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state of ' 'Pr, which we investigate here. The magnetic
behavior of singlet ground states is determined largely by
the nuclear spin, the hyperfine coupling constant, and the
off-diagonal magnetic-dipole coupling between the
ground state and higher-lying electronic states. This
gives rise to second-order hyperfine, or pseudoquadrupole
splittings and substantial enhancements of the nuclear
magnetic moment from the close-lying levels. In the
study of the magnetic and hyperfine interactions present-
ed here, we find these enhancements in the nuclear mag-
netic moment to be as large as a factor of 350.

II. EXPERIMENT

Crystals of CaF2 and $rFz doped with 0.05%%uo Pr +

were co-doped with D by diffusion in a deuterium atmo-
sphere at 850'C as described previously. It is estimated
that approximately 10%%uo of the total F ions in the crys-
tals are exchanged by D ions. Single crystals were cut
and polished with (100) faces and immersed in liquid heli-
um at 1.6 K. Optical transitions between the ground
state and the lowest crystal-field component of the 'D2
multiplet were observed in absorption, fluorescence, and
Auorescence excitation, using cw dye lasers with jitter-
limited bandwidths of 1 —2 MHz.

Spectral holes were burnt using two different schemes.
For persistent holes, exposures of =3 s at = 100
mW/cm were made. The holes were detected by scan-
ning the same laser about the burning frequency by +100
MHz to +10 GHz, depending on the site, and detecting
the changes in sample fluorescence. For short-lived
holes, one laser was used to burn a hole by optical pump-
ing, while a second laser, with its beam coincident with
the first in the sample, probed the holes, again in Auores-
cence excitation. An external magnetic field was applied
by a split pair of superconducting coils. The field was ap-
plied parallel to the [100] axis of the crystal, and in all
cases, the laser polarization EL was perpendicular to the
magnetic field.

For sites which did not exhibit persistent hole burning,
transient holes were observed due to optical pumping of
the hyperfine levels. These levels are separated by—10—100 MHz and the laser radiation produces a redis-
tribution of population as holes are burnt. The applica-
tion of resonant rf radiation fills in the holes and the re-
sulting change in fluorescence intensity is used to optical-

ly detect the nuclear resonance. In these experiments the
crystal was placed inside an rf coil and the whole ap-
paratus placed inside a liquid-helium immersion cryostat.
Hyperfine splittings were determined by sweeping the rf
frequency while monitoring the sample fluorescence.

III. RESULTS

Eight rhombic symmetry centers were studied in total:
four in each of the crystals CaF2..Pr +:D and
SrF2.Pr +:D. The four centers in each crystal are desig-
nated C, (1) through C, (4), and each center is identified

by its corresponding properties in the two crystals. Fig-
ure 1(a) shows the proposed model for C, (1) and Fig. 1(b)
for C, (2). The properties leading to these assignments
and models for the other centers are discussed in Ref. 5.
The excitation wavelengths and the splittings 5 between
the two lowest levels of the centers studied are listed in
Table I. The effect of the rhombic distortion on the
hyperfine splittings enters through the splittings 5 of the
parent C4„Eground state.

A. Hole burning

The hole-burning spectrum for each of the centers
studied is shown in Fig. 2 for CaF2.Pr:D and Fig. 3
for SrF2.Pr +:D crystals. In each case there is a central
hole at the laser frequency and, depending upon the par-
ticular site, there are six additional side holes or an-
tiholes. The origin of the side structure is the redistribu-
tion of population among the sublevels of the ground
state. These levels are split by the second-order hyperfine
interaction dominated by contributions from the first ex-
cited electronic state at energy 6 above the ground state.

At 1.6 K, the hole-burning character was persistent for
the C, (2) center in both crystals and for the C, (1) center
in SrF2.Pr +:D . For these cases, the optical excitation
induces a phototransformation of the center that shifts
the Pr + ion absorption to another wavelength or polar-
ization, and the side structure is a hole pattern as all lev-
els of the ground state are depleted (Figs. 2 and 3). The
remaining centers exhibit transient holes at 1.6 K and, as
shown in Figs. 2 and 3 for the C, (3) and C, (4) centers,
the side structure is observed as antiholes. Here the
mechanism is optical pumping of the hyperfine levels,

TABLE I. Spectral and magnetic hyperfine data for the C, centers in CaF2.Pr +:D and SrFz.Pr +.

Crystal

CaF2

SrF2

Center

C, (1)
C, (2)
C, (3)
C, (4)
C, (1)
C, (2)
C, (3)
C, (4)

Wavelength
(nm)

601.24
604.79
606.40
602.29
598.40
601.80
603.46
599.82

(cm ')

0.53
9.5

18.5
20.2

3.3
8.3

16.3
21.3

g
(MHz/G)

2.48
2.46
2.75
2.61
2.50
2.45
2.69
2.56

2D,b,
(MHz)

633
52
32
26.9

164
64
32
24.9

2D calc

(MHz)

865
51
32
26.7

150
57
35
24.4

Enhanced
moment
(kHz/G)

920
52
32
28

155
59
36
25
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and antiholes are observed corresponding to enhanced
absorption from levels that receive population. At tem-
peratures above 5 K, all centers under study exhibit per-
sistent hole burning. It was under such conditions that
the spectrum of the C, (1) center in CaF2.Pr:D [Fig.
2(a)] was recorded and side holes are observed.

