PHYSICAL REVIEW A

VOLUME 39, NUMBER 3

FEBRUARY 1, 1989

Spin-spin cross relaxation and spin-Hamiltonian spectroscopy by optical pumping
of Pr’*:LaF,

M. Lukac, F. W. Otto, and E. L. Hahn
Department of Physics, University of California, Berkeley, California 94720
(Received 31 August 1988)

We report the observation of an anticrossing in solid-state laser spectroscopy produced by cross
relaxation. Spin-spin cross relaxation between the '“'Pr- and '°F-spin reservoirs in Pr’**:LaF; and
its influence on the ''Pr NMR spectrum is detected by means of optical pumping. The technique
employed combines optical pumping and hole burning with either external magnetic field sweep or
rf resonance saturation in order to produce slow transient changes in resonant laser transmission.
At a certain value of the external Zeeman field, where the energy-level splittings of Pr and F spins
match, a level repulsion and discontinuity of the Pr** NMR lines is observed. This effect is inter-
preted as the “anticrossing” of the combined Pr-F spin-spin reservoir energy states. The Zeeman-
quadrupole-Hamiltonian spectrum of the hyperfine optical ground states of Pr**:LaF; is mapped
out over a wide range of Zeeman magnetic fields. A new scheme is proposed for dynamic polariza-
tion of nuclei by means of optical pumping, based on resonant cross relaxation between rare spins

and spin reservoirs.

I. INTRODUCTION

Several methods for the sensitive detection of the mag-
netic resonance of hyperfine-coupled states of optically
resonant ions by laser excitation in solids have been re-
ported.!™* 1In this paper we describe a special optical
pumping method®> which makes possible extended mea-
surements of complicated hyperfine spectra. The
Zeeman-split ground-state hyperfine-level spectroscopy of
quadrupole coupled Pr’* in its lowest electronic crystal-
field state is determined over a wide range of magnetic
fields in a single crystal of Pr**:LaF,;. Measurements of
the effects of cross relaxation and level crossing between
rare Pr®" spins and abundant F spins are also carried
out. During optical pumping the technique requires that
spin transitions must be imposed at optimum rates that
first increase and then decrease in non-equilibrium over
short time periods. As a result, transient reductions in
laser transmission (increased absorption) take place
which signify that spin transients have occurred.

In the optical pumping cycle, resonant laser light ex-
cites the Pr’* system from given ground states to excited
states. From these states the fluorescence decay process
transforms the system to final states different from the in-
itial states. Some degree of hole burning' occurs if the
pump intensity is sufficient to overcome the rate at which
spin-lattice relaxation and other coupling mechanisms
among the Pr’% hyperfine states restore the original
ground-state  population distribution. = When the
transmitted laser pump intensity is first adjusted to an op-
timum steady-state value, any nonequilibrium change in
the populations of the Pr’** ground states produces a sud-
den increase in laser-beam absorption. The optical
transmission undergoes an incoherent transient reduction
and then recovers toward the previous steady state.
“Sudden” change here does not mean that coherent tran-
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sients take place. Instead the Pr’® spin population
changes occur on a time scale short compared to the time
required for the system to approach equilibrium, but long
compared to the lifetimes of coherent transients.

Attempts to detect alterations of hyperfine state distri-
butions by steady-state radio frequency (rf) saturation re-
sult in only very small reductions in laser transmission,
revealed at best when hyperfine states are degenerate in
zero magnetic field, and when spin-lattice relaxation
times T, are short. Over a wide range of magnetic fields
B >100 G, with T times much longer, this steady-state
procedure is useless for data taking because noise ampli-
tude fluctuations proportional to 1/f (at low frequencies
f) in the laser-beam frequency and intensity obscure the
final dc signal which is to be measured after integration.
For this reason a time varying method of rf saturation is
used where spin transitions are imposed suddenly but in-
coherently at a convenient repetition rate. This none-
quilibrium method has no counterpart in previous optical
experiments in solids, and provides flexibility in the
detection of hyperfine-level transitions over a wide range
of Zeeman-split hyperfine levels.

Zeeman-level spectroscopy is carried out by the appli-
cation of bursts of rf fields (for a given value of B) at reso-
nance between hyperfine states over a wide range of Zee-
man splittings. In our observations all detected splittings
are greater than the spectral width of the laser which is
about 1 MHz. Another means of imposing sudden spin
transitions among pairs of Pr®' levels is to produce
Zeeman-field sweeps over critical values of B which
match Pr®* level pair transitions with the Zeeman split-
ting of neighboring F nuclear moments. The cross relax-
ation which results has an effect similar to that of exter-
nal rf saturation of the Pr®" levels. These level-crossing
conditions together with the rf saturation data help to
confirm the correct Zeeman quadrupole spectrum of the
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ground-state Pr’™" levels.

Our study of the enhanced Pr nuclear Zeeman
gyromagnetic tensor in the Pr’*:LaF, system shows that
the published fit® to previously obtained low-magnetic-
field data is not unique. The correct analysis of the nu-
clear quadrupole and Zeeman coupling tensors can only
be made at higher values of the B field where the Zeeman
interaction becomes comparable to the nuclear quadru-
pole interaction. When Pr- and F-spin levels nearly
match in constant Zeeman field, a slight repulsion of the
level pairs is observed, not to be confused with level
crossings’ among levels of the same spin. This observa-
tion is made from changes in optical pumping which re-
sult from bursts of rf NMR saturation fields applied at a
resonance transition between a third Pr level and one of
the pair of Pr levels which cross or matches the spin tran-
sition of neighboring F nuclear moments. Therefore, as a
function of the B field, the eigenfrequency of a particular
Pr level can be followed as it passes through the cross-
relaxation matching condition, showing a level repulsion
“kink.” This discontinuity in the Pr spectrum resembles
the effect of an off-resonance Pake doublet® for I = 1. As-
sume for simplicity that two different spins, labeled by
different gyromagnetic ratios ¥, and y,, are dipolar cou-
pled. While y, is held fixed suppose y, is adjustable
(which provides the same effect as adjusting the magnetic
field B), and approaches the value of y,. As y, passes
through the value of y,, mutual spin flips occur which
produce an additional ‘“‘coherent splitting’ superimposed
on the static splitting always present due to the diagonal
term of the dipole-dipole interaction. In reality a single
Pr spin is coupled to a cluster of near F neighbors which
in turn couples to the large F-spin reservoir. This
represents a more complicated cross-relaxation mecha-
nism, and yet level repulsion is observed in spite of the
obscuring effect of dipolar broadening.

Conventional®!® nuclear-spin cross-relaxation mea-
surements which measure spin population differences
directly, whether by double resonance methods or by
direct laboratory Zeeman-field level crossing, do not re-
veal the level-crossing effect. At the onset of cross relaxa-
tion a resonant transfer of spin magnetization is moni-
tored only when the levels match; no spectroscopy of the
level splittings is visible above or below the matching fre-
quency. In the optical pumping method the response is
proportional to the absolute population of a given spin
hyperfine level rather than to population level differences,
which allows the eigenlevels to be tracked throughout the
region of the matching condition. We note that in a pre-
vious investigation'! a similar method has been applied to
the study of organic solids.

II. Pr’*:LaF; HAMILTONIAN
AND CRYSTAL STRUCTURE

The inhomogeneously broadened 3*H,(T',)«<!'D,(T))
(A=592.5 nm) optical transition'? of Pr’" with spin
I =3 has three nuclear-spin ground-state levels present in
zero magnetic field (B =0) with separations in frequen-
cy!3 determined by the enhanced'’ nuclear-quadrupole
interaction. For B=£0 each of these levels is split into
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two levels by the enhanced Zeeman interaction as shown
in Fig. 1. Similarly, split nuclear quadrupole levels exist
in the excited ' D, optical state but they do not play a role
in our measurements. The six possible levels in the excit-
ed state are assumed to be equivalent and are lumped to-
gether in the phenomenological treatment which follows
later.

The Hamiltonian of this system is characterized by
Teplov'? as follows:

Hpo=—HyYB. I, +v)"BI,+vB,I,)

+p |2+ XV gy (1)

where D/h =4.1797£0.0013 MHz and E/h =0.154
+0.004 Mhz.? The enhanced nuclear Zeeman tensor y°"
is

(gniy +281A;)
i .
Here u, and p are the nuclear and electron Bohr magne-
ton, respectively, gy and g are the nuclear and electron
splitting g factor, respectively, and
A,’I<O|J,'|n )Iz
il En ___EO

n#0

y, /27 (kHz/G)=

The gyromagnetic enhancement parameter A; is deter-
mined by the coupling of the angular momentum J; be-
tween ground- and higher-angular-momentum states of
Pr®*, characterized by energies E, and E,, respectively,
with i =x,y,zand 4; is the hyperfine coupling constant.

