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Nuclear polarization of Tm(l= 2) is achieved in a crystal of CaF2 containing a small frac-
tion of paramagnetic Tm ions (S=~) by optically pumping with circularly polarized light in
the region 5400-6000 A, where there is a large magnetic circular dichroism. By optical
pumping alone at T= 1.65 'K and in a field H= 750 G a nuclear polarization of 9% is observed.
If the I, S rf transition is simultaneously saturated, the polarization increases to 18%. The
polarization is reversed by changing from left- to right-circularly polarized light. These
results are understood in terms of a model in which a large degree (-90%) of nuclear-spin
memory exists in the optical-pumping cycle. The experiment proves the feasibility of sig-
nificant nuclear polarizations in solids by optical pumping. A small polarization of the abun-
dant SF nuclei is produced by a three-spin cross-relaxation process with two optically pumped

Tm ion s.

I. INTRODUCTION

Methods in use for orienting nuclei in solids,
broadly classed into thermal-equilibrium methods
and dynamic methods, generally require temper-
atures in the range 1-10 2'K, usually high mag-
netic fields, and also microwave pumping for the
dynamic methods. Oriented samples of nuclei
are of considerable utility in solid-state, nucleaV,
and elementary-particle physics; we refer to some
reviews' for details; the results have certainly
justified the experimental complexity required.

On the other hand, in gases it is well known that
the idea of optical pumping, introduced by Kast-
ler, ' is a relatively simple room-temperature
method, and in certain substances, notably 'He

gas, a special technique has lead to sizable and
useful nuclear polarizations. ' The idea that nuclei
in solids might be polarized by optical pumping had
been considered, 6 but no successful experiments
were reported, although the important work of
Karlov, Margerie, and Merle-O'Aubignev on I'
centers suggested that it might be possible. A re-
examination of the mechanisms involved, and, in
particular, resonance and relaxation in the ground
state of paramagnetic species in solids, led us to
propose several specific schemes, with these
general features: production of electron-spin polar-
ization by pumping with, say, circularly polarized
light; transfer of this polarization to nuclei through
any of several phenomena: hyperfine (hfs) coupling,
selective spin-lattice relaxation processes, satu-
ration of microwave transitions, or multispin cross
relaxation. The schemes are essentially mixtures
of ideas from optical pumping in gases and micro-
wave dynamic polarization in solids. The justifica-
tion for considering such schemes is that nuclei
not amenable to other methods may be oriented,
and that in principle, if not yet in practice, sizable

polarizations are possible at room temperature,
in contrast to existing methods for solids, where
the polarization is determined by Boltzmann factors
e ", which can only be made large enough at low
temperatures.

The advent of the solid-state laser has greatly
stimulated the development and study of crystals
that can be optically pumped. In particular the
detailed studies by Anderson, Weakliem, and
Sabisky' of the magnetic circular dichroism (MCD)
of CaF&.'Tm ' led us to use this crystal to achieve
the first significant nuclear polarization in a solid
by optical pumping, briefly reported earlier. " In
this paper we give fuller details and report a higher
polarization P„(tTm) = 18%%uc, as well as a small
polarization of the abundant ' F nuclei. Small
polarizations of order 10 %%uc, have been obtained by
optical pumping for Si in silicon by Lampel by
a method similar to that discussed here, and for
protons in anthracene by Maier et al. '3 through a
rather different mechanism involving spin-selec-
tive deexitation to an excited triplet.

To fix ideas in a simple resume of our method,
consider a CaFs crystal containing about 0. 05%%uc

Tm ' ions, which substitute for Ca ' in the lattice.
In a magnetic field II the effective-spin Hamiltonian
of the electronic ground state is'

X=gP~H S+AI. S-g„' p~H I . (1)

The first term is the Zeeman interaction of a spin
S, representing a Tm~' ion with isotropic g factor;
S = —,

' and p~ is the Bohr magneton. The second
term is the hfs interaction of S with a nuclear spin
I, representing t'sTm, 100%% naturally abundant,
with1= ~. The third term represents the nuclear
Zeeman interaction, and will be neglected. In
a large field the states are well described by the
basis states IMsMI), where Ms=+-,', M, =+ —,'; the
notation is shortened to l++), etc. , in Fig. 1,
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FIG. 1. Energy levels for the Tm ' hyperfine system
in a large magnetic field, showing optical pumping rates
U~' for 0+ polarized light, spin-lattice relaxation rates
re~~, and populations achieved by optical pumping and rf.

which shows the energy levels, relative populations

n&, as well as spin-lattice relaxation rates m&& be-
tween the various levels, and an optical level or
band to which we induce transitions by illuminating
the crystal with circularly polarized light. Assume
that pumping with right-hand (o') light induces
transitions at the rates U,' and U', as shown, where
the superscript refers to a' light and the subscript
to the sign of M&. The important point is that U,

'
and U

' may be significantly different. This comes
about because the light wave is coupled only to the
electrons and the transitions obey the selection
rule ~1=0, ~&=+1, where J is the true angular
momentum, not the effective spin. The exact
values of U,' and U ' depend on the detailed make-
up of the true ground state and excited-state wave
functions, but it suffices at this point to simply
state that CaF2. Tm2' has an unusually large MCD
and that (U '/U, ')= 0. 6 at visible wavelengths. ~0 It
is not unreasonable to assume a reasonably large
degree of nuclear-spin memory (i.e. , nM, =O) in
the complete pumping cycle because the nuclei are
only weakly coupled to the lattice. This means
that ions pumped up from the left-hand side of Fig.
1 will return to the left-hand side, etc. We also
postuLate that the electron spins are likely to be-
come thermalized and the optical decay is equally
likely to either M&=+ —,

