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for these two regions, respectively, where R&/R
=((I,+I)/2I, )"'. The pattern of current flow when
the applied current is reduced after an excursion to
I=I, is shown schematically in Fig. 4(b).

Introducing Eqs. (6) and (7) in Eq. (5) we have
calculated 4m3f, by numerical integration as a function
of I/I, with n as given above for various H, . The
remanent longitudinal magnetization calculated for
I=O after an excursion to I, is shown versus H, by
curve 8 of Fig. 2. At low 6elds the calcula, ted values
deviate considerably from the data since the condition

(~Be~), ))(~B.—II,~), is not satisled. Curve G of
Fig. 3 shows the behavior of AM, calculated as I
varies from &I, to WI, in a static 6eld. We note tha, t
the calculated curve is symmetric whereas the experi-
mental data yield asymmetric curves. In practice, the
applied current can only be raised close to I, when
cycled. When this fact is taken into account in our
model and appropriate expressions are derived, curves
of 4srllII, versus I/I, exhibiting an asymmetry in quali-
tative agreement with the data are obtained. A dis-
cussion of this feature is beyond the scope of this
preliminary report.

CONCLUSION

The longitudinal'magnetization induced in cylindrical
nonideal type-II superconductors by applied currents
in the presence of static longitudinal 6elds is satis-
factorily accounted for by a model which requires that
(i) the net critical Lorentz force density is constant
throughout the specimen and is directed radially in-
wa, rds and (ii) the existing circular flux configuration
is preserved consistent with the change in the applied
current. From this model, paramagnetic and diamag-
netic helical configurations of conduction a,nd induced
currents are thought to arise and coexist in a, cylindrical
wire when an applied current is cycled in the presence
of a static longitudinal 6eld. The helical circulating
currents which remain after passage of the applied
current and 611 the bulk of the specimen can give rise
to an appreciable longitudinal diamagnetic moment.
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Selective Absorption of Circularly Polarized Light in Broad Bands by the
Zeeman Components of Divalent Thulium in Calcium Fluoride*
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The paramagnetic circular dichroism of the 4f Sd absorption ba-nds of CaFs'. Tms+ was investigated at
2.0'K and 9.0 kG. Using group theory it is shown that the bands can be separated into E&~2 and G3~~ character.
Experimentally it was found that in this case the bands are primarily 631& in character. Optical pumping
experiments were performed where changes as large as &20% were easily observed in the electron-para-
magnetic-resonance absorption signal at X-band frequencies and 1.5'K by changing the polarization of the
pump light from right to left circular. A method for optically monitoring the diGerence in the population of
the two Zeeman components of the ground state is also reported on,

I. INTRODUCTION

A T the first Quantum Electronics Conference,
Brossel made the observation that if the mag-

netic sublevels of the ground state of a paramagnetic
ion in a solid absorbed polarized light in broad absorp-
tion bands by different amounts, one had a system very
suitable for achieving large population changes in these
levels by optical pumping. ' Margerie' demonstrated
that the four sublevels in the ground state of Cr'+ in

~ The research reported in this paper was sponsored by the
Department of Defense and RCA Laboratories, Princeton, New
Jersey.' J. Brossel, Qttarttlrpt Etectrorlcs (Columbia University Press,
New York, 1960), p. 81.' J. Margerie, Comp. Rend. 257, 2634 (1963).

ruby did have slightly different absorption coeKcients
for circularly polarized light in the 4A&-4E& green band.
Karlov' with Margerie then demonstrated that the in-
duced circular dichroism in the F center in KBr was as
large as 9're in some regions of the bands and demon-
strated that the spins could be inverted by optically
pumping with circularly polarized light. Since then,
Margerie4 and others have made measurements on a
number of other alkali halides with P centers.