The Zeeman Hamiltonian for the fluorine spins (S = 1)
in a magnetic field is
Hp=—#%y" 3 B.S;, 2)
'D, ()
592.52 nm

.2
+5/2
+3/2

*H, ()

%, 8.47 MHz /e
e C: 172
Pseudo- Enhanced
quadrupole Zeeman
(B=0) (B#0)

FIG. 1. The optical ground-state splittings of Pr’ " :LaF.
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where i =x,y,z and yF=4.0055 kHz/G. The dipole-
dipole coupling between F and Pr accounts for a spin res-
onance width among any of the Pr transitions of about
100 kHz.

The crystal structure of LaF;, showing only the La ion

positions, is depicted in Fig. 2.!* At the crystal sites
+

where Pr’™ substitutes for La’" there are three pairs of

(b)

FIG. 2. Part of the crystal structure of LaF;. (a) Perspective
view (not to scale). The angle between the quadrupole-tensor z
axis and the C; axis is 91.4° and the x axis coincides with the C,
axis. (b) View along the C; axis; 0 is the angle between the ap-
plied magnetic field B and the local-quadrupole x axis (a C,
axis).
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symmetry axes oriented at 120° with respect to each other
in the plane perpendicular to the C; axis. Each Pr’* ion
is surrounded by neighboring fluorine ions in such a way
that the site axis has at least a twofold symmetry (C,).
Because the optical electric dipole transition can be excit-
ed only by a laser electric field E; which has a com-
ponent along a crystal C, axis, it is possible to excite
selectively different sets of inequivalent crystal sites by
choosing the proper exciting laser polarization.

III. TEMPORAL LASER-BEAM ABSORPTION

A number of simplifying assumptions will be made in
order to develop a set of rate equations describing optical
pumping combined with simultaneous resonance transi-
tions among hyperfine levels in the optical ground state.
The laser is resonant with the main optical
3H,(T'))<>!'D,(I,) transition at A=592.5 nm. The mea-
surements are made for Zeeman hyperfine splittings
greater than the 1 Mhz spectral linewidth of the CW
laser. The splittings among the six hyperfine excited-
state levels play no significant role in our measurements
because the fluorescence lifetime 7,=0.5 msec (Ref. 12)
is much shorter than any relaxation time among these
levels. Therefore we assume these excited levels are
equivalent and are not coupled to one another. The opti-
cal transition displays a Stark-strain-field linewidth of ap-
proximately 10 GHz. Within the laser spectral width of
1 MHz the laser excites about 107*N Pr’" ions, where
N =10"? ions/cm?® for a 0.5 at. % doped single LaF; crys-
tal used in our experiment. For different ions in the inho-
mogeneous line a two-level optical transition can take
place from any one of the six Zeeman-split ground-state
hyperfine levels to any one of the six excited-state levels.
The rate of laser excitation W, (sec-"') is assumed to be
equal for each transition.

Because of the inhomogeneous broadening of the opti-
cal line there are six sets of optically excited ions corre- -
sponding to the six different ground-state levels of the Pr
ions in a nonzero magnetic field which can be in reso-
nance with the laser excitation. (In zero magnetic field,
there are only three sets corresponding to the three dou-
bly degenerate ground-state levels.) Let us assume that a
magnetic-resonance transition takes place between a pair
of hyperfine ground-state levels a and 8, where Eg>E,,.
This transition can be incurred either by externally excit-
ed resonance or by level crossing with neighboring
fluorine nuclei. Either of these mechanisms is denoted
for simplicity by the rate W, (sec”!). Later the use of
rate parameter W, must be modified for certain condi-
tions of level crossing. The other four Pr’** ground-state
levels are denoted by o. For the analysis in this section,
we collect the six sets of Pr*" ions into three distinct
groups (see Fig. 3). Those ions which have level a reso-
nant with the laser excitation are in group A, while those
ions excited from level 3 are in group B. The other four
sets of ions excited by the laser are in group C. In devel-
oping the rate equations which follow we consider only
the two groups of ions 4 and B, since the optical pump-
ing cycle of group C is not affected by the magnetic-
resonance excitation.
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. W, WL“S” When the initially unperturbed system is allowed to reach
nm _ equilibrium during a constant optical pumping rate W
S I Coupting in the absence of magnetic transitions (W-=0), the n,
ol T level is bleached (n,—0) for W,/W,>>1 and
HUT) W, T;>>1 (the values of these parameters will be dis-

p
%

FIG. 3. Three groups of Pr** ions depending on which of the
ground-state hyperfine levels is in resonance with the optical ex-
citation.

We describe the ground-state spin-level populations of
groups A and B by the combined populations n, n,, and
ny. The two coupled ground-state levels a and B are
represented by populations n, and n,, where n,
represents the population of the ground-state level which
is resonant with the laser excitation. Note that for group
A the populations of levels a and 3 contribute to levels 1
and 2, respectively, while for group B the populations of
levels a and 3 contribute to levels 2 and 1, respectively.
Therefore, for different ions in the inhomogeneous line
the energy of level 1 can be either greater or smaller than
that of level 2. The remaining ground state populations
of levels o are defined by n;, having a weight of four in
nonzero magnetic field. The spin-lattice relaxation rates
for the ground-state hyperfine transitions have been mea-
sured only in zero magnetic field.!* In our analysis we as-
sume for simplicity that the relaxation rates are the same
among all the levels and are given by W =1/(2T).

Since we assume that the excited-state levels are not
coupled, there is only one excited state level of interest
for each excited ion. We denote the population of the ex-
cited state levels by n,, where n, can represent any of the
six excited hyperfine levels, depending on the position of
the ion within the inhomogeneous optical line. Also,
thermal equilibrium polarization is assumed to be zero,
relative to large local population differences produced by
optical pumping. The rate equations for nonzero mag-
netic fields are written as follows:

dn,
dt =WL(n4—nl)+WC(n2—n1)

W (ny+ny)—5n,] (3a)

sil{nythn; 1l
6Tf
dn2 ny
dr =Wec(n,—ny)+ 6T, +Wylln,+n3)—5n,],
(3b)

dny  4n,
i 6T, +Wyld(n, +n,)—2n,], (3c)
dnyg n,
ar ZWL(nl-—n4)—Tf , (3d)

cussed later). The entire ground-state population is now
contained in levels n, and n; [see Fig. 4(a)] which results
in an absorption hole in the inhomogeneous optical line.
Analysis of Egs. (3) show (not produced here) that if W
is then turned on at time ¢ =0, a rapid, an almost linear
increase in laser-beam absorption occurs for a time
At=1/W, for W->> W, until the level pair saturates,
and n,=n,. Figure 4(b) depicts a case where the rate
W is induced by the Pr-F cross relaxation. After the
time At the laser absorption reaches a maximum, and
then declines more slowly as the laser-beam pumps more
particles from one of the saturated level pairs (n, or ng)
until they both empty while W maintains n,=n, and
the fluorescence mechanism 1/7 takes over to fill up the
remaining n; spin states. Therefore with W_.£0 the sys-
tem reaches new equilibrium with two out of six ground-
state levels now empty for W./W,>>1 [see Fig. 4(c)],
and the state of the laser transmission is as it would be
with W-=0. The coupling rate W is determined either
by the strength of the magnetic dipole-dipole interaction
among the spins in the case of cross relaxation, or by the
strength of the applied field in the case of external rf exci-
tation.