' or ——,
' states, i. e. , no

electron-spin memory exists. The net effect of
strong optical pumping is to establish the populations
of Fig. 1, column (a), where, by detailed balance~

(n4/n~)- (U '/U, ')= q,-(ns/nz)-q, and 0 is to be
determined by transitions between the left- and

right-hand sides of Fig. 1. Suppose that the "for-
bidden" transition %'34 is strongly saturated by an

rf oscillator; this is, in fact, commonly done in
microwave dynamic polarization. ' This equalizes
populations n4 and n~, i.e. , Q-q, yielding the

populations of column (b), Fig. 1, and an enhanced
nuclear polarization

(Ig)„ns+n~-n~-n4 q —1 U' —U,
'

I n3+n~+mf+ n4 q+1 U '+ U,
'

(2)

which is just equal to the enhanced electron polar-
ization

(S,) av. n4+ n~ —n~ n~ -q —1 U ' —U,
'

S n4+ n3+ na+ nf q + 1 U '+ U,'

q —e-~
'"-q e- (4)

If, on the other hand, we assume zef3»QJ34 P ls
reversed. At room temperature Eq. (4) becomes
Eq. (2). We have been assuming gpsII»Aupuntil
now, but, as shown in Sec. IV, similar conclusions
hold in low fields where the hfs term is dominant;
it is also shown that nuclear-spin memory is not
essential.

It is worth noting that at very low temperatures
where q»e, P100/~, even if q=1, i.e. , for
unpolarized light. This is not a new result, it is
just an optically pumped version of Abragam's
generalization of the Overhauser effectf~; it tends
to saturate P, to zero and probably would have no
advantage over the microwave method. As such,
it is basically different from the schemes con-

For q= (U '/U, ')=0. 6, as for CaF2:Tm~, this pre-
dicts P„=P,= —25%. Since by definition the thermal-
equilibrium values of P„and P, are negative, this
is a "positive enhancement. " Furthermore q is
determined by matrix element ratios for optical
transitions and is independent of the temperature„
this means that Eq. (2) applies even at room tem-
perature, provided that optical and rf saturation
can be maintained. If left-hand circularly polar-
ized light (a ) is used instead of o' light, q-q ~

because of the Kramers theorem, and P„and P,
are reversed in sign from Eqs. (2) and (3). Using
o' light, P„may be reversed by saturating 8'f3
instead of S'24, but P, is not reversed.

Another variation is to utilize the fact that it is
possible to have quite unequal relaxation rates,
say %24» %f3» Kfg %34, as is known from micro-
wave dynamic polarization studies. f~ Then, with-
out rf saturation, this makes A=qe ~3 ~ =qe,
and
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higher field where v~= v~+ v~, the F polarization
will be reversed and enhanced. %e have observed
such three-spin cross-, relaxation behavior, and
will give a fuller discussion in Sec. VI.

The contents of this paper are discussed more
fully in Grant's thesis

II. PROPERTIES OF CaF ' Tm +2'
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FIG. 2. Scheme for polarizing abundant nuclei I' by
three-spin cross relaxation with two Tm+ ions.

Single crystals of CaFz. Tm ' are grown by the
Bridgman- Stockbarger technique. The Tm '

may
be reduced to Tm '

by x irradiation, '
y ir-

radiation, electrolytic reduction, or calcium
baking, the latter being preferable. The Tm '
occupies a Ca ' site of O~ cubic symmetry. Un-
reduced Tm '

may have cubic or axial symmetry,
depending on whether the charge compensation is
remote or local '; the cubic site presumably has
a singlet lowest level and is nonmagnetic. Para-
magnetic resonance experiments on the two crys-
tals we used, Table I, revealed only the Tm '
resonance.

sidered above, where the angular momentum from
the circularly polarized photon itself is eventually
transferred to the nuclear spin.

Since we are concerned principally with the
schemes leading to Eqs. (2) and (4) it is well to
point out that the principal experimental difficulty
in solids is to find samples which satisfy two con-
ditions: (i) The rates U,

' and U ' are sufficiently
different, i.e. . a large MCD; and (ii) where U,',
U'»zoq& and W&»su&&, in order that optical and
rf saturation can be achieved. These conditions
are somewhat incompatible since condition (i) re-
quires a large spin-orbit coupling for the character
of the bands to be well resolved; but a large spin-
orbit coupling generally increases so&&, making it
difficult to achieve condition (ii). Although there
may well be samples for which these two conditions
can be achieved at room temperature (e.g. , E
centers), in the reported experiments on CaF~:Tm~
we have resorted to working at helium temperatures
in order to reduce so;z comparable to rates U, and
8'~ obtainable with pumping with a simple mercury
are lamp, and a low-power rf signal generator,
respectively.

It was also proposed that multispin relaxation
could be used to transfer the optically pumped
polarization of the S, I hyperfine system (e.g. ,

Tm ) to the abundant nuclei I' in the crystal
at diamagnetic sites (e.g. ,

' F), as indicated
schematically in Fig. 2, which shows two neigh-
boring Tm ' ions and an ' F nucleus. At a cer-
tain field where v&= v&+ v3, just below the crossing
of the v& and vz hfs frequencies, we may have en-
ergy-conserving spin flips in which one ion flips
up, the second down, and F flips down, thus en-
hancing the F nuclear polarization. At a slightly

A. Energy Levels

TABLE I. CaF2. Tm" crystals used.