Figure 4 shows a schematic energy-level diagram for
the rhombic symmetry centers. The nuclear spin of ' 'Pr
is I=5/2, giving three hyperfine levels in zero magnetic
field, split in the ratio of 2:1 in axial symmetry. The ap-
proximation of axial symmetry is well satisfied here as the
centers retain a large measure of the tetragonal symmetry
of their parent center. With singlet electronic states, the
first-order hyperfine interaction is quenched, and the
Hamiltonian consists of the pseudoquadrupole term

Dg [I I(I+I)!3]+Eg [I Iy ]

where g, e refer to ground and excited states. We consid-

er only interactions between the two lowest electronic
states (Z, and Z2) and since these states largely retain
their tetragonal E character, only the z component of the
magnetic-dipole operator is important and the smaller of
the two hyperfine splittings is given by

2D=

where P+ and P label the electronic levels. The strong-
est transitions will conserve MI and the predicted pattern
of holes is shown in the lower part of Fig. 4. The central
hole is expected to have three times the intensity of the
side holes.

The expected seven-hole pattern is observed for the
C, (1) and C, (2) centers in both CaF2 and SrFz crystals
[Figs. 2(a), 2(b), 3(a), 3(b)]. The variation in b, between
the sites changes the splittings between holes according
to Eq. (2) and consistent with the axial approximation be-
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FIG. 2. Hole-burning spectra for four rhombic centers in
CaF2..Pr:D . In (a) and (b) the holes are persistent due to D
motion and the side structure is seen as a series of six holes. In
(c) and (d) the holes arise from optical pumping of hyperfine
lines and the side structure is seen as antiholes.

Laser Frequency Offset (MHz)

FIG. 3. Hole-burning spectra for four rhombic centers in
SrF2.pr'+:D . In (a) and (b) the holes are persistent due to D
motion and the side structure is seen as a series of six holes. In
(c) and (d) the holes arise from optical pumping of hyperfine
lines and the side structure is seen as antiholes.
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ing used, equal spacing within a particular center is gen-
erally observed.

B. optically detected nuclear resonance

(a) SrF&.Pr ':D
C, (4j 599.82 nrn

For the C, (3) and C, (4) centers, only transient holes
could be observed at 1.6 K with hole lifetimes of a few
seconds. This is characteristic of optical pumping of the
hyperfine levels for which side-hole structure is present as
antiholes. For the C, (4) centers, the complex antihole
structure is not well resolved so the pseudoquadrupole
splittings were measured using ODNMR techniques.
The spectra obtained for this center in each crystal are
shown in Fig. 5. The three lines observed for each site
correspond to all possible transitions between the three
hyperfine levels. The frequencies of the lines are 24.9,
48.0, and 73.4 MHz for SrF2.Pr +:D and 26.9, 53.0, and
80.0 MHz for CaF2.Pr +:D . As expected, the sum of
the first two frequencies, corresponding to transitions la-
beled nominally (+1/2~+3/2) and (+3/2~+5/2), is
equal to the third frequency (nominally +l/2~+5/2).
The degree of axial symmetry is represented by the ratio
of the first two frequencies. For SrF2 and CaF2, the ra-
tios are 1.93 and 1.97, respectively, close to the value of
2.0 expected for pure axial symmetry. The measured
hyperfine interaction parameters are given in Table I for
all of the centers studied.
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FIG. 5. Optically detected nuclear resonance for the C, (4)
center at 1.6 K: (a) SrF2 and (b) CaF2.

2D'
4D

C. Nonlinear Zeeman interaction

The nonlinear Zeeman eA'ect was studied by measuring
the shift of the zero-phonon line in an external magnetic
field. The line shift was monitored by fluorescence exci-
tation and the laser was mode hopped in steps of 10 GHz
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FIG. 4. Schematic energy-level diagram for the rhombic
centers showing the dominant optical transitions. When these
transitions remove the centers from resonance with the laser,
side holes appear in the spectrum as shown.

10 20 30 40
Ho (kG)

50 60

FIG. 6. Nonlinear Zeeman shift of the zero-phonon lines of
four rhombic centers in (a) CaFz..Pr +:D and (b)
SrF2:Pr +:D . The solid curves were calculated from Eq. (7)
with the off-diagonal g value as a free parameter.



162 R. J. REEVES AND R. M. MACFARLANE 47

as the field was increased. Seven of the eight centers un-
der study were measured and the results are shown in
Fig. 6. Note how the line shift becomes linear when it is
of the same order of magnitude as b.