A resonance process in the steady state which renders
W finite does not necessarily produce useful laser ab-

3+ 3+ 3+
Pr Pr Pr
N |l coooo Q0000 {00000
F F
IS I N S S
ﬂ‘ ) §'s '
(8) (b) (c)

FIG. 4. Temporal optical pumping process. The four levels
not participating in the cross relaxation with neighboring
fluorines are represented by n;. In this diagram: (a) optical
pumping empties levels n; (b) when level crossing occurs, mu-
tual spin flips between Pr and F nuclei empty level n,; (c) both
the n, and n, levels are empty and the neighboring fluorine nu-
clei have been partially polarized.
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sorption signals to carry out spectroscopy. An observ-
able steady-state decrease in optical transmission because
of rf hyperfine transitions could only be observed in mag-
netic fields smaller than 50 G, where the transmission de-
creased by as much as 30%. This occurs mainly because
the spin-lattice relaxation rate, Wy =1 sec” !, is fast
enough to overcome the rate of depopulation of the rf
coupled hyperfine levels due to optical pumping. For B
fields larger than the local dipolar fields the absorption
hole lifetime was measured to be on the order of minutes,
which implies a slow spin-lattice relaxation rate W, <0.1
sec”!. In addition, the hyperfine ground states are Zee-
man split in nonzero magnetic fields so that only two out
of six levels rather than two out of three levels are
affected by the rf saturation. For these reasons, the
steady-state change of transmission in magnetic fields
B >50 G is so small that the amplitude and frequency
noise of the laser makes direct absorption measurements
impractical; only short-lived changes in optical transmis-
sion are observed when rf hyperfine-resonance excitation
is turned on. Similarly, tuning the external magnetic field
to a level-crossing region does not produce a measurable
signal. In order to induce transient changes in Pr
hyperfine-level distributions, an externally applied dc
magnetic field is swept at an optimum rate through
values where the energy difference between two of the Pr
ground-state hyperfine levels (denoted by a and f)
matches the fluorine spin Zeeman energy difference.
During the field sweep the Hamiltonian is changing
monotonically. This variation is interrupted near the
values of magnetic field where the energy conservation
for spin-spin coupling is satisfied and sharp laser absorp-
tion peaks are observed.

The dynamics of the cross relaxation of optically
pumped Pr spins with the neighboring fluorine spins is
very complex, and to solve this problem would be a for-
midable task. The Pr-F cross-relaxation process is com-
plicated even more when the level crossing in our experi-
ment is induced by the external magnetic sweep. Either
of the limits of rapid or slow spin-flip diffusion among the
fluorine spins may be applied to describe the effect of lev-
el crossing on the laser-beam transmission. These corre-
spond to spin-spin relaxation inequalities 7T, (F-
F)=T,(Pr-F) for the slow limit and T,(F-F)<T,(Pr-F)
for the fast limit. In the Appendix we discuss the
diffusion limited case and we show that a range of param-
eters in our experiment can foster a diffusion bottleneck.
The role of spin diffusion suggested by our experiment
could be of significance in other systems which are
governed by the types of interactions included in Egs. (3).
In our experiments which mainly confirm spectral values,
the requirement of B field and rf sweep variations to ob-
tain Pr spin resonance imposes complicated initial condi-
tions. Our data are insufficient to confirm the existence
of any degree of F-F spin-flip diffusion bottleneck. In
what follows we assume the fast diffusion limit where the
use of W as it stands in Eq. (3) is valid. In this case the
F spin ensemble is coupled to an equal extent with both
positively and negatively oriented Pr spins during the
process of optical pumping. The Pr level pairs are there-
fore in contact with a completely depolarized F-spin
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reservoir defined at infinite spin temperature. It is shown
in the Appendix that the cross coupling rate W between
the Pr and F spins can be expressed in a form

((L)Pr—'a)]:)z
2{Aw?)

The exponential term in Eq. (4) is the level-crossing tun-
ing parameter, where (Aw?)=({Aw},)+{Awkg)), and
(Awfp) and (Awip) are, respectively, the second mo-
ments of the Pr- and F-spin lines. The strength of the
coupling at exact resonance (wp, =wyg) is estimated to be
W=~ |M|[*X10° sec !, where

WC = Woexp (4)

IMI>=|(Ep, Ep [ I%S™ + 17T | Ep, +Hi0p,, Ep F fiog) |2,
' (5)

The exact value of |[M|? depends on the degree to which
Pr-spin eigenvectors are mixed to allow Am ==*1 transi-
tions, and the maximum possible value of [M |? being on
the order of unity. In the Appendix we also show that

" the cross coupling can be diffusion limited for coupling

strengths W > 10*sec ™.

The width of the cross-relaxation response in terms of
the change in the applied magnetic field B is determined
by the difference in slopes at which the eigentransitions of
the F and Pr spins intersect. The coupling rate expressed
in terms of the external magnetic field is

(B —B,)*

We=W,exp 267
B

) (6)

where B, is the resonant value of the magnetic field
where Pr- and F-spin lines match, and &y
=(Aw?)"?[d(wp,—wg)/dB]" . If we take (Aw?)!"?
/(27w) to be 100 kHz and take a typical value of
(1/2m)[d (wp,—wg)/dB] from our data of 4 kHz/G, we
obtain an approximate width of 85 =25 G.

During the magnetic field sweep, the optical transition
frequencies of the Pr3* ions are constantly changing be-
cause of the Zeeman effect on both the ground- and
excited-state energy eigenlevels. As shown in Fig. 5, ions
which were previously resonant with the laser are con-
stantly being swept out of resonance while fresh ions are
coming into resonance. Neglecting the small Zeeman
broadening in the 10 GHz width of the optical line, the
number of ions that are resonant with the laser remains
constant. The spin temperature of the Pr ions coming
into resonance is that of the surrounding lattice, while
those spins moving out of resonance have had their level
populations redistributed by the optical pumping. This
magnetic field sweep effect is incorporated into a
simplified model by describing it in terms of an average
rate Wy (sec”!) proportional to dB /dt. Since ions are
transferred into and out of optical resonance, we assume
that the total number of ions at resonance, n,, is con-
served. For the Pr spins which have not been in reso-
nance with the laser, the high-temperature approxima-
tion applies at 2 K and the ground-state spin levels are
equally populated. The spin-level populations of the opti-
cally resonant ions change because of the magnetic field
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FIG. 5. Effect of magnetic-field sweep on optical excitation,
assuming for simplicity that quadrupole levels vary linearly,
with equal density of states increasing and decreasing in energy
as a function of B. A narrow laser with a linewidth of Av,,..., =1
MHz excites only a fraction of Pr’* ions in the 10-GHz inho-
mogeneously broadened *H,«>'D, optical line. If the external
magnetic field is held fixed, these resonant ions are polarized by
optical pumping. When the external field B is changed by AB,
the transition frequencies of the Pr** ions change due to the nu-
clear Zeeman effect, causing the previously resonant ions
(represented by open circles) to move out of the optical reso-
nance. At the same time some of the previously nonresonant
ions (represented by solid circles) become resonant with the
laser excitation.

sweep according to the following rate equations [which
are independent of the other rate processes, and are add-
ed later to Egs. (3)]

dn, Wpyng

7:—W3”1+ R (7a)

dn, Wgng

—d“t“‘:—WBn2+ 6 , (7b)

dn, 4Wgn,

P = — Bn3-+- 6 , (7¢)
and

dn,

- =—Wgn, , (7d)
where

ng=yn=1. (7e)

We assume that the excited-state population of off reso-
nant ions is zero. Because of the complexity of the many
lines involved with inhomogeneous broadening, we also
assume that the six ground levels are swept into reso-
nance at the same average rate (with n; again given a
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weight of four). Note that the excited n, levels do not
display polarization in our model.

From our original assumption we define the propor-
tionality constant y by

daB _

dt
A typical rate of change of the Pr’™ optical transition
frequencies versus magnetic field due to the enhanced
Zeeman effect is 4 kHz/G. Therefore Pr’" ions remain

in resonance with the laser (with a spectral width of 1
MH2) only for a time

6t=(1 MHz)/[(4 kHz/G)(dB /dt)] .

xWg . (8)

3+

This implies that the rate at which ions are swept in and
out of resonance with the laser is Wy =8¢ "', and thus y
is approximately 250 G.

When we add the terms of Egs. (7) to those of Egs. (3),
we arrive at a complete set of five coupled equations
which describe the entire process, incorporating optical
pumping, field sweep, and cross-relaxation processes

dn] n,
7 =W, (n,—n)+Weln,—n;)+ 6T,
Wp
+Ws|[(n2+n3)—5nl]—WBn,+—6— , (9a)
dn, ny
dt»=WC(n1*n2)+—*6Tf +Wyl(n,+ny)—5n,]
Wg
—Wpny+— =, (9b)
dny 4n, 4w,
7:6Tf—}-Wsl[4(nl+nz)~2n3]~WBn3—i- e
(9¢)
dn, 4
—= (ny—ny)———Wsxn (9d)
L 1 4 B't4 »
dt T,
and
>n=1. (9e)

The time evolution of the optical transmission when the
magnetic field is swept across the cross-relaxation region
is calculated in the following way: Steady-state solutions
to Egs. (9), calculated in a region where W =0, are used
as the initial values for the level populations n,. The ini-
tial value of the magnetic field is fixed in a region where
W is negligible, 150 G below the cross-relaxation reso-
nance. The level populations #; as a function of time are
then obtained by solving Egs. (9) numerically, where W
is a function of the external magnetic field B according to
Eq. (6), and B is varied in time according to Eq. (8), and
the following values are used: 85, =10 G, y=250 G, the
maximum coupling rate W, =100 sec !, the spin-lattice
relaxation rate W, =0.1sec™ ', and T,=5X10"* sec.