/p Tm
Source
Reduction method
Orientation of H
% reduced
Other centers

Sample
No. 1.

0.05/p

Edels tein
Calcium baking
axe]

50%
M centers, Ho2+

Sample
No. 2

0.05%
Edels tein
Electrolytic
[j.~x]
40%
Ho2+

CaF~:Tm ' has been well studied: optical ab-
sorption, paramagnetic resonance in the ground
state'4'~~ and metastable state, ~ crystal-field
theory, MCD, optical pumping, and spin-
lattice relaxation. ' '" The pertinent energy levels
are shown in Fig. 3.

Tm~' has a 4f~~ configuration, with a 2E, &,
ground-state multiplet and a I"5~2 excited-state
multiplet, which is higher by 9000 cm because
of the unusually large spin-orbit coupling. The
O„crystal field of CaFz splits the degenerate
ground state of the free ion into a lowest Kramers
doublet I'z, a I"8 quartet at 555. 8 cm ', and a
doublet I'6 at 609 cm '. These are also labeled
E5/ 2 63/ 2 and @f / 2 respectively, in the group
notation of McClure, Polo, and Neakleim. ~

Figure 3 shows the Es~ & ground doublet further
split by hfs and by a magnetic field, giving the four
levels previously shown in Fig. 1. The ground-
state spin Hamiltonian parameters in Eq. (1) are
measured to be g = + 3.453 a 0.003, A./h
= —(1101.376+ 0. 004) MHz, and g„' = 0.4lx 10-'.
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FIG. 3. Energy levels of CaF2 ' Tm '

Using these values and neglecting the g„' term we
have diagonalized Eq. (1) to obtain the energy levels
shown, and the effective-spin eigenfunctions IM M zS I

4=.1-+& -bl+ -&, (5b)

t)'3 = I++ & (5c)

$4=aI+ —&+bI —+& (5d)

where a~+b~=1 and

a=A(2A +2(gp H) —2gp H[A + (gp H) ]

(5e)

The transition frequencies vo between pairs of
levels are shown in Fig. 4.

The upper I'qf p multiplet is split by the crystal
field into a I"4(G4&3) quartet and a I'~(E5~3) doublet
at 8966 cm ', which is metastable with a lifetime
of 5 msec and gives useful laser emission lines.
Roughly 1% of the optical decay is via this meta-
stable state, and under our pumping conditions
virtually all population resides in the ground state.
The spin Hamiltonian parameters for the metasta-
ble level are 7 g= —1.453 and A/h =+ 1160 MHz;
the transition frequencies vf& are shown in Fig. 4.

Also shown in Fig. 3 is the visible part of
4& 5d band, to which we pump. The important
quantity for our purposes is U '/U, ', which is re-
lated to the MCD measured by Anderson et al. ,

'
in terms of the low-temperature saturated ellip-
ticity"

8„(~)-=(o"-n )/(o" +o' ), (6a)

where n' is the optical-absorption coefficient for
0' circularly polarized light at wavelength X, ex-
trapolated to (H/T) ~, where only the i

—-& state,
Fig. 3, is populated. The latest result33 for
orientation Hit [111]shows there is a nega, tive peak
o"„=-0.3 at 4120 A, and another broader peak
8„=—0. 32 at 5400-5800 A; these peaks are used
in our experiments for monitoring and pumping,
respectively. Since only M& = ——,

' states are popu-
lated as (H/T)-~, absorption occurs only from
these states, and in Eq. (6a) we replace n' by o.',
the subscript denoting the sign of M&. From the
Kramers theorem, n, '=e and n '=n, . The
transition rate is just proportional to the absorp-
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FIG. 5. Measured relaxation rate T1e for recovery
of MCD signal following an optical or rf pulse for
CaF2. BTm ' crystals, Table II. The solid line is the
first term of Eq. (9).

tion coefficient, i.e. , U,'~ Q,', and hence

(„) Q —Q

Q +Q
Q —Q

Q„+ Q4,

U' —U,' q —1
U'+U' q+1

B. Spin-Lattice Relaxation

For the Kramers doublet such as the F5~2 ground
state of magnetically dilute Tm ', the dominant
spin-lattice relaxation is due to the thermal mod-
ulation of the crystalline electric field, leading to
a relaxation rate of the form' ' '

T1, 1 —AH T+CT

for the direct and Raman processes, respectively.
Huang's measurements on CaF2:0. 2% Tm ' at
8. 9 kMHz using the microwave paramagnetic res-
onance pulse-recovery method yielded for H= 2kG,
HII [100)

Tze =13&+7.7x&0-8 T9 se (8)

Sabisky and Anderson "later made measurements
of T&, by monitoring the recovery of the MCD sig-
nal following a disturbance by a pulse of micro-
waves, or light, or heat. They used Tm concen-
trations in the range 0.01-0.0067% and varied 8

showing that the maximum value of the nuclear and
electron polarization, Eqs. (2) and (3), is just
given by the ellipticity 8„.

