PHYSICAL REVIEW B

VOLUME 19, NUMBER 9

I MAY 1979

Hyperfine interaction in the lowest levels of the
’H, and 'D, states of trivalent praseodymium in
yttrium aluminum perovskite (YAIO;)

L. E. Erickson
National Research Council, Ottawa, Canada K14 OR6
(Received 6 December 1978)

The hyperfine interaction in the lowest levels of the 3H4 and 1Dz states of praseodymium in
yttrium aluminum perovskite has been measured. The ground-state (3H4) measurements were
made using a rf optical technique. The excited-state ('Dz) measurements were made using an
enhanced and saturated absorption method. The energy-level separations, spin-Hamiltonian
parameters, ground-state magnetic splitting factor and orientation, and the ground-state
linewidths are reported. The crystal-field splittings of the 3H4 and 'Dz manifolds were meas-

ured.

I. INTRODUCTION

Heteronuclear and hyperfine interactions play im-
portant roles in the optical spectra of guest ions in
optical crystals. The linewidths of the no-phonon
lines of these guest ions at low temperatures are
largely determined by the interactions with the host
nuclei.! It follows that a narrower optical linewidth
should be observed for a given ion in a host with
smaller nuclear dipole moments. Also the hyperfine
interaction, which is large enough to yield level split-
tings greater than the linewidth in the LaF;:Pr3* sys-
tem, produces a large modulation of the photon-echo
amplitude as the pulse separation is increased.? The
comparison of this modulation with that predicted
from the hyperfine splittings is made difficult because
the total upper-state energy-level separation is nearly
equal to one of the ground-state separations, and be-
cause the large discrete pulse separations inherent in
an optical delay-line experiment do not give sufficient
resolution te follow the intricate modulation pattern.
In this paper, I present a study of the hyperfine in-
teraction in the ground electronic level CH,) and in
the lowest level of the 'D, manifold of states for the
praseodymium jon in yttrium aluminum perovskite
(YAIO;) otherwise known as yttrium orthoaluminate.
The largest and only significant contributor to the
heteronuclear interaction is the aluminum nucleus
which produces a magnetic intensity at the praseo-
dymium nuclei of 1 oersted full width at half max-
imum (FWHM). This compares to a magnetic inten-
sity at the praseodymium nucleus of 3.8 oersted
(FWHM) produced by the fluorine nuclei in lantha-
num trifluoride. This should lead to a significantly
narrower optical linewidth for YAIO;:Pr than for

LaF;:Pr. The point symmetry of the praseodymium
ion is Cy; in YAIO; compared to C,, in LaF;. The
no *H,-'D, phonon line in YAIO; is not symmetry
forbidden as it is in LaF;, which means the optical
absorption in YAIO; is much stronger than for LaF;.
Therefore, the photon-echo measurements of praseo-
dymium in YAIO; may be made with the gated cw-
laser technique which gives complete control of the
pulse separation and also significantly improved laser
linewidths compared to the pulsed-laser techniques
usually employed. It should be possible therefore to
resolve the question of the significance of the laser
linewidth on the photon-echo amplitudes.

II. OPTICAL SPECTRA

The magnitude of the hyperfine interaction is a
function of the electronic energy-level splittings
through a second-order magnetic hyperfine interac-
tion. Any meaningful analysis of the hyperfine
measurements therefore requires knowledge of the
optical spectra. Many rare-earth ions have been stu-
died in the yttrium aluminum perovskite single-
crystal host.> However, no optical measurements of
the crystalline electric-field splittings of the praseo-
dymium ion in this host have been reported. The
crystal structure has been carefully studied.* It has
an orthorhombic unit cell, and a space group DJ§-
Pbnm. The two inequivalent yttrium ions are at sites
of point symmetry C,,. An alternative choice of
axes has been given by Diehl and Brand,* however:
this paper will use the axis labels given by Geller and
Wood.* The praseodymium ion enters the lattice
substitutionally for yttrium with no charge compensa-
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TABLE 1. Character table for C}, symmetry with the
transformation properties of the coordinates and angular
momentum shown.?

E ap Transformation Properties
r, 1 1 xd, x2y2,22xy
r, 1 -1 z,Jy.J, xz,yz

Polarization of the optical transitions (electric dipole).®

I I,
I o ) ™
r, L

aSee Ref. 7.
bSefe Ref. 6.

tion necessary and therefore also has a point sym-
metry C;,. This low symmetry crystalline electric
field produces 2J +1 nondegenerate levels for each
manifold of states. For ions in this symmetry all opt-
ical transitions are allowed and are polarized.