Some results of the calculations expressed in terms of
transmission are shown in Fig. 6. It is assumed that the
transmission 7 is given by
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I

T=—"=exp[—kL(n,—n,)], (10)

out

where I;, and I, are the input and output light intensi-
ties, L is the length of the sample, and k is the absorption
coefficient. The product kL is determined by the low-
intensity steady-state transmission, which was measured
to be T=~20%, giving kL =0.3 for n; =1, and n,=0.

As discussed above, the magnetic-field sweep is applied
in order to produce transient changes in the hole-burning
processes. However, the field sweep also prevents com-
plete hole burning because of the constant exchange of
resonant ions, reducing the sensitivity of the measure-
ment. Figure 6(a) illustrates that there is an optimal rate
for dB /dt. In a fast sweep, when dB /dt (and hence Wpy)
is too large, there is no hole burning, while during a slow
sweep the onset of spin-spin coupling is too gradual to be
observed. Similarly, Fig. 6(b) shows that there is an op-
timum value for the optical pumping rate W;. When the

o7
Q Wg =015
Wg = 157!
—
[o) J wg = 105!
o
S
5
> 31 Wg = 5051
@
= N—" wg = 1005~
(2}
z
<
o Wg = 10005
—
(@)
o T T T
(@}
Q N7 W - 100080
)
X
o
P
Q
9]
@
=
N
=z
<
E Wi = 189
(b)
o T T T
-150 0 150

B-B; (G)

FIG. 6. Calculated time evolution of the optical transmission
when the magnetic field is swept at a rate dB/dt across the
Pr-F-spin cross-relaxation point B,. (a) Dependence of the
transmission resonance on the magnetic-field sweep rate
(dB /dt =Wy X250 G) at a constant optical pumping rate of
W, =100 sec”'. (b) Dependence of the transmission resonance
on the optical pumping rate W, at a constant magnetic-field
sweep rate of Wy =10 sec”!. A rate of W, =100 sec”' corre-

sponds approximately to a laser intensity of 20 mW,/mm?.

pumping is too weak there is no hole burning and when it
is too strong the coupling between levels is too small a
perturbation to be detected. This dependence on W, ap-
plies also in the case where the magnetic field is held con-
stant and the coupling W is caused by a sudden applica-
tion of resonant rf. It should be noted that the optimum
values of W; and Wj depend also on the strength of the
coupling W,.

The experiment confirms a very sensitive dependence
of signal strength on the sweep rate and laser intensity.
In fact, unless special care is taken in choosing the proper
experimental parameters no effect can be seen. When the
magnetic-field sweep rate is reduced from an optimum
value of 500 G/sec (W, =2 sec” ') to 200 G/sec, previ-
ously visible changes in laser transmission can no longer
be seen. Similarly, an increase in the sweep rate to 800
G/sec reduces detection sensitivity by a factor of 2. As is
the case with the sweep rate, the signal is also reduced if
the laser intensity is higher or lower than the optimum
intensity of about 20 mW/cm?. In a separate experiment
where steady-state transmission versus laser intensity was
measured, we determined that 20 mW/cm? corresponds
to W, =100 sec” L. Despite the crudeness of our model,
these empirically determined optimal parameters are in
good agreement with the rate equation model. The mod-
el also shows that the absorption peaks do not necessarily
occur exactly at resonant values of B,, but can appear
shifted below or above resonance depending on the exper-
imental parameters used. This error can be estimated
and compensated for by performing magnetic-field
sweeps in both directions.

IV. rf SPECTROSCOPY RESULTS

A 0.1 at.% Pr’*:LaF, crystal with dimensions of
3X3X7 mm? was immersed in liquid helium inside an rf
coil and cooled to 1.8 K. The crystal was aligned so that
its C3 axis was parallel to the coil axis and perpendicular
to the applied magnetic field, B. In addition, one of the
crystal C, axes was aligned approximately parallel to the
magnetic field. The laser pump was provided by a
Coherent Model 599/21 frequency-stabilized cw dye laser
source which was linearly polarized. The laser linewidth
was 1-MHz rms and the incident light intensity at the
sample was 20 mW/cm?. An rf field of approximately 1
G was applied for 0.5 sec, which was the duration of the
transient transmission decrease. Optical transmission
was monitored by a p-i-n photodiode, ac coupled to a gat-
ed integrator with output connected to a chart recorder
(see Fig. 7). The rf field was applied empirically at a re-
petition rate of one pulse every seven seconds to optimize
the integrated optical-transient signal. Waiting for
longer times decreased the amount of data collected and
did not significantly improve the signal-to-noise ratio.
Although the recovery time between pulses was consider-
ably less than the effective nuclear T, sufficient popula-
tion was recovered in this short time to produce a usable
signal. By shifting the rf frequency between each pulse
and keeping the external magnetic field fixed, it was pos-
sible to map out some of the NMR transitions. The mag-
netic field was then changed and the process repeated to
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FIG. 7. Experimental apparatus for the rf spectroscopy ex-
periment. rf pulses (H, =1 G) were applied and changes in op-
tical transmission noted. BS is the beam splitter; ND is the neu-
tral density wedge.

obtain sufficient rf data to fit the theory to within =100
kHz. The results which follow depend upon the state
mixing in a magnetic field caused by both the Zeeman
and quadrupole interactions. This mixing allows transi-
tions between any two states to occur. Attempts to ob-
tain signals for transitions with frequencies below 6 MHz
were unsuccessful. This is thought to be due to laser-
frequency fluctuations which cause the closely spaced
ground-state levels to be pumped nonselectively. There is
also the possibility of cross relaxation with nearby
fluorine and lanthanum nuclei (/ =1). Both of these nu-
clei have splittings of less than 6 MHz for fields below
1500 G where the measurements were done. As several
strong lines were followed to higher magnetic fields the
signal decreased until they eventually became too weak to
detect. At high fields the states become more pure and
with less state mixing the required optical pumping to
levels with differing nuclear m; is decreased. In particu-
lar, the |+1/2)<|—1/2) transition was not detected
because at low fields the transition frequency fell into the
region limited by laser-frequency fluctuations, and at
higher fields the signal was too weak to detect.

Analysis of the enhanced nuclear Zeeman tensor
has previously been made in low magnetic fields (B =100
G).° Our work extends the analysis to higher values of B
where the enhanced Zeeman interaction becomes compa-
rable to the pseudoquadrupole interaction. Taking Red-
dy and Erickson’s values® for the y'" tensor as a starting
point we fit our data to a numerically diagonalized Ham-
iltonian. The orientation of B with respect to the crystal
axes and the values of ¥ and 2" were used as adjustable
parameters in fitting the data. We determined (adopting
the convention that E > 0), that the x axis of the quadru-
pole tensor must be chosen along the crystal C, symme-
try axis, which is opposite to Reddy and Erickson’s
choice of x and y axes for the gyromagnetic tensor, .
Figure 8 displays the rf data and the numerical fit for an
orientation of B of 6=1.5° and perpendicular to the C;
axis. The parameter 6 is the angle between the applied
magnetic field B and the local quadrupole x axis (a C,

r

M. LUKAC, F. W. OTTO, AND E. L. HAHN 39

<
N
—

N A
g o | (+3/2)«>(-1/2) -
@ P
~ d /,/

> (-5/2)e»(-3/2) _F
O
e
w o
4+
LIOJ z (+5/2) > (-3/2)
o g
w
@ ©7 P4
g o \
b4 - (H1/2) e (-1/2)
e 2750
//
o T T T T
0 1000 2000 3000 4000 5000
B (G)

FIG. 8. The rf data (circles) and numerical fit (solid line) to
the Pr-spin Hamiltonian for 6=1.5°, y¥"/27=3.45 kHz/G,
yir/2m=4.98 kHz/G, and y? /27=10.16 kHz/G. The dashed
line is the fluorine transition. The arrow at B =2750 G indi-
cates the Pr- |+ 3 )</ —3) and F-line crossing.

axis). For this measurement, the laser electric field E;
was approximately parallel to B. While our fit is insensi-
tive to the value of 7)1,", we use a value® of yfr/27r=4.98
kHz and obtain

yPr/27=10.16+0.05 kHz/G
and
yPr/2r=3.45+0.05 kHz/G .