The oscillator strength is of order 10 -10 for
these Tm~ 4f 5d transition-s. This is much larger
than the oscillator strengths of the 4f 4f transition-s,
which are the only transitions in the visible region
for trivalent rare-earth ions.

where T is in 'K and H is inkG. They also found
that the direct process depended slightly on crystal
orientation. While Eqs. (8) and (9) are in agree-
ment for the Raman rate, the first term in Eq. (8)
is three orders of magnitude larger than that in
Eq. (9), which we feel represents the true direct
process. Huang's first term represents cross
relaxation. In fact, Sabisky and Anderson also
found a bad scatter in the data below 2 kG, concen-
tration dependent, and no doubt due to cross relax-
ation. The measured rates in Eq. (9) are in mod-
erate agreement with theoretical estimates. '

We have measured T„'for the two crystals of
Table I with the results shown in Fig. 5. The
methods used were to monitor the recovery of the
MCD signal following a saturating pulse of light
or an rf pulse at v24. The latter measurements
were done 2—,

' years earlier and appear to give a
faster relaxation rate by a factor 2 than the op-
tical-pulse method, possibly because the rf pulse
only saturates a packet in the inhomogeneously
broadened line, followed by spectral diffusion,
which is difficult to distinguish from spin-lattice
relaxation and usually yields faster over-all re-
covery times. At fields above 3 kG our data agree
with the first term of Eq. (9), and at low fields of
= 500 G, where the polarization experiments were
performed, the observed rate is about four orders
larger than the true direct rate. In fact, at 1.65

K both the Raman relaxation time and the true
direct relaxation time are -10 sec, which is so
long that it is not at all surprising that they are
completely masked by cross relaxation.

The rate T1e of Fig. 5 represents roughly the
average of the rates se,4 and so» introduced in Fig.
1. We have no direct experimental measurements
of the rates A&13& ~24 ~12 and 34. We calculate
theoretically the rates ceo for the direct process
in the Appendix, with the results shown in Fig. 6,
assuming T = 1 'K. The calculation is an extension
of that of Sabisky and Anderson, ' taking into ac-
count the hfs, and agrees at high field with their
result, i.e. , m«=~23= &1, . Unfortunately at our
fields of interest, - 500 G, the rates m;& in Fig. 6
are completely swamped by cross relaxation, so
that this calculation cannot be used in Sec. IV to
predict the nuclear polarization by optical pumping.

III. APPARATUS AND PROCEDURES

Although Eqs. (2) and (3) adequately define the
nuclear and electron polarization at high fields



POLARIZATION OF ' Tm AND "F IN CaF2. Tm '. . . 1433

IO-'

IO

IO

lo'

7IO
10 IO

H (GAUSS)

FIG. 6. Relaxation rates re~; at 1'K for CaF2. Tm
as calculated in the Appendix. Haman rates, for refer-
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(Fig. 1) we actually work in intermediate fields
(Fig. 3) where the wave functions are given by
Eqs. (5) in terms of the coefficients aandb. Taking
the sum of the ground-state populations n&+n2+n3
+n4= 1 for normalization we can write, in general,

&„=ns n, —(a——b )(n4 —n,),2 2

P, = n, —n, + (a —b )(n, —n, )

(10a)

(10b)

The apparatus required must pump the crystal
optically and with rf fields, and provide a means
for measuring P, and P„. Figure 7 shows the
arrangement chosen: P, and P„are enhanced by
pumping the crystal with circularly polarized light
(o' or o ) in the range 5400-6000 A from a mer-
cury arc lamp; a weak monitor beam at 4120 A,
switched rapidly between o' and o, is used to
measure P, and P„, as described below.

The CaF2. Tm ' crystal, 5X3&1.5 mm thick, was
mounted on a holder and inserted into a stainless-
steel liquid-He Dewar with strain-free fused-quartz
windows. Fields of up to 1 kG were provided by
copper-foil Helmholtz coils outside the Dewar.
Fields up to 55 kG were provided by a small super-
conducting solenoid with a 9-mm bore, mounted
directly on the sample holder and cooled by the
sample helium bath, usually down to T= 1.65 K.

I VOLTAGE SUPPLYI—

g
PM TUBE~ ) Q

' gl- LOCK-IN —
TRON

Idc

osc
l7kHzrf OSC, Il

OP 4kHZ ~ I PULSER

2OOW Hg ARC

3-70+ 5-6
CORNING
FILTERS BLUE

FILTER

4I20 A LIGHT FROM

PRIS

DICHROIC
MIRROR

POLAROID HNCP37
CIRCULAR POLARIZER

FIG. 7. Apparatus used for optical pumping and moni-
toring the MCD signal.

The optical pumping arrangement was a 200-%
high-pressure Hg arc (PEK Labs type 203); a 75-
mm-diam special f/1. 0 aspheric quartz lens; a
dichroic mirror (Liberty Mirror type 90-580) which
reflected light in the 5000-6000-A region; Corn-
ing glass filters (types 3-69 and 3-70) to block
light of && 4900 A; a Polaroid (type HNCP37) lam-
inated plastic circular polarizer; and a 125-mm-
focal-length lens to focus the lamp image onto the
crystal, where the light intensity was about 2

W/cm .
The monitor-beam light came from a 75-W xenon

arc lamp (PEK Labs type x-76); a monochrometer
(Jarreli-Ash One Meter Czerny- Turner Spectrom-
eter); a collimating lens; a Gian-Thompson linear
polarizer; a quartz quarter-wave plate, oscillat-
ing sinusoidally through + 4 A. at 17 kHz, described
earlier '; focusing lens onto crystal; 90 yrism;
interference filter to pass 4120 A; and photomulti-
plier (EMI type 9558 Q/B). In later experiments
we used an oscillating + —,