The magnetic Hamiltonian describing the system is

Neglecting the e6'ect of the magnetic field on the nuclear
spin levels, the hyperfine level energies will be given by
the eigenvalues of the matrix

0 a

A=gJpJ H+ A&I J+g„pI.H, (3) a

where AJ=1093 MHz, ' P=1.404 MHz/6, and g&=0. 8

for the H4 multiplet of Pr +. If P and P are the two
components of the ground-state E level split by energy 5
in the rhombic crystal field, the magnetic interaction be-
tween these components defines g through the equation

where the off-diagonal term is

a=ggjpH, +gAJI, .

~ p+
I
J.HI Q ~ =gg~pH,

and also

(4)
The eigenvalue equation will give the energies of the six
hyperfine levels of each of the electronic states P+ and

as a function of magnetic field and can be used to ob-
tain the g value. The measured line shifts were fit to the
equation for the I, =+1/2 level

E=—— +b, +—(2gAJI, ) +4g gjpAqI, H, +(2ggqpH, ) (8)

using g as an adjustable parameter for each center. The
splitting of the electronic states 6 was fixed at its mea-
sured value. The values of g obtained are given in Table I
and the corresponding theoretical fits are shown in Fig. 6.
The sensitivity of the fitting procedure determines the g
values to better than +0.05. The line shift was not mea-
sured for the C, (3) center in SrF2.Pr +:D but a value of
g was determined by comparing the ratios of g between
C, (1), C, (2), and C, (4) sites in CaF2..Pr +:D

The results show that this model of the magnetic Ham-
iltonian with a single parameter g gives an excellent fit to
the measured nonlinear Zeeman shifts. The g values ob-
tained are physically reasonable, being a little less than
the value of g =3.875 measured for the C4, F site in
CaF2.Pr +." We note that for these rhombic sites, the g
value represents an ofF-diagonal magnetic coupling be-
tween the levels split by the rhombic perturbation. This
produces a nonlinear shift rather than the normal linear
splitting, but because the two lowest levels are isolated,
the concept of a g value is still useful.

Using the values of g determined in the above manner,
together with measured values of 6, we obtained values
for the pseudoquadrupole splittings 2D from the expres-
sion

sistent in a field and the side structure was revealed as
holes rather than antiholes. The application of the mag-
netic field separates the degenerate nuclear spin levels to
produce the six hyperfine levels designated by the six
values of the nuclear spin projection MI =5/2, . . . ,
+5/2. At a sufficiently high field, the spacing between
levels will be more or less equal and an eleven-hole pat-
tern will result with hole intensities expected to be in a
1,2,3,4,5,6,5,4,3,2, 1 intensity ratio. Figure 7 shows the
pattern obtained for the C, (2) center in CaF2.Pr3+:D as

C0
CL

2D =2g AJ/5 . (9)

The values obtained are given in Table I. There is also
excellent agreement between the measured and calculated
values of 2D.

D. The Pr -enhanced nuclear magnetic moment

Hole-burning experiments were also performed in the
presence of the magnetic field and the splitting between
holes was measured as a function of field. The transient
hole burning of the C, (3) and C, (4) centers became per-

I

-10
!

-5 0 5
Laser Frequency Offset {GHz)

I

10

FIG. 7. Zeeman splitting of the hole spectrum of the C, (2)
center in CaF&.Pr +:D at 1.6 K.
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centers. The Cz(3) center shows a better fit, but in this
case the sole parameter g was determined from a compar-
ison with CaF2 rather than directly from the data.

Given that the model satisfactorily explains the results
obtained for the nonlinear Zeeman effect and the mea-
sured hole splittings, it can be used to give the enhanced
magnetic moment that arises from the nearby electronic
state. The enhanced magnetic moment can be deter-
mined from the change in the hole splitting as a function
of magnetic field, i.e., it will be the derivative of the
curves shown as solid lines in Fig. 8. These curves were
differentiated and the results are shown in Fig. 10. The
enhanced moment peaks at zero field when the two
lowest electronic levels are closest together, and asymp-
totically approaches the value of the bare nuclear mo-
ment of Pr + at high fields. The field at which the mo-
ment approaches this value corresponds to the field at
which the hole splitting appears to saturate, which occurs
here only for the C, ( 1 ) center in CaF2.pr +:D . Because
of the small value of 6 for this center, the enhanced mo-

ment is extremely large (0.7P), approaching the value of
an electron moment. The values for all the centers are
given in Table I.

CONCLUSION

We have studied the hyperfine interaction and magnet-
ic properties of a family of Pr + centers in CaF2.Pr +:D
and SrF2.Pr +:D in which some of the near-neighbor
Auorine ions are replaced by D ions. The centers exhib-
it a form of persistent spectral hole burning in which
laser irradiation in the zero-phonon line of the metastable
D2 level induces a physical motion of the D ion. Using

this spectral hole burning, together with optically detect-
ed magnetic resonance and the nonlinear Zeeman effect,
we have obtained a detailed description of the magnetic
properties of these centers. We find that the magnetic
properties are well described by a simple Hamiltonian
with Zeeman and hyperfine interactions within the lowest
pair of levels.

*Present address: Physics Department and Center for Laser
Research, Oklahoma State University, Stillwater, OK 74078.
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