There has also been a renewed interest in Faraday

' N. V. Karlov, J. Margerie, and V. Merle D'Aubigne, J.Phys.
24, 717 {1963).' J.Margerie and R. Romestain, Comp. Rend. 2SS, 4490 (1964).
R. Romestain and J. Margerie, ibid. 258, 2525 (1964).J. Gareyte
and V. Merle D'Aubigne, ibid. 258, 6393 (1964).



rotation measurements which are related to the induced
circular dichroism by a Kramers-Kronig relationship.
These measurements have given complementary results
for the measurements of spin-orbit coupling in the I'
centers obtained from the induced circular dichroism
measurements. ' Faraday rotation and circular di-
chroism measurements have been made in CaF~ ..Eu'+, '
which has been suggested as a suitable system for
studying optical pumping in solids. ~

We wish to report here the measurement of the in-
duced circular dlchlolsm ln CaFg.Tm + and some plc-
liminary measurements on optically pumping the spins.
This system diGers from the better understood F centers
and CaF2.Eu2+ in that the ground state of the ion is not
an 5 state and there are a fcw hundred allowed electric
dipole transitions which make up the bands. However,
the divalent thulium is in a cubic environment and its
4f Sd ban-ds start at 7000 A, thus making it more con-
venient to study than the trivalent ions whose 4f Sd-
transitions occur in the ultraviolet. Shen has made
some Faraday measurements on the bands of
CaF2.Tm'+ but did not go into any details.

II. mERGV LEVELS, SVMMmRIES, A.ND
SELECTIOH RULES FOR CaF~ Tm'+

The energy levels of divalent thulium in calcium
Quoride are shown in Fig. 1 as determined by the optical
measurements of Kiss.' The ground state is the Es)2

TanLE I. Normalized coupling coeij5cients. (Fsg~& 2 ~
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cubic crystal ield component of the 'Iiv~~ spin-orbit
term of the 4f" con6guration. The 6rst allowed electric
dipole transitions are to the Sd 4f" con6guration which
form a series of strong absorption bands starting at
7000 A and going up into the uv, the center of gravity
of the bands falling around 2000 A."

If wc assume that thc clght nelghborlng Quoi lncs
around the thulium ion remain in a cubic structure
during the transition (Franck-Condon principle), then
the selection rules for the transition can be obtained by
examining the symmetries of the electronic states in the
point group Os. This neglects any Jahn-Teller effects in
the excited states and any simultaneous phonon emis-
sions or absorptions. In the point group Oq the Sd 4f+
coniguration contains the irreducible representations
152 Gs~s+76E~~s+75E&~s regardless of how the Sd elec-
tron and the 4f electrons interact with each other and
the crystal 6eld. The electric dipole operator transforms
as T& and, for right circularly polarized light t T&(+1)],
therelativecouplingcoef6cients (Es~s&5/2~ &r(+1)~1's)
are shown in Table I. From this we have for right cir-
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cularly polarized light: (a) all transitions to the Eq~s

levels are forbidden, (b) only the E s~s component is
coupled to the Es~~s levels, and (c) the transitions from
the Es~~ component are three times stronger to the Ga~g

levels than the corresponding transitions from the E 5~2

component.
Formally, the CaF2.Tm'+ is similar to the Ii center

case, since in this notation the '5~~2 ground state of the
Ii center is an E~~~ level and the band is split by the spin-
orbit coupling into the levels 'E'~~~ and 'I'3~~ which are
8~~2 and 63~2 levels. The selection rules for these levels
are similar to those given above for Tm when the —',
and ~~ notations are interchanged. The latter however,
has only two states which make up the band and the
absolute absorption coeKcients for these E~~~ and 63~2
states are related. The CaF2.Tm'+ has many more states
and. no such clear relationship exists between the ab-
sorption coeScients for the diferent states.

I'zo. i. Energy levels of CaP&.Tm'+.

6 I".Luty and J.Mort, Phys. Rev. Letters 12, 45 (1964).J.Mort,
I". Luty, and F. C. Brown, Phys. Rev. 137, A566 (1965).

6 V, R. 3hen and N, Qloembergen, Phys. Rev. D3, A515 (1964);
S. P. Zakharchenya and A. Va. Ryskin, Opt. Spectry. (USSR)
14, Ma (1963}.