'
A. plate developed by

Kemps at 50 kHz, and also stabilized the average
photomultiplier output voltage V~, at point Q by a
feedback loop, in order to eliminate noise from
low-frequency light intensity fluctuations and to
facilitate measurement of S, Eq. (11). The ac
signal voltage V from the photomultiplier was
amplified by a lock-in detector and displayed either
on a chart recorder, an oscilloscope, or a 1024
channel signal averager (Nuclear Data Co. Enhance-
tron). On the whole, the optical pumping and mon-
itoring technique is related to that used by Parry
et al 3ea

A loop of wire around the crystal was connected
to various cw and pulsed-signal generators in the
range 0.2-4 GHz for inducing rf transitions, in
particular v24, Fig. 3.

The signal that we measure with the monitor
beam, often called the "MCD signal, " is defined
by
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where I' and I are the peak photomulitplier cur-
rents that occur periodically as the beam oscillates
between pure o' light and pure o»ght. It can be
shown' ' ' for weak differential absorption, where
exp[P, (c.,' —n ')f ]=1+P,(a,')f, for cyrstal thick-
ness k, that S can be written as

The first factor is just the total-absorption coef-
ficient for unpolarized light for the crystal in zero
field, and depends only on the wavelength and the
Tm ' concentrations; e„depends only on X. Thus
the signal 8 for a given crystal at constant X is di-
rectly proportional to P„ the electron-spin polari-
zation, Eq. (10b); the calibration factor K can be
directly measured by taking for P, the thermal-
equilibrium value P,s = —tanh( gpsH/20T)

tanh(-g peH/2kT) in a known field and tempera-
ture Eq.uation (12) is valid for any spin tempera;
ture, and furthermore, it holds for any value of the
wave-function admixture coefficients e and b.

Actually, EP,~ H/T in Eq. (12}represents only
the paramagnetic circular dichroism, and there
should 'be added a diamagnetic term CII, propor-
tional to the field but independent of tempera, ture.
This term ls slgnlficant in~ say, E centersy but
for CaF3. Tm ' it is only of oxder 10 at 1 kG and
can be neglected. '

Since the direct NMR signal of the dilute '6 Tm
nuclei is far too weak to be observable, we used
the following optical method for measuring P„.
First, we measure the MCD signal 8=8& at thermal
equilibrium in H and T; then the optical pump is
turned on and the "pumped" signal S~ ls measured,
yielding a pumped electron polarization

p„= (gp,H/N—T)(s,/s, ). (13)

We then apply a short saturating pulse at v24, which
gives an instantaneous signal 8~&24. From Fig. 1
the pulse makes na = n4 and leaves n, and n3 undis-
turbed, provided the pulse length 7 is short com-
pared to optical-pump time (U') ' and relaxation
time su&&, &=10 sec was short enough in all cases.
Then, from Eqs. (10}, jPtupsrior to the pulse is
given by

P„(———(ggeH/2kT)(2')s4- S~)/Ss .
As a check on the use of Eq. (14), pulsed measure-
ments were performed without prior optical pump-
ing, and always yielded 28~&34= 8& and P« = 0, as
expected since at thermal equilibrium P„=10" .
We estimate that values of P„measured by the pro-
cedure of Eq. (14) are correct to within 10%.

For schemes requiring continuous saturation of
v&4, we measured P„by first measuring 8~; then

o(+-&+ bl -+&

II li

l

al-+&-bi+9

FIG. S. Energy levels for I=), S=& hfs system, pop-
ulations, wave functions in arbitrary fieM, optical pump
rRtes Qp to band Rnd optical return rates Bg.

v3& was turned on and the steady-state signal 8@4
recorded. From Eqs. (10) with ns=n~, one finds

P„„„= (gp,H/2&—T)(s„. gs,}.
The steady-state signals 8&, S~, and 8~24 were

read from the lock-in output on a chart recorder.
The instantaneous signal S&~34 was stored ln the
Enhancetron, and the pulse repeated at interval. s
of 5 sec; usually after about 200 cycles, a signal-
to-noise ratio of - 20: 1 was achieved. To verify
full rf saturation of @34, runs were taken with the

power an order of magnitude larger than that which

produced no further change in 8&,~4 or 8@4.

IV. THEORY

In this section me set up rate equations and cal-
culate the dynamic populations and the polarizations
P„andP, for any general I= e, S= e hfs system (but
with particular reference to CaFs: 'e9'Tms') in terms
of the various optical and rf pumping and relaxation
rates affecting the fractional populations n„na, e3,
and n4 of the ground-state hfs levels, shown again
in Fig. 8; we assume effective-spin agave functions,
Eqs. (S), valid for all fields. We assume circular
polarized optical pumping rates U+ and U sec
from M& = a 2 states, respectively. The ground-
state relaxation rate m&& sec is theoretically given

by Fig. 6; but since the measured values of T„
= av&4 are completely dominated by cross relaxation,
unfortunately me do not really know the relative val-
ues of the sv;& and will try to make reasonable esti-
mates. We assume rf pumping only at v34, at a
rate a@34 sec; this is sufficiently representative
of the effects to be expected by rf pumping.