The sign and value of £ is not sensitive to the fit of the

data in the linear Zeeman region. Our data in the sensi-
. . . . . P
tive nonlinear Zeeman region dictated our choice of y%".

V. THE LEVEL REPULSION EFFECT

Of particular interest in carrying out spectroscopy by
use of transient rf optical method is the effect of level
repulsion that is observed in the region of Pr-F cross re-
laxation. In Sec. IV the rf data are fitted to the Pr-spin
Hamiltonian of Eq. (1) and ignores the relatively weaker
magnetic dipole-dipole interaction with the abundant nu-
clei. Since the dipole-dipole interaction decreases rapidly
with distance, in the next approximation one may consid-
er an isolated Pr spin together with the nearest-
neighboring nuclei as an isolated system and calculate its
energy levels in the presence of an applied magnetic field.
In reality, the Pr-F pair interaction is not isolated from
the bulk F nuclei and therefore it is broadened by the di-
polar coupling among the abundant F spins. The dipole-
dipole interaction of the isolated Pr spins with the neigh-
boring fluorine spins results in the broadening of Pr-spin
resonances, but in most instances no structure can be
seen. The situation is different when at certain values of
the external magnetic field the fluorine NMR line
matches one of the Pr hyperfine transitions. Figure 9(a)
shows a Pr hyperfine energy-level diagram (solid line) to-
gether with the fluorine-spin Zeeman energy levels
(dashed line), in an approximation where the coupling
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FIG. 9. The Pr-F level crossing for 6=1.5°. (a) Energy levels
of isolated Pr (solid line) and F (dashed line) spins. The cross
relaxation at B =2750 G is a result of the matching of the Pr
[+3)—|—32) and F |+ 1| —1) transitions. (b) Energy lev-
els of the coupled Pr-F spin system. When Pr and F spins are
treated together as one system, the matchings of Pr and F tran-
sition frequencies are interpreted as anticrossings of the com-

bined |+3,+1) and | — 2, — 1) energy levels.

among the spins is ignored. (The orientation of the exter-
nal magnetic field is perpendicular to the C; crystal axis
and at 6=1.5° with respect to the quadrupole x axis.) A
particular Pr-F nuclear transitions crossing is shown at
B =2750 G where the fluorine NMR line matches the Pr
(+32«<>—3) line. This situation resembles the case of two
neighboring protons in gypsum,® discussed in the Intro-
duction. Although the proton resonances are broadened
by the interaction with the more remote nuclei, strong di-
polar coupling between the two nearby identical spins re-
sults in a Pake doublet, but actually the Pr-F coupling is
more complex due to the many F spins forming the
group.

In order to obtain an approximate understanding of
the Pr’* eigenlevel spectrum in the region where energy
conserving flip of a Pr spin and a simultaneous flop of
only one of the neighboring F spins occur, we consider
only the simpler system with a single Pr spin coupled to a
single F spin. The corresponding Hamiltonian is

FH=Hp+ B S+ A[ILSF—LI%SE +17S% )], (b

where #p, is the Pr’t Hamiltonian [Eq. (1)], the second
term represents the F-spin Zeeman energy, and 4 mea-
sures the strength of the dipolar coupling between the
spins. We ignore the nonsecular terms. The energy-level
diagram of this system, obtained by numerical diagonali-
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zation of the Hamiltonian in Eq. (11), is shown in Fig.
9(b). When Pr and F spins are treated together as one
system, the matchings of Pr and F transition frequencies
appear as level crossings of the combined |mp.,mg)
eigenlevels. In particular, the matching of the Pr-
(+3<—3) and F-spin Zeeman line at B =2750 G is seen
in Fig. 9(b) as the level crossing of the |+3,+1) and
|—3,—1) energy level. A portion of the theoretical
spectrum in the region of levels anticrossing at B =2750
G is plotted in Fig. 10, together with the experimental
measurements. A dipole-dipole coupling of 4 =100 kHz
is assumed because the rf data are only exact enough to
determine that the coupling constant is between 50 and
400 kHz. As the F and Pr (+3<—31) lines approach
one another, a slight deflection from the smooth plot of @
versus B on either side of the point where exact level
crossing occurs. In the theoretical model this effect can
be interpreted as a result of an anticrossing of the mutual
Pr-F cigenlevels. The levels are prevented from crossing
by the presence of the flip-flop term of the dipole-dipole
interaction that couples the two states. Instead, the lev-
els “repel” one another, and wave functions of the two
states interchange their identities as the external magnet-
ic field changes through the region of crossing. The
discontinuity of the Pr (+3«<>—2) line at B=2750 G is
therefore a result of the anticrossing of the |+%,+%)
and |—3,—1) energy levels. In fact, any Pr line that
represents a transition from either of the levels (+3) or
(—3) should exhibit such a discontinuity. In rough
agreement with this model, a splitting of the Pr
(—3<>—3) line was observed (see Fig. 10). Also, as ex-
pected, no splitting of the Pr (+3«—1) line was ob-
served since this transition is not connected to any of the
paired Pr coupled eigenlevels that cross relax with F
spins.

22
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FIG. 10. Observed level repulsion (circles) where the condi-
tion for cross relaxation with the fluorine-spin reservoir is
satisfied. The numerical fit is obtained by diagonalizing a
12X 12 dimensional matrix of the F-Pr’* —coupled Hamiltoni-
an. Only the transitions of interest are shown.
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Because our measurement technique relies on sudden rf
coupling of the Pr levels and the transient exchange of
their populations, no signal from the Pr (+ 3« —3) tran-
sition is seen at the exact point of level crossing (see Fig.
11). Since the resonant spin flip-flop interaction provides
a constant coupling between levels, both levels are
bleached by the optical process. Externally applied rf
coupling thus has no effect on the laser-beam absorption.
This absence of signal at exact resonance provides an ad-
ditional proof that resonant cross relaxation is taking
place.

VI. LEVEL-CROSSING RESULTS

Optical detection of nuclear cross relaxation was also
carried out without the use of magnetic resonance. The
experimental arrangement (see Fig. 12) was very similar
to the rf spectroscopy experiment described above. In
the previous experiment, resonant rf pulses were applied
to the sample, causing transient perturbations in optical
absorption. In this experiment, transient perturbations in
optical absorption were induced by sweeping an external
magnetic field through resonant values of B where cross

SIGNAL (ARB.UNITS)

T
10 N 12
NQR FREQUENCY (MHz)

FIG. 11. Temporal rf optical-absorption signals at different
external magnetic fields. The nuclear quadropole resonance
(NQR) decreases in size as the cross-relaxation resonant value
of B =2750 G is approached from either side, and is absent at
exact resonance.
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FIG. 12. Experimental apparatus for the level-crossing ex-
periment. The magnetic field is swept rapidly (500 G/sec) and
changes in optical absorption noted. BS is the beam splitter;
ND is the neutral density wedge.

relaxation between Pr spins and the fluorine spin reser-
voir occurs. Light transmission was monitored on a
Biomation 8100 transient waveform recorder and averag-
ing performed on up to 75 traces. As the magnetic field
changed, both the Pr energy-level splittings and those of
the fluorines changed at different rates. During the
Zeeman-field sweep several energy matchings occurred
which were observed as sharp optical-absorption peaks.

According to the theoretical model discussed in Sec.
IIT positions of the absorption peaks can appear shifted
from the exact-energy-matching condition (see Fig. 6).
The magnitude and direction of the shift depends on the
relative rates of optical pumping, magnetic-field B sweep,
and cross relaxation. The sign of the shift of the absorp-
tion peak changes with the direction of magnetic-field
sweep, and therefore sweeps of the magnetic field in both
directions produce a symmetrical pair of signals centered
at the exact level crossing. Magnetic field sweeps in both
directions were employed in order to determine and com-
pensate for errors caused by these shifts.