70. W. Series and M. J. Taylor, J. Phys. Radium 19, 901
(1958).

s Y. R. Shen, Phys. Rev. 154, A661 (1964).
s Z. J. Kiss, Phys. Rev. 127, 718 (1962).

III. ABSORPTION COEFFICIENTS

The ground state splits in a magnetic 6eld with a g
value of +3.453 and the 100% Tm'" isotope with a
spin of —', introduces a byperine splitting in the ground
state of 1.098 Gc.&~ Above a few hundred gauss the

"D. S. McClure and Z. J.Kiss, J. Chem. Phys. 39, 3251 (1963);
G. H. Dieke and H. M. Crosswhite, Appl. Optics 2 675 (1965).

» W. Hayes and J. W. Twidell, J.Chem. Phys. 5, 1521 (1961).
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n-(v) =
2 cosh (gPH/2k T)

y[n (v)e+g//H/22T+n (v)e g//H/22T] —
(2)

where n+2/2(v) is the absorption coefficient for right cir-
cularly polarized light with all the ions in the +2 level
and a 5/2 is the corresponding absorption coefficient
with all the ions in the ——, level. The difference in the
absorption coefficients (or circular dichroism) is given
by

n+(v) —n (v) = [n+2/2(v) —n 2/2(v)] tanh(gpH/2kT) (3)

and the average absorption coefficient is given by

n'(v)+n (v) n+2/2(v)+n 2/2(v)-

2 2
(4)

If the division of the bands into Es/2 and G character is
possible using the selection rules above, then we can say

n+s/2(v) =«(v),

n 2/2(v) =-2«(v)+nE. „(v) .

IV. OPTICAL ABSORPTION EXPERIMENTS

A liquid-helium Dewar with good quality, strain free
optical windows was made to Gt inside the sample com-
partment of a Cary 14 dual beam spectrophotometer.
A small superconducting solenoid 12 in. long with a
~-in. bore was put horizontally in the liquid helium at
the sample position; a Geld of 12 ko was easily obtained.
The light in the two beams was linearly polarized using
a Gian polarizer and then made circular with "Polaroid"
plastic quarter wave plates. The plastic quarter wave
plate was calibrated against a quartz Soliel compensator
and was found to be satisfactory over the whole visible
spectrum. To check that the windows did not affect
the results, runs were made using Polaroid HNCP 37

eGects of the hyperGne interaction can be completely
ignored. Modest magnetic fields ((10 ko) will split
the ground and excited states by at most a few wave
numbers; however, the bands are usually a couple of
hundred wave numbers broad. Thus, to Grst order we
ignore these shifts and calculate the paramagnetic con-
tribution to the induced circular dichroism.

The absorption coefficient for right circularly polar-
ized light directed along the magnetic field is given by

1
n+(v) =

2 cosh(gPH/2kT)

[n (v)8 g//H/2l—'eT+n (v)8+g//H/2/gT] (1)

and for left circularly polarized light directed along the
field, which from time reversal symmetry is the same as
right circular directed against the Geld direction, we
have
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FIG. 2. Optical density curves for CaF2.Tm'+ using right circu-
larly polarized light and a magnetic Geld of 9 kG directed along
the light path (B positive} and opposite to the light path (H
negative).
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FIG. 3. Optical density curves for all the ions in the &$ mag-
netic sublevels of CaFg.Tmg+ as deduced from Fig. 2 using Eqs. (3)
and (4).

22 2;. J. Kiss aud P. N. Yocom, J. Chem. Phys. 41, 1511 (1964).

circular polarizers, where the polarizer in the sample
beam was mounted in the Dewar before the crystal.
The results were similar in the two cases. However
these circular polarizers absorb strongly near 3900 A
and so were not used. The procedure we used was to
reverse the Geld direction and not change the polarizers
for the two runs, thus eliminating the problem of re-
setting the optics accurately.

A CaF2 crystal doped with 0.1%%uq thulium was used
in which about 50'Po of the thulium was reduced (by
the calcium baking technique" ) to the divalent state as
judged by spin resonance measurements and optical
measurements on the sharp f ftransiti-ons. Figure 2
shows the optical density curves for the absorption of
right circularly polarized light directed along the Geld
direction (H+) and against it (H ). [Optical den—sity
equals 0.434 n(v) l.]The crystal was 0.30 mm thick, the
temperature was 2.05+0.05'K, and the field was
&9.0 ko.