Since the optical pump rate is sma, ll compared



pOI„ARI %ATION OF 169Tm AND RQF IN CaF2. Tm

tothe decay rate out of the metastable level, the
population in this level is small. Vfe make the ap-
proximation that the actual population always resides
in the four ground hfs levels, i. e. , assume a con-
stant value s, +nz+n, +@4=1. We introdpce the op-
tical decay rates R& sec ' as unknown parameters
subject only to the condition that the total rate out
of the band equals the total rate into the band. The
decay is primarily by phonon rather than photon
emission. 6' Neglecting cross relaxation for the
present, the rate equations are, from Pig. 8,

ding

-hv /AT
dt

= —spa +Rg+toy2(s —see &3 )3

+f8)3(ns —s(8 ~s )+SU(4(s —s 8 "141&r) (16)

with very similar equations for n2, ns, and ~4.
The solution of these equations for the popula-

tions ~~, ... depends to an important degree on the
relative optical return rates 8&. This question has
been considered previously. Franzen considered
the cases of either complete reorientation or no re-
orientation of the total angular momentum F for
gaseous sodium atoms. Imbusch et al. ' demon-

strated the existence of electron-spin memory (i. e. ,
de ~ = 0) in the optical pumping cycle in ruby.
Mollenauer et al 4~.discovered - 95% electron-spin
memory in the optical pumping cycle of I" centers
in alkali halides and used this in a new method to
measure for the first time the g factors of the re-
laxed excited states in KCl, KI, and KBr. Ander-
son and Sabisky demonstrated the existence of
large nuclear-spin memory (i. e. , 1&11=0) for op-
tical pumping in CaF3. ' Tm ' to the metastable
level. In order to treat this question most general-
ly we write the R& in terms of four parameters, a,
P, y, and 5, normalized so that n+P+y+5=1. Our
parameters differ in meaning somewhat from those
used by others. 3'4' Taking &=1 and P=y=A=0
is defined to mean that ~1=0 throughout the pump-
ing cycle and that the electrons have been so thex-
malized in the band that the ground states M~ =+ &

and M& = —~ are repopulated at equal rates; in
short, complete nuclear-spin memory but no elec-
tron-spin memory exists. This case together
with the three other extreme eases are summarized
in Table II, and are defined exactly by these equa-
tions for ~,:

Rg-—bing U (2n+2P+y+45)+ 4@2['2nb U, +2Pa U +y(a U +b U, )]+gngy U

+-,'n4[2na U. +2pb U +y (a U, +O U„)], (1Va)

R2=4n&U (2nb +2Pa +y)+4nm[(a U +b U, )(2n+2P+45)+y(a U +b U)]+4nsU, (2na +2PO +y)

+4n4[(2a b )(U, +U )(n+p+M)+y(a U, +b U.)], (1Vh)

R, =4n, y U +-,n, [2na'U +2pb'U. +y{a'U +O'U. )]+4s, U, (2n+2p+y+46)

+-,'n4[2nb'U +2Pa'U, +y(a'U, ~b'U )], (1Vc)

R4= gn, U (2na +2PO +y)+ gnp [(2a b )(U, +U )(n+P+25)+y(a U +b U ,)]+4ns U, (2nb '+2Pa +y)

+~n, [2(a'U. +O'U)(n+P+25)+y(a'U, +O'U)]. (1Vd)

Lacking detailed knowledge of band wave functions,
relaxation mechanisms, etc. , it is not possible, a
Priori, to calculate the actual values of n, P, y,
and g for the CaF3: ' Tm ' system. Instead, we
consider each case in Table H separately, and use
the values of R, in Egs. (1V) to solve the rate equa-
tions, Egs. (16), to predict P„and P„ then we
compare predictions with the data in 8ec. V.

A. Case a= 1

To see the behavior in the limit of extremely
strong optical pumping alone, we take in Eqs. (16)
W~4=0, zo, &=0, R& from Eqs. (1V) with n=1, P=y
= 6=0. The resulting equations have a simple solu-
tion, yielding polarizations just given by Eqs. (2)

and (3). This result is valid for all values of the
field except at H ~, where the polarizations are
not determined by optical pumping alone. It is in-
teresting to note that complete nuclear-spin memory
gives the maximum value of nuclear polarization
at essentially all fields, even without rf saturation
and independent of the so&~, provided the optical
pumping rate can be made large enough. If one
next adds to the model the relaxation so~~, one finds
P„gi bvyenEg. (4) for all fields. To more fully
explore this model it is necessary to assume specif-
ic values of 7, U„U, and so, &. We take (U /U, )
—=q = 1.6, which is approximately the value required
for o' light to explain our maximum measured val-
ue of I', as discussed in Sec. II. Vfe take the
relatf', ee values
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achieved; these can be compared to the 21.5/0 max-
imum value of I', for our conditions for CaF3. Tm '.
This was only achieved by optical pumping plus rf
saturation of v&4, with only optical pumping the nu-
clea polaxizati is ed d by R facto 2, i di at-
ing that the assumption of complete nuclear-spin
memory in case A made in deriving Egl. (4) is not
really valid, and that perhaps 109' of the optical re-
turn is via case C, which has no spin memory. We
can conclude that a high degree of nuclear-spin
memory exi.sts in the optical pumping cycle, of order
90% at V50 G.