Figure 13 shows optical transmission during forward
and reverse magnetic-field sweeps when the crystal axes
were aligned so that the external magnetic field made an
angle of 1.5° with respect to a crystal C, axis and was
perpendicular to the crystal C; axis. The laser electric
field E; was approximately parallel to B. In agreement
with the rf spectroscopy results (Fig. 8), absorption peaks
were observed for both directions of magnetic-field sweep
in the region of the Pr (+3<——1) and F (+1e—1)
NMR transition matching condition at 2750 G. At the
onset of level crossing, a steep drop in laser transmission
was followed by a slow recovery beyond the level-
crossing condition. This is the result both of the laser
frequency width (=1 MHz) and of the slow rate of opti-
cal hole burning during the magnetic-field sweep. The
large observed linewidth (=150 G) is a consequence of
the very small effective gyromagnetic ratio of the Pr
(+3<—3) line in this region. Since observations
showed that the error in determining the positions of the
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FIG. 13. Optical transmission during increasing (a) and de-
creasing (b) magnetic-field sweep. Magnetic field B is at an an-
gle of 1.5° with respect to the C, axis and is perpendicular to the
crystal C; axis. Laser light is polarized parallel to B. The ab-
sorption peak at B =2750 G corresponds to the matching of Pr
[+3)—|—=3)and F |+ 1)<« —1) transition frequencies.

absorption peaks was less than 25 G in either
magnetic-field sweep direction, only forward sweeps were
performed in later experiments.

When the crystal C, axis is nearly parallel to B, the
value of magnetic field at points where level crossing
occurs is very sensitive to small angular misalignments.
By observing the absorption peaks we were able to
reorient the crystal so that the B field and one of the C,
axes were misaligned by less than 0.2°. With this crystal
orientation a laser field E; , when polarized perpendicular
to B, excites only the sites with a quadrupole x axis at an
angle of =60 with respect to B. When the laser is po-
larized parallel to B, an additional set of sites with quad-
rupole x axes parallel to B (0=0°) is excited. The eigen-
level diagram for each set of sites is shown in Figs. 14(a)
and 14(b). The -corresponding level crossing and
enhanced absorption is shown in Fig. 14(c). Additionally,
rf data for 6=60° are shown in Fig. 14(a). After the first
crossing of a given Pr transition with the fluorine reser-
voir, the Pr levels are depopulated and subsequent cross-
ings of the same Pr line in a time short compared to
spin-lattice relaxation are less effective, and absorption is
not observed. Both single and less probable double
fluorine spin-flip interactions with Pr spins are observed.
Similar measurements were conducted for a different
crystal orientation where sites with 6=30° and 6=90°
were excited. The observed absorption peaks agree well
with predictions of the energy-level crossings calculated
from the spin Hamiltonian in Eq. (11).

When a cw rf signal of fixed frequency is applied dur-
ing a magnetic-field sweep, additional absorption peaks,
not shown here, were observed. As Pr hyperfine-
transition frequencies change with the magnetic field, at
certain values of B the frequency of the applied external

o

w

o

s

~
=
=2
=3
=z -]
= .
bt .-
8 \J —”
=N
s £V
= 3 .( .-

}’;,‘)' -

P, -

00 »
» a
PPN

Iy 4d- <
0 I l31000 2000 3000 4000 5000 6000 7000

S 8 (G) _

o

-

s
~ a4
x 4
o fid
™ 1 ’/
> . =
> 7. =~
= -z
s i
2 .
&8 = —’__,
[y R =
ac P
o ’
z
o P
- D e
2 g

ol N (b)

o "‘ T A v
0 1000 2000 3000 4000 5000 6000 7000

B(G)
a b ¢

= g

c

3

s d e f 8h 1

2 t b t

=z

o

&

(%}

z

=

= a b ¢

=

(c)
0 1000 2000 3000 4000 5000 6000 7000
B (G)

FIG. 14. (a) rf data (circles) and numerical calculation (solid
line) for 6=60°, ¥y} /27=3.45 kHz/G, y!"/2mr=4.98 kHz/G,
and yP"/27=10.16 kHz/G. The dashed line is the fluorine
transition. Arrows show where energy-conserving cross relaxa-
tion occurs. Note that only the first crossing point of a given
Pr’™ line is indicated (see text). (b) Same as (a), but with 6=0".
Double fluorine-spin-flip transitions are also shown (upper
dashed line). (c) Optical transmission during magnetic-field
sweep at a rate of 500 G/sec. The upper curve represents the
average of 20 traces, where E; was perpendicular to B and one
of the C, axes, exciting only sites with 6=60°. The lower curve
represents the average of 75 traces under the same conditions.
The middle curve shows optical transmission for the case where
E, was parallel to B and one of the C, axes. In this case, sites
with 6=60° and 6=0° were excited simultaneously. Double
spin-flip transitions were observed only for 6=0°.
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rf matches that of a Pr hyperfine transition. Analogous
to the case of Pr-F cross relaxation, this causes a rapid
change of population differences between Pr hyperfine
levels and a transient change in the optical pumping pro-
cess. By shifting the rf frequency between each
magnetic-field sweep, NMR spectroscopy of the hyperfine
levels can thus be mapped out, which we did not carry
out in detail. This magnetic-field sweep combined with rf
saturation provides an additional method for carrying
out optical spectroscopy.

VII. DYNAMIC-SPIN-RESERVOIR
POLARIZATION

Optical pumping has been demonstrated to be a useful
technique for achieving nuclear polarization in
solids. '* 1 We now discuss the prospects for obtaining a
net polarization of fluorine spins exceeding the Boltzman
equilibrium by means of cross relaxation of the fluorine
spins with the optically pumped Pr’* system. As noted
in Sec. III and stated explicitly in the Appendix, the cross
relaxation between fluorine spins and optically pumped
Pr’" spins does not change the net fluorine-spin-reservoir
polarization. This concerns the Pr-spin cross-coupled-
ground-state levels @ and B (Eg> E,). The symmetry of
the combined optical-pumping—cross-relaxation process
produces two polarized Pr-spin groups A4 and B with
equal but opposite polarizations [p(A4)=—p(B)]. The
Pr-spin polarization for each of the groups is defined by
p=(n,—ng)/(n,+ng). This leads to the local cooling
or heating of the fluorine spins but the fluorine spin tem-
perature averaged over the sample does not change. Asa
result of the optical pumping combined with cross relaxa-
tion, the rate at which Pr spins polarize the neighboring
fluorines under steady-state conditions is very slow. The
two coupled a and B Pr levels are bleached and therefore
the effective number of Pr spins that can exchange energy
with the surrounding fluorines becomes rather small.

In order to produce a nonzero net polarization of the
fluorine spins a reduction in symmetry of the optical
pumping cycle of the Pr*™ ions is required. This can be
accomplished by connecting either (but not both) of the
levels a or B with at least one of the four levels o by
means of rf saturation, with the result that p ( 4)s= —p(B)
and p(C)s£0. The largest effect on the Pr-spin polariza-
tion is obtained when all four o levels are coupled to ei-
ther one of the a or B levels. If any of the NMR transi-
tions is forbidden, the coupling can be achieved by two
photon transitions. An additional effect of the induced rf
NMR saturations is that the bleaching of levels a or B is
hindered by the increased rate of repopulation from levels
o. As a result, the number of Pr spins in levels a and 8
increases, making the cross relaxation more effective.