Using the expressions in Eqs. (3) and (4) we can find
the absorption coefficients ns. s/2 (v) from the data in
Fig. 2 knowing T, II, and g. These are given in Fig. 3,
in terms of the optical density. Since D+2/2 (v) &D—2/2 (v)
for most frequencies it is readily observed that the bands
are primarily 6 in character and in fact in a number of
regions the ratio

a+5/2 D—5/2

D+2/2+D —2/2

is greater than 0.4 and so approaches closely the maxi-
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FIG. 4. Optical density curve for the E&~& part of the bands
as deduced from Fig. 3 using Eq. (6).

mum of 0.5 for pure t" character. This dominance might
be expected since there are twice as many G levels as
E~~~ levels in the band. Assuming that the division of
the G and Es~s character is valid, the curve D+s~s (v)
displays the G part of the bands directly, and D s~s (v)

s +s~s (v) as shown in Fig. 4 shows the Es~s part of
the band. Inspection of these results gives the impres-
sion that the division is not perfect but good.

V. COMPARISON WITH THE FARADAY
EFFECT MEASUREMENTS

I.

!

FIL
BATTERY
e n

u

LINEAR
ANALYSER

Pbs
DET.

I

«ROTATING
)/4 PLATE

and left circularly polarized components will be dif-
ferentially absorbed. Assuming that the intensity of the
light is low enough that it does not change the spin
population in the sample, the percent of circular polari-
zation in the beam when it leaves the crystal is given by

p= tanh((l/2)Lrr+s~s(v) —n s~s(v) j tanh(gPH/2ATs) },
where 8 is now the effective temperature f tho e spins.

o etect the circularly polarized component of the
light beam we used the experimental arrangement
shown in Fig. 6. The beam of light to be analyzed is
passed through a quarter wave plate rotating at co and
then a fixed linear "Polaroid sheet" HN-22 before being

etected by a PbS detector or a photodiode. The output
o the detector is then sent into a PAR lock-in detector
tuned at 2 co. It is easy to show that in such an arrange-
ment the second harmonic detects only the circularly
polarized component and the fourth harmonic can be
used to detect the linearly polarized component.

The difference D+s~s (v) —D s~s (v) is plotted in
Fig. 5 along with a replot of Shen's Faraday rotation
measurements. ' These are related through the Kramers-
Kronig relationship

LAMP

INTERFERE E
FI TER

(5600 A 225K BAND PASS)
or (6100 A ISOA BAND PASS)

PREAMP.

LOCK IN AMP.
(2ta) or (4ta)

" v'Lysis(v') —~sos(v')] gP&

2' 0 p p2 2kT

where P stands for the Cauchy principle value of the
integral. Qualitatively the Faraday rotation curve does

appear to follow as the dispersion of the circular di-

chroism. The indirect knowledge about the bands which

the Faraday effect gives compared to the induced cir-
cular dichroism results suggests that the latter are more
suitable for general investigations into the structure of
such broad absorption bands.
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Fxo. 5. Circular dichroism as found from Fig. 2 and the
l"y,raday rotation as given by Shen. (Ref. g).

VI. FIELD DEPENDENCE OF THE CIRCULAR
DICHROISM

If a beam of unpolarized light falls on a crystal of
CaF~.Tm'+ directed along a magnetic Geld, the right

RECORDER

FIG. 6. Experimental arrangement to detect the circularly
polarized component of a beam of light induced by passing through
a CaF&.Tm + crystal in a magnetic 6eld.

Using this detector we measured the amount of cir-
cularly polarized light in the band 6025 to 6175 A
induced by being passed through a crystal 2 mm thick
and at 4.2'K as a function of magnetic Geld. Since we

operated in a region where the arguments of the hyper-
bolic tangents were small, p was found to be fairly linear
with Geld as shown in Fig. 7.