VI. POLARIZATION OF '~F BY OPTICAL PUMPING

A. Theory

The idea of polarization of the abundant ' F nuclei
by a three-spin cross relaxation with a pair of op-
tically pumped '6 Tm ' ions, introduced in qualita-
tive wRy in Sec. I 8Jld Fig. 2, can be DlRde quanti-
tative by adopting a Gibbs approach of viewing this
yrocess in terms of the product states of a three-
spin system, ' or by the usual cross-relaxation
rate-equation approach, "~ which we use here,
focusing our attention on a specific but representa-
tive crossing: v23= v34 at 224 0, dip c in Fig. 3.
The previous work which ls Dlost like ours 18 thRt
of Atsarkin et g/. 47 on microwave resonance and
cross relaxation in ruby. It should be stated im-

mediately that Fig. 3 is highly idealized in that it
assumes that the intrinsic width 6v& of the hfs en-
ergy levels is small compax"ed to the ' F frequency
v3,' in fact just the reverse. is true: 5v&= 6va» v3.
This means that the ' F polarization will be only a
differential effect, reduced by the factor (vs/5v, ).
Also the separation &0 between maxima and min-
ima of P„(' F) will not occur at 4H- (g„/g)H, but
will be pushed apart to a value 4H- Ig5v, /gP. These
intuitive expectations follow by analogy to dynamic
micx'owRve polarization experlDlents involving
saturation of forbidden lines which are not resolved,
and are also consistent with the following cross-
relaxation theory.

The rate equations will involve two ' Tm ' ions
(a primed and an unprimed set) and one ' F ion.
Let, all the single-ion terms in Egls. (16) be repre-
sented by terms of the form ng = gg(ng Vg —ng Vgg).

I et A=hv23-hv34 be the enex'gy mismatch of the
crossing, and 6 = g„p,aII be ' F nuclear Zeeman
splitting. The rate equations, including two-ion
Tm-Tm cross-relaxation rate 8'«, and three-ion
TDl Tm F cx'oss relaxatlon x'Rte

Wiggy y cRIl be
written assuming Gaussian cx'oss-I'61RXRtion llne-
widths o«and o«&, respectively. We obtain

(23a)

dsm 3 -~2/aty3 - (&+6 ) /8tya(-ng Va+n, V)g- Wg( gn2n-gngn)ge gg —Wggg(nan4n -ngng n, ) e 5'N gga

Wggf(npn4 ny ngns n ) e-«-6 ) /ae

dies 1f 3 I 1 g /2(y /afy «3 2
= Z ( —ng Vg+ng Vg)+ Wg(gnmn4- nsn3) e 'g+ Wgg(ngn4-nsns) e

dt

+ Wggg(n, n, 'n -n, n,'n, ) e-'~"' ~"gg&+ Wgg~(n,'n, n -n, 'n, n ) e ' "' '"gg&

+ Wggy(nangn, -nsnsn ) e 'gg~+ Wggj(n2ngn, - nsngn ) e gg~
p (22e)

F4 ~ f 4 p l
( —n4 V4+ng Vg)- Wgg(nmng —ngns ) e gg —Wggg(nangn -ngns n, )e-~'/2~3 ~ ~ -«+6 )'/2~'

Wggg( ng n4n, - ngn' gn) e g

There is another set of four egluations which are identical in form to Egl. (23) but with the primed and un-
px'iDled g) iQtel changed.

Then there are the fluorine rate equations, which have terms for ground-state x elaxation at rate sv& and

cross x'elaxation from the Tma' system:

dw„y /yp -(~+6) /afy«
3 -%+6 )3/aea

dt
=-n gee +n, gvy - Wggg(n2n4 n —nsngn, ) e g & —Wggg(nmn4n -nsnsn, ) e ttf

I -«6 ) /Sty
2 8

+Wggg(n, n, n, -n, n, n )e- -
ggg +Wgg, (n, n, n. -n, n, n)e -&Z-6) /2{y«&

(24b)
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To determine n2, n~, and n4in Eq. (25), we use the
thulium parameters V', as determined from the
theory of Sec. IV and the general experimental re-
sults. Then TV«and cr«are determined from the
cross-relaxation dips in P,~. The relaxation rate
can be found by experiment, and o«& can be set
equal to a„because 5 «o„so that the one remain-
ing parameter (determined later by computer fit)
is V„~.

B. Experimental Results and Interpretation

In calculating the fluorine polarizations, these
equations form the basis for a simple computer
method of solution. First, the primed populations
n& are set equal to the unprimed ones. We define
the ~~F nuclear polarization Pr, and solve Eq. (24)
to obtain in the steady state

(ltvmg —Avg4+ 5)E,=- exp 2

(llVps AV34 5)E =-exp 2
2o& ts

(25b)

H (GAUSS)

FIG. 14. Measured enhancement of 9F nuclear polari-
zation at 1.9 'K through cross relaxation with 0' optically
pumped 69Tm+ ions.

The primary experimental results are shown in
Fig. 14, obtained on crystal No. 2 at T=1.9'K
while pumping with a' light in the 5400-6000-A
band. The direct NMR resonance of ' F was mea-
sured at thermal equilibrium at some field H with-
out optical pumping; then the light was turned on
and the NMR signal measured again. The observed
enhancement ratio vs 0 is plotted, and shows the
general features expected: At 169 G (see Table III)
there is a v», v~4 crossing, dip b Fig. 13, with the
enhancement going positive and then negative, in
agreement with Fig. 2. At 225 6 there is the v»,
v34 crossing studied in detail, dip c, etc., for a
number of other crossings, some weaker ones in-
volving a Tm ion in the optically excited state and
some even involving three Tm ions, i.e., a four-
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FIG. 15. Computer calculation
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Fig. 14.
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spin cross relaxation. Using o light reversed the
sign of the enhancement, as expected. With optical
pumping alone enhancements up to 40&& were ob-
served. This could be increased up to a factor 2
by also saturating some of the rf transitions, but
this was not studied in detail.