In the following analysis we consider a case when the rf
NMR transitions couple all o levels to level 3 (see Fig.
15). The situation where o levels are coupled to level a is
analogous and results in equal but opposite Pr-spin- and
F-spin-reservoir polarizations. The ratio € of the number
of all optically excited Pr*" ions to the total number of
fluorines in Pr’*:LaF; is very small. The Pr’** ions re-
place approximately 1072 La*" ions, and only 107% Pr3™
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FIG. 15. The proposed scheme for achieving fluorine-spin
polarization. Inhomogeneous broadening allows the pumping
cycles shown in (a), (b), and (c) to occur simultaneously.

ions are in resonance with the narrow-linewidth laser.
Therefore €~10~% and if the cross relaxation is not
diffusion limited, we can assume that the polarization of
the large fluorine spin system does not change appreci-
ably in the time needed for the Pr-spin-group level popu-
lations to reach quasiequilibrium after the onset of level
crossing. In this adiabatic approximation the Pr-spin-
level populations of groups A4, B, and C can be calculated
using rate equations similar to the rate Egs. (3), where the
coupling between levels a and 3 due to the Pr-F cross re-
laxation is described by a rate W. In writing rate equa-
tions we use the same notation for the rates but slightly
different notation for the level populations as compared
to the notation in Sec. III. The effect of the induced
NMR transitions between level B and levels o is de-
scribed by a rate W (sec”!). The populations of levels a
and B of Pr-spin groups are represented by n, and ng, re-
spectively. For the analysis in this section the excited op-
tical state populations are described by n.. The com-
bined population of the four ¢ levels of groups 4 and B
is represented by n,. The level populations of all three
groups A, B, and C are normalized to one separately.
The rate equations describing the combined effect of the
cross relaxation and the induced NMR transitions on the
optical pumping cycle of the Pr®* ions in group 4 are,
therefore,

dn,
a0 =Wilng—ny)+Wclng—n,)
¢

+E+Wsl[(nﬁ+na)—5na] , (12a)

dng ¢
=W —na )4 —

dt C(na nﬁ) 6Tf

+Wylln,+n,)=5ng]+Wn,—4ng), (12b)
dn

4n
= ;g—é+ Wyldln,+ng)—2n, 1+ W, (4ng—n,),

(12¢)
s _w - (12d)
dr e teT eI
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Sn=1, (12¢)

where i =a, f3, 0, and £. The rate equations for the Pt
ions in the group B are given by

dn, n,
o :WC(nﬁ—naH--G—]%f—-!-WS][(nB+nU)—5na] ,
(13a)
dnﬁ . né—
_tiT—WL("g‘”B)+WC("a_”B)+ 6T,
+Wylln,+n,)—=5n5]1+Wgg(n, —4ng), (13b)
dn, 4n;
7 6T, +Wyldng+n,)—2n, 1+ W (4ng—n,),
(13c)
dn§ _ né‘
d[ —WL(nﬁ_ng)—Tf 3 (13d)
and
Sn=1. (13e)

{

In order to describe the optical pumping-—cross-
relaxation process of the Pr’** ions in group C, we use the
following notation. Population 74 represents that o level
which is in resonance with the laser excitation, while the
population n, represents the remaining three o levels
[see Fig. 15(c)]. The rate equations for the group C are
therefore

dna g
PRl (ng—ng)+—— 6T, +Wyllng+n,+n,)—5n,1,
(14a)
P e )+t
ar cteT 6Tf
+Wylln,+n,+n,)—5ng]
+Wln, +ny,—dng) (14b)
dn, 3n;
R 6T = —Wyl3(n,+ng+nyg)—3n,]
+W[3(ng+n,)—2n,], (14c¢)
dny e
0 =W (lne—ny)+ 6T, +Wylln,+ng+n,)—5n,]
+ Wlng+n,—4n,), (14d)
dng ne
,7~WL(na, ne)— T, (14e)
and
S n=1 (14D

We assign to the optically excited Pr spins an average po-
larization p’, defined by

(ny+ngtang)

N (nOA +nOB +4noc) ’

(15)

Here n; and n; (where j =4, B, and C) represent the

difference n;=n,;—ng; and the sum no;=n,;+ng;, re-
spectively of the levels a and B of each of the groups 4,
B, and C. In Eq. (15) we took into account that the group
C has a weight of four. We assume that the external
magnetic field is fixed at or near a Pr-F—spin-level cross-
ing. Assuming an infinite lattice temperature, the aver-
age fluorine spin reservoir polarization P’, defined by

1 o(F)—ng(F)

P'= , (16)
no(F)+ng(F)
can be described by
dP’ P’
—_= W, ! 17
i 2reWe(p'—P')— Tn (17)

and T,r represents the fluorine-spin-lattice relaxation
time. In Eq. (16), n,(F) and n4(F) pertain to the total F-
spin reservoir populations of the lower and upper Zee-
man energy levels, respectively. The factor
r={(ng, +nyg+4nyc)/6 represents the ratio of the num-
ber of Pr spins in levels a and f3 to the total number of Pr
spins, where only spins belonging to groups A4, B, or C
are taken into account. In this simplified model the Pr
spins reach a quasiequilibrium average polarization p ., in
a time determined by the slowest of the rates W ;=10"
sec”!. The “slow” fluorine- spin reservoir then couples
with the quasi- steady -state Pr-spin polarization p.,. For
times t <<[(eW)"',T,r], Eq. (17) can be approximated
by

ar’ 2reW, (18)

dt Cpcq .

The cross-relaxation rate W is adjustable by the external
magnetic field by means of the level-crossing tuning pa-
rameter [see Eq. (4)]. In order to apply the rap1d spin-
diffusion limit (W, <10* sec™!) we set W, ——10 sec” L.
For a typical laser-excitation rate W, =10’ sec™ ' and the
external rf NMR excitation rate W,=10" sec™!, with
T,=5X 1074 sec, the steady-state solutions to rate Egs.
(12), (13), and (14) result in an average Pr quasiequilibri-
um polarization of 20% (p ., =0.2) with a correction fac-
tor r =0.4. Equation (18) then predicts that for these pa-
rameters a net F-spin reservoir polarization of 1%
(P'=.01) can be achieved in about 1000 sec if T is that
long or longer. The sign of the imposed fluorine-spin
reservoir polarization depends on which of the two Pr-
spin levels a or B is chosen to be connected by the exter-
nal rf NMR transitions to the remaining four o levels.

VIII. CONCLUSION

Measurements of optical transmission during the
magnetic-field sweep have been made in order to detect
interspecies nuclear spin-spin reservoir cross relaxation in
Pr’":LaF,, where the Pr spins couple to the surrounding
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F-spin reservoir by level crossing controlled by means of
the Zeeman field. Several couplings between different
3H, ground states of Pr with F spins are observed. The
optical pumping is combined with a magnetic field sweep
method which causes cross relaxation between two spin
species. This procedure is useful for checking a few re-
gions in rather complicated types of Breit-Rabi hyperfine
level diagrams without the necessity of carrying out rf
resonance signal detection.

Transient optical spectroscopy by use of NMR proved
to be a reliable means of mapping more completely the
Pr** ground-state hyperfine-spin-level spectrum over a
wide range of Zeeman magnetic fields. A level repulsion
effect in the Pr**:LaF; NMR spectrum was observed in
the region of Pr-F spin-spin reservoir cross relaxation,
and was interpreted as an anticrossing in the combined
Pr+F energy-level diagram. The size of the level repul-
sion indicates a coupling of about |Av|=200 kHz, in
agreement with the inhomogeneous broadening of =~ 100
kHz due to the static magnetic fields of the surrounding
fluorine nuclei.

No crossings with lanthanum quadrupole levels were
identified. This can be explained by the fact that the La
concentration is one third that of the F-spin concentra-
tion, and also because the shortest interatomic distance
between La and Pr spins is twice that between Pr and F
spins.'* Transition probabilities for cross-relaxation be-
tween Pr and La are expected to be weak because both
systems are made up of mixed states in the presence of a
B field. "’ .

From a set of detailed balance rate equations which ex-
press the two reservoir spin-spin coupling rate between F
and Pr systems, together with rf saturation transitions,
we show theoretically that a substantial equilibrium net
polarization of F spins might be achieved by means of op-
tical pumping. This technique may be advantageous in
cases where a quick recovery of spin population is re-
quired for NMR studies which would otherwise be im-
practical because of a long T;.
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APPENDIX

In the diffusion-limited case for Pr-F spin coupling we
improve upon a model’ which is based upon the assump-
tion of a spherically symmetric continuum of F-spin den-
sity surrounding each isolated Pr spin. In order to apply
the concept of isotropic spin diffusion we assume that the
F spins in a volume 47} /3 are directly dipolar coupled
to single Pr spins only over a radius 7. Beyond this ra-
dius which is somewhat arbitrary, the spin coupling rate
1/T,(F-F) is dominant among the spins in the fluorine
reservoir. If we define a measured?® bandwidth for the
F-F interaction in LaF; as 8o=(#iy%/rip)=10 kHz,
then ry needs to be greater than the radius of the frozen
core r; =(yp,¥r/8w)'/3. For estimated values of yp, less
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than 4 kHz/G extending to about 7 kHz/G, the radius r,
extends correspondingly from less than the average dis-
tance d =2.6 A between a Pr spin and the first shell of F
neighbors to a distance just beyond d. Crudely speaking,
this distance d defines the outermost radius of the frozen
core of the F spins, beyond which spin diffusion of the F
spins at r; is the only coupling mechanism to the F-spin
reservoir in the region » > r,;. Therefore we must add an
extra rate equation to those equations listed as Eq. (3) for
the rate of change of the average F-spin polarization
probability P in the volume AV =477} /3 as