This technique forms a rather convenient and sensi-
tive way to monitor the spin temperature in this crystal.
The Faraday effect has also been used for this purpose. "

VII. OPTICAL PUMPING OF THE THULIUM
SPINS

The experimental arrangement for optically pumping
the spins is shown in Fig. 8. The lamp was a 2.5 kW
compact mercury arc. The net effect of the optics was
to focus at most a Aux of j.o % per cm~ of visible light
in the area of the crystal. The linear polarizer (Polaroid

"% S~.S. C. Chang and I Q. Burgess, Appl. Optics 1, 329 (1962).
N Bloembergen, P S Pershan, and I, R Wilcox Ph R
120) 2014 (j.960),
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FIG. 7. Percent of circular polarization induced in a beam of
light passing through a 0.18-cm crystal of 0.05 j0 CaF::Tm'+ at
4.2'K in the direction of a magnetic 6eld as a function of Geld
strength.

circular polarization component we have a diferent
equilibrium valUc given by

1V,(rhv/kT) S hv rS; S
50= + IQ +

2r+P 2kT T Q S

HN-38) was placed in the region where the beam was
broad to eliminate extreme heating CGects associated
with the 60% absorption which takes place in it
(leaving 4 W/cm' maximum flux at the crystal). The
quarter wave plate was positioned just before the Dewar
in such a way that it could be rotated or removed.
EQ'ects of the mirror inducing some circular polarization
could be minimized by having the incident linear polar-
ization in the plane of the incident ray.

Kith the light OG we have an electron paramagnetic
resonance (EPR) signal given by

IQ (Eh R/2—k—T)

and a relaxation time to this equilibrium value of
TQ= 1/2r, where r is the relaxation rate for the spins to
leave one state and go to the other. %ith the light
shining on an optically thin crystal but containing no

CRYSTAL 8 X-BAND CAYITY
IN LIQUID He DEWAR

~QVARTERWAVE

Hg LAMP PQLARIZER

FIG. 8, Experimental arrangement for optically
pumping the spins.

where 6p is the effective differential pumping rate of the
spins. If the initial beam is linearly polarized the addi-
tion of the quarter wave plate does not change
1/r=2r+P, since the total pumping rate p is not
changed.

The first experiments were performed on a 0.01%
CaF:Tm'+ crystal placed against the side wall of an
X-band cavity operating in the TEgo~ mode. To be able
to optically pump the crystal, many slots were cut into
the wall parallel to the current Qow to affect the cavity
Q as little as possible. We have previously used the
same one to observe the optically excited state in
CaF2.Dy'+."Figure 9 shows a time d.isplay of the EPR
signaL At one point the light was turned on (unpolar-
ized) and the signal decayed to its new equilibrium value
at a rate of 2r+ p, and then the light was turned off and
the signal recovered to its initial value at the slower
rate 2r. From Fig. 9 one 6nds that the pump rate was
3.2 sec-', the relaxation rate was 0.62 sec ', and 50% of
the crystal was CBectivcly illuminated. This spin re-
laxation time is much longer than that measured by
Huang "but he used a higher concentrated CaF2.Tm'+
sample.

Figure j.o shows similar plots for the case when the
light is turned on: (a) linearly polarized, (b) right cir-
cularly polarized and directed along the Geld, and
(c) left circularly polarized. From these results, we find
that although the addition of the quarter wave plate
could change the EPR signal (of the illuminated spins)
by &22%, the effective differential pumping rate was

.OI%Tm IN CaFp

c, I.5'K

where E; is the number of ions being illuminated and
S is thc numbcl of those not illuminated bccausc of
some obstruction to the light. p is the effective optical
pump rate for ious to go from one spin level to the other
and 1/T= 2P'+p ls tile rate at wlllcll 'tile EPR slgllal
relaxes with the light on. If the light is right or left cir-
cularly polarized (&) the EPR signals are

tfj

UJ
I-z 2—

~LIGHT OFF

I- I—
LIGHT ON L I 6HT OFF

L(rhR/kT) +aPj hv
Sp= X, +X„

2r+P 2kT
0 & & 1 j 1 1 1 1 I 1 1 I I t l 1 1 I

'1 IME (0.5 sec /dIv )

Fxo. 9. Time dependence of EPR signal using unpolarized light.