To compare the results at the 225 G crossing
with theory we evaluate Eq. (25c) as discussed above
using the parameters o«=o«&= 24 MHz, 5'„=60
sec ', ze, 4= 4 sec ', ggF =0.07 sec ', U, = 6 sec ', all
measured; and the following assumed values: u»3

-1 -1
zU12 %34 0. 8 sec, zp23 zg14 4 sec, zv24 = 1~ 2

sec ', n =0. 7, y=0. 3, and q=1. 6 for 0. light. 8'«&
was estimated to be -0. 1 sec ' from the measured
buildup rate of PF. The resulting value for PF vs
H near the crossing is plotted in Fig. 15 for various
values of the optical saturation parameter Q. The
thermal-equilibrium polarization is PF = 0. 13&10
Within the limitations of this many-parameter the-
ory, the agreement with the data is satisfactory;
the magnitude of PF and the spacing between peaks
is reasonably explained. The theoretical value PF
= 4&&10 4, for Q= 5 shown in Fig. 15, corresponds
to an enhancement of 31 in Fi.g. 14. Also the spac-
ing AH=14 G between maxima and minimum of PF
in Fig. 15 corresponds approximately with the mea-
sured values of 19 G.

Although the maximum ' F polarizations that were
achieved, P„=O.1%, are quite small and entirely
insignificant compared to the values P„=50% ob-
tained by microwave dynamic polarization, 4~ never-
theless it is seen that, in principle, larger polar-
izations could be obtained in high fields where the
linewidth o«& & v, „~ so that the full optically pumped
polarization P could be transferred to the nuclei.
Such crossings do not exist in CaFo. 'o'Tmo', but
might in other crystals.
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APPENDIX

The problem to be treated in this Appendix will
be the calculation of spin-lattice relaxation rates
zg, &

= T,„'I,» Fig. 1, for the four ground-state hfs
levels of CaF2: ' Tm in arbitrary field H due to
the direct process. This can be done by extending
the calculation of Sabisky and Anderson3' to include
the hfs interaction, using the procedures of Baker

and Ford, ' and Larson and Jeffries. " For the
Kramers doublet Tm2' the direct process occurs
only through admixtures of the G3&2 state at 555. 8
cm ' into the E5&2 ground state, by the Zeeman and
hf s Hamiltonian

X1=gz, P H ' J+ a I ' J (Al)

where g~ = +7 in the Lande g factor; a is related to
the hfs constant A in the effective-spin Hamiltonian,
Eq. (1), by a =Ag~/g; and J'=+o for the oF,&, multi-
plet. We will do the calculation for the orientation
H II [001]for which H ~ Z- HJ,. The'first term in
Eq. (Al) splits the Z, &o ground state into the Zee-
man doublet I a) and I 5), and the Go&o state into the
quartet I p„), Ip,o), Ip„), and Ip, 4&, all given ex-
plicitly by Huang's Eq. (29), oo in terms of IZ=+o,

J,) basis states. To take hfs into account we re-
place la) and I h) by four ground-state functions

go; of the form of Eqs. (5), diagonal in X„with
I Mo = ——,') and I Mo =+ —', ) replaced by I a) and I b),
respectively. Similarly we replace the Ip»), etc.,
by eight functions P,» for the Go&o excited state
The direct process is then given by the expres-
sion""

1 2 hvgy g 2

T~ 277pVt I

x &go& l&ile. & &0. I
~ v."leo~&+&go I

~ v. Ie. &

n, m

2

x &g„lgC, lgo, ) coth(hv, z/2hT) sec ', (A2)

where v, &
is the ground-state frequency difference,

Fig. 4; 6,„=555 cm is the crystal, l-field splitting;
p is the crystal density; v, is the transverse sound
velocity; and P V„ is the orbit lattic-e interaction
given by g A„"0„", where O„are Orbach's operators, o4

and A„are magnitudes, bestdetermined from the mea-
surements of Sabisky and Anderson. ' For the
XY8 complex of CaF2 the normal modes transform
like T2„ leading to V„=2"~ 6 terms; and like E„
leading to V„=2'4 6 terms. The over-all result is
that only T2& vibrations contribute to m12& %14& ~23y
and wo4. These are evaluated'o using ro~Ao' &g, l

Oo'

lgo)=308 cm and o&Aoo&g, lOoolgo)=200 cm ~ and
plotted in Fig. 5, assuming coth(hv, z/2h T) = 2h T/hv&&

and taking T= 1'K. Only E vibrations contribute
to ~24, which was evaluated and plotted using

~Ao (gol Oo lgo) = 250 cm ' and &Ao &P, l Oo l go)
= 450 cm '. Both T2, and E, vibrations contribute
to f813 which is plotted in Fig. 6 using only E con-
tributions; the T2~ contributions will approximately
double this rate. As expected, m23 and gg, 4 at high
fields become the rate T„'~H T, as measured
and plotted in Fig. 5. The 6 Tm nuclear relaxation
rates se» and ge34 remain very weak, and se13 and

so24 are intermediate.
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