0 5 1Q 15 20 25 30 35 40 45 50

H, ks

Fro. 7. Percent of relaxation rate due to hyperfine and Kronig
mechanisms as a function of IIQ.



598 H. PANEPUCCI AN D L. F. M OLLE NAUE R

VI. APPLICATION TO OPTICAL PUMPING
OF NUCLEAR SPINS

The original aim of this work was to elucidate several
questions concerning the applicability of the nuclear
polarization schemes proposed by Jeffries22 to F centers.
For systems exhibiting hyperfine contact interaction
between paramagnetic electrons and nuclei, these
schemes involve polarization of the electrons by optical
pumping, and transfer of this polarization to the nuclei
through selective relaxation between hyperfine levels.
Although a complete discussion of the optical-pumping
problem is beyond the scope of this paper, it is never-
theless fitting that we point out briefly how the principal
results of the work apply to that problem,

First, our optical-pumping experiments established
that with easily attainable light intensities, it was
possible to completely overwhelm the spin-lattice
relaxation rate, and thus to obtain saturated pumping
of the electron spins for Ho in the following ranges:
0~HO&5 kG for KI and 0 Ho&'7 kG for KBr. Our
criterion for saturation was that the value of P, ob-
tained for pumping with 0-+ light be equal in magnitude
(but opposite in sign) from that obtained for pumping
with 0 . The saturated values of ~P, ~

thus obtained
were 40% and 12% for KI and KBr, respectively;
these values should be equal to the magnetic circular-
dichroism coeScient I" of Sec. IV. From absolute
measurements of the dichroism, '" one can compute
values of I' that are in good agreement with the above
results. It is also of some interest to note the values of
Geld at which optical pumping in opposition to the
relaxation was just able to bring E, to zero; these
values were. Ho= i5.6 kG and Ho= 18 kG for KI and
KBr, respectively. The above results are rather sensi-
tive to the spectral characteristics of the pump lamp
and could be altered significantly with use of other
pump sources.

As an intermediate step in the polarization of nuclei
distant from the F center, it is necessary to polarize
the nuclei making direct contact with the F-center
electron; most effective here would be the 12 equivalent
halogen nuclei of the second shell. From our study of
the relaxation mechanism, we may be reasonably
certain that under the proper conditions, the contact
interaction nuclei will be polarized with optical pump-
ing. For that range of field Ho where the hyperfine
relaxation mechanism is dominant, the pertinent
relaxation operators are J+S and I S+, i.e., the nucleus
must always undergo a change 63fq= —EM8=&1.
Now, suppose the optical pumping tends to put a
majority of the F centers into the 3IIs=+~ set of
hyperfine levels. All of these will be able to relax except
the level Mr ——+I. The net result of a number of

pumping cycles will then be to allow' buildup of popu-
lation in that hyperfine level, and thus the contact
nuclei will tend to become polarized.

On the other hand, for relaxation by the Kronig
mechanism, the pertinent selection rule is b,Mz=0.
Thus, the nuclear spin pumping described above will

tend to be destroyed by Kronig relaxation, and hence
we would expect the polarization of contact nuclei to
disappear at very high field. Similar arguments may
also apply for relaxation by the "extrinsic effects"
seen at low Gelds. But for Gelds in the range of, say,
5 kG&HO&15 kG, where neither of these mechanisms
is important relative to the hyperfine mechanism,
optical pumping of the contact nuclei may well be rather
eScient.

If the contact nuclei are indeed polarized, it may then
be possible to transfer this polarization to distant
halogen nuclei through spin diffusion or through cross
relaxation. To detect the polarization, one would
perform a standard NMR experiment on the distant
nuclei and compare signal intensities with and without
optical pumping of the P center. The range of field
for which such an effect is most likely is that indicated
in the above paragraph; especially effective here may
be a cross relaxation point between the distant and
contact iodine nuclei in KI which occurs at 14.65 kG.
We have not yet performed such an experiment in the
appropriate field range for lack of a suitable magnet.
Previous to this study, we did attempt to see the eGects
of optical pumping at very low Gelds, but with negative
results. However, according to our study of the spin-
lattice relaxation, these Grst unsuccessful attempts in
no way preclude the possibility of positive results at
higher Geld.
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