"E.S. Sabisky and C. H. Anderson, Phys. Rev. Letters 1$,
'754 {1964).

'5 Chao-Yuan Huang, Phys. Rev. 139, A241 (1965}.
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FIG. 10. Time dependence of EPR signal using polarized light.
0.01% Tm'+ in CaF2, 9.5 Gc/sec, 1.5'K.

only 5% of the total pump rate. By using a set of band
cutoff filters we were able to show that most of the
effective pumping came from the 5770 and 5790 A Hg
lines as would be expected from the structure of the
absorption bands in CaF2. Figure 3 shows that we
should expect a differential pumping eKciency of at
least 15% for this wavelength, the measured efliciency
is a factor of 3 lower for some unknown reason.

IX. DISCUSSION AND CONCLUSIONS

It should be noted that there is a distinct difference

between the results for CaF2.Tm'+ and the I' center, in

'6 Z. J. Kiss (private communication).

VIII. Tm'+ IN OTHER HOSTS

Since the strong 5770—5790 A lines of mercury occur
in a region where the difference between the absorption
cross sections is somewhat less than average, it was
thought that different hosts might shift the Tm'+ bands
slightly into a more favorable region. In particular, in
the crystals SrF2 and BaF2 the optical data of Kiss"
indicate that the thulium bands (relative to those in
CaF2) shift about 100 and 250 A, respectively, toward
the blue in these hosts. This would put the 5460-A Hg
line in a very favorable position and move the 5770—
5790-A lines into a possible less eKcient region and
would probably have to be filtered out.

Crystals of SrF2.Tm were obtained and reduced such
that they gave a dark-green color. By optical pumping
in an arrangement identical to that used for the CaF2
experiments we achieved about the same effect. Later,
we found that the green color was due to bands not
identified with the thulium and, hence, hindred the
pumping.

Some BaF2.Tm crystals have also been obtained, but
have so far not been satisfactorily reduced to the
divalent state.

that divalent thulium has a large net differential ab-
sorption in the bands whereas the Il center has an
average effect of zero. We attribute this difference to
the fact that the ground state of the Ii center is orbit-
ally nondegenerate, whereas because of a large spin-
orbit coupling and a relatively weak crystal field inter-
action, the ground state of CaF2.Tm'+ has a large
orbital moment.

Spin-orbit coupling is important in producing appre-
ciable selective absorption because the electric dipole
moment operator associated with the incident radiation
Geld acts only on the orbital part of the wave functions,
leaving the spin part unaffected. When the crystal field
dominates over the spin-orbit coupling, the wave
functions are, to first order, simple products of orbital
and spin functions. Since the selection rule is then
AS= Am, =0, there is no net spin change accompanying
the absorption and thus no net change in the magnetiza-
tion, which is primarily determined by the spins in this
case. However, to second order the spin-orbit coupling
can mix a small amount of orbital motion into the mag-
netic sublevels of the ground or excited states and thus
lead to selective absorption. Physically we might say
that the spin-orbit coupling provides a handle for the
light to turn over the spins. The results for both ruby
and the F center suggest that the bands are split and

rigidly shifted by the spin-orbit coupling. "This is re-
Qected in the F center work where the dichroism meas-
urements are used to determine the magnitude of the
spin-orbit parameter of the excited state.

When the spin-orbit coupling dominates as it does
in the ground state of CaF2.Tm2+ the Zeeman sublevels
are no longer pure spin states but have appreciable or-

bital moments. Thus the magnetization can be changed
quite directly by circularly polarized light. Condi-
tions similar to those in CaF~.Tm~+ also hold in most
of the other paramagnetic divalent rare earth ions and
so these ions should also show large selective absorption.
Measurements on these are being made at present. The
trivalent ions will also show similar effects but as pre-
viously mentioned, their strong 4f Sd bands occur pri-
marily in the ultraviolet.
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