3P
L0 —awip—Py+—-D | L

. Al
ot ro or (Aan

"o

The first term on the right side of Eq. (A1) represents the
driving Pr-F dipolar coupling due to optically pumped Pr
spins, valid for either the 4 or B group. With the use of
Fick’s law for spin diffusion from a surface of 473, the
diffusion term in Eq. (A1) expresses the average spin-
density-diffusion rate out of the volume AV at radius r.
The probabilities of Pr- and F-spin polarizations are
defined, respectively, by

fa—Tp (A2)
p_ b
NPr
and
n, (F)—ng4(F)
p=—t—""r " (A3)
Np
where  Np.=(n,+ng), Ng=N,(F)+ngF), and

1n=Np,/Ng. In the average fluorine polarization proba-
bility P, over the volume AV, N pertains to the total
number of F spins contained in AV multiplied by the
number of optically excited Pr ions in either group A4 or
B. For Pr spins from group C, levels a and f3 are equally
populated [p (C)=0] and therefore they have no effect on
the fluorine reservoir. Because of the optical pumping of
n, Or ng states, the quantity Np,, defined for each of the
groups A or B separately, is time dependent, decreasing
with time during the onset of n,—ng transitions. We
make the assumptions that p(¢) and %(¢) in Eq. (1A)
remain valid in spite of the fact that Ny, is time depen-
dent. In the presence of these nonlinearities the Pr-F sys-
tems evolve toward a final spin temperature during the
time they are in contact. The radius r, defines a mean
distance at which direct Pr-F dipolar coupling falls off to
a value such that 0P /d¢ depends mainly on (BP/ar),O.

Depending on how W changes as resonance is ap-

proached in our technique, both r, and (3P /ar),0 have a

slow time dependence. In our approximate model we as-

sign r, a constant time averaged value. The F-spin

diffusion constant D in Eq. (A1) is approximated by?'
a’ 2 172

where a is the internuclear spacing. We realize that the

application of an isotropic spin diffusion coefficient D
presumes a continuum of spin density. However, in reali-
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ty an isolated rare spin communicates its polarization to
a finite set of nearest-neighboring foreign spins at a finite
lattice distance. This problem poses the question of
whether or not a spin-diffusion bottleneck can be ana-
lyzed using the continuum-diffusion model,?' but we ap-
ply the model, nevertheless.

The diffusion-limited case requires that the statistically
independent rate W(n, —n,) in Eq. (3) be replaced by

9p
L=wep-p),
EY ( p)
where W=2W.. The mechanism of Pr-F cross relaxa-
tion is now to be considered, and its connection with F-F
spin diffusion will be discussed. The rate W may be writ-
ten as’

(AS)

W =(Aw*)p, prcg(w) , (A6)
where
<Aa)2)p,F=ii—72T|M|2z B2, (A7)

with the definitions
IMI?=|(Ep, Eg|ITST +I”ST |E  +fiwp, Ep F fiog) |2,

and

2
yPrYFﬁ
Bi = —%—3

ri

(1—3cos?d;) .

The above sum is taken over the neighboring fluorine
spin sites within the radius r, where r; and ¢, are the po-
lar coordinates of the ith fluorine spin relative to the Pr
spin. The energies of the initial and final states must
match, and g(w) is an overlap function for the reso-
nances. The expression for W in Eq. (A6) is identical
with the rate determined by cross relaxation as it occurs
in double resonance,” ' where in this case the two spin
species are both coupled in the laboratory frame. The
pair interaction between Pr and F spins is interrupted by
the F-F dipolar interactions, expressed by the correlation
time 7c={Awip) '?, where (Awip) expresses the
effect of the dipolar coupling among F spins. We assume
that the coupling between Pr spins!® is negligible. If a
Gaussian shape is assumed for either resonance then the
level crossing tuning parameter can be expressed as

(@p,— wp)?

2{ Aw?)

The F nuclei at distances r > r, become disordered at a
rate
dP(r,t)

—Pv2
3 DV<P(r,t) .

g(w)=exp

(A8)

(A9)

In the absence of cross relaxation, the optical pumping
produces a polarization of the Pr’* spin groups 4 and B
represented by the net nonzero population differences
p(A)<0 and p(B)>0 where P(4)=—p(B) by symme-
try in the high-temperature approximation. In order to
analyze the effect of spin diffusion we assume that Pr

spins from groups A and B alternately occupy sites in a
regular array with a lattice distance r 45 which is the
average distance between 4 and B spins. We ignore the
Pr spins belonging to group C since they do not affect the
overall spin polarization. After the onset of level cross-
ing, group A produces local cooling [dP,( A)/dt <0]
and group B produces local heating [dP,(B)/dt > 0] of
the fluorine spins, but the F-spin temperature averaged
over the entire sample does not change. Therefore we
can assume that P(r=r ,5/2)=0. This situation is
different from the usual double-resonance experiments® '°
where rare nuclei can be assigned a uniform temperature
and the average temperature of the abundant nuclei is
consequently altered. If we also assume that
P(r=ry)=P, then the steady-state solution to Eq. (9A)
becomes

R 2R

r Y4B

P(r)=P, , (A10)

where R =(ryr, 5)/(r, 5 —2ry). The steady-state solu-

tion to Eq. (A1) then gives

PO=——77W—3p . (A1D)
nW +3Dr /r;
In the case when
3DR /ri>nW (A12)

spin diffusion among F nuclei is sufficiently rapid to
maintain a spatially uniform spin temperature for F nu-
clei, and there is no diffusion bottleneck for transfer of
disorder between Pr and F nuclei. However, a diffusion
bottleneck is expected when

nW>>3DR /r} , (A13)

since F nuclei near the Pr nuclei disorder more rapidly
than more distant nuclei. The Pr-spin polarizations p and
the ratios 77 are not independent of the fluorine-spin po-
larizations and in general cannot be calculated separately.
However, in the case when the cross coupling is not
diffusion limited, P,=0 for all times and Eq. (AS5)
simplifies to

o _ _

ot Wp .
and the Pr level populations of groups A4 and B can be
calculated separately using Egs. (3), where the Pr-F cross
relaxation is described by a single rate W, =W /2.

Strictly speaking the above conditions [Egs. (A12) and
(A13)] for the spin diffusion are valid only at equilibrium.
However, we can assume that the ability of the neighbor-
ing fluorine spins at r >r; to maintain the fluorine spins
inside r( at the fluorine reservoir temperature diminishes
with time as the disorder builds up outside the volume V.
We therefore assume that the steady-state conditions
[Egs. (A12) and (A13)], with 5 substituted for its largest
possible value, are valid also for times before the systems
reach equilibrium. Before the Pr and F spin systems
reach equilibrium the probabilities Np, and therefore the
ratios 7 vary in time. The largest value for Np, of

(A14)



Np, =1, occurs in the absence of optical pumping. The
radius 7, is expected to be of the order of a few lattice pa-
rameters, and therefore Ny;=~40. For a 0.5 at. % doped
sample of Pr**:LaF;, the cross relaxation of a single Pr
spin with neighboring F spins can be considered indepen-
dent from other Pr spins since the average distance r 45 is
very large, on the order of 100 nm, making R =r,. From
Eq. (A4) we obtain D =4X10" ! m?. From the condi-
tion in Eq. (A13) it then follows that the cross coupling is
diffusion limited for W > 10* sec ™.

In order to estimate W from Eq. (A6) when wp,=wg
we use the following values: yp./(27)=4 kHz/G, Y/
(2m)=4 kHz/G; and 7. =17 u sec.’® By summing the
contributions of forty nearest fluorine neighbors (ignoring
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the angular dependence) we obtain W =~ |M|*X 10® sec ™.

Experimentally the evidence in our model for spin-
diffusion-limited transfer of spin population between two
different spin species can only be confirmed by comparing
changes in spin population differences to the prediction
of the model. The model reveals a rate transient more
complex than W,. A further investigation of the non-
linear transient solutions to Eq. (A5) would be necessary.
Further refinement would require that nonequilibrium in-
itial conditions be well defined which is not the case in
our investigation, nor does our method provide a direct
determination of changes in spin magnetization which
would be achieved by direct NMR measurements.
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