Optical measurements were made in absorption at
low temperature (5—10°K) to study the ! D, energy
levels. As will become apparent, only the ground

level of 3H, has a significant population at these tem-"

peratures. Measurements were also made in emis-
sion using selective laser excitation of the luminesc-
ing level in the same temperature range to determine
the 3H, crystal-field split energy levels. Both sets of
measurements were made using a 1-meter (%zerny-
Turner monochromator of resolution ~0.1 A. The
oriented (0.05 at. %) praseodymium-doped yttrium
perovskite single crystal was purchased from the
Atomergic Chemical Company. Previous studies! of
praseodymium in lanthanum trifluoride have shown
that the optical and magnetic resonance measure-
ments are free from guest-guest interactions at con-
centrations of 1 at.% or less' so that only a single-ion
optical spectrum should be observed. The results of
these measurments are summarized in Fig. 1. Two
characteristics should be noted: (i) the energy levels
are more widely spaced than for LaF3:Pr**; and (i) a
completely polarized spectrum is observed as expect-
ed for this point symmetry.® The polarizations shown
refer to luminescence transitions from the lowest 'D,
level to the 3H, levels, and to absorption transitions
from the ground level (CH,) for the 'D, levels. The
point symmetry properties determine the electronic
wave functions, and completely determine the polari-

zation of the electronic transitions. The character
table for C,, symmetry is reproduced in Table 1.
From this table and the transformation properties of
x,y,z coordinates, the polarization for electric dipole
transitions can be written down as shown in Table 1.6
The wave functions must also transform like the
character of the irreducible representation of Cy,.
The symmetry adapted wave functions are given in
an elegant treatment reviewed by Bradley and Crack-
nell.? For even J, they may be written down

LTy = 3 af )

lzeven
and

D) =3 allhJ) .

.Iz odd

Now by simply counting the levels in Fig. 1, it is
concluded that the lowest levels of *H4 and ! D, are
I'y. Therefore, the o, 7 labels should be replaced
o=Ty, w=T, Absorption measurements at 77 °K
where the 3H4(51 cm™) level is also populated con-
firm this assigment. No unexpected levels are ob-
served (i.e., there are no symmetry forbidden transi-
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FIG. 1. Measured energy levels of the lowest crystal-field
manifold of states >H, and the ! D, manifold of states. The
levels are labeled by the polarization of the fluorescence
from the lowest ! D, state to the >H, state, and the polariza-
tion of absorption from the lowest 3H, state to the 'D,
state. These labels are equivalent in this situation to the
symmetry classifications o —TI'y, # — T, for Cy,, site sym-
metry.
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tions). Unfortunately, in this low symmetry it is not
easy with this small amount of data to obtain further
information about the wave functions via a crystal-
field fitting procedure. This limits the analysis in the
hyperfine interaction studies to upper bound situa-
tions.

The low-temperature linewidth in the non-phonon
transition, !D,(0) —3H,(0), can be estimated if the
emission linewidth of !D,(0) —3H,(51 cm™) is
known® because all of the other energy levels in these
manifolds of states are much more widely separated
from the lowest levels. The linewidth was measured
by exciting the 'D,(0) level with a single mode stable
dye laser and by observing this emission width with a
Fabry-Perot interferometer. The observed width was
2.5 GHz at 8 °K. This gives only an upper bound to
the direct phonon line broadening because of the
residual inhomogeneous broadening evident in non-
resonant fluorescence-line-narrowing experiments.'®
This is expressed as Av <2.5P(51 cm™!) GHz where

P(AE) =lexp(—kT/AE) —1]7!

or at 5°K Av <1kHz! This is tempered slightly be-
cause the radiative lifetime which was measured to be
185 wsec for this 0.05% sample at 8 °K contributes
1.7 kHz. At temperatures at or below 5K, the pho-
non contribution to the optical linewidth is less than
that from the radiative lifetime of the 'D, state.
There will be no significant contribution from the
phonons to coherence dephasing at these tempera-
tures. Similarly, the absorption linewidth of
SH,—'D, (274 cm™) gives a measure of the 'D,(0)
direct process width. The results are

Ay <166P(274 cm~)GHz ,

or 23 kHz at 25°K and 107%" Hz at 5 °K, clearly
negligible. While this is by no means a complete
analysis of the optical spectra of YAIO;:Pr3*, the data
are sufficient for an analysis of the hyperfine interac-
tion reported in this paper.

III. GROUND-STATE (CH,)
HYPERFINE STRUCTURE

The hyperfine structure of each single electronic
level is composed of three doubly degenerate "nu-
clear" levels in the absence of an external static mag-
netic field. This zero-field splitting is caused by two
experimentally indistinguishable interactions. The
largest is the second-order magnetic hyperfine interac-
tion; the other is the interaction between the nuclear
quadrupole moment of the / =% Pr nuclei and the
‘electric-field asymmetry of the electrons in the ion
and the crystalline electric field.'!"'2 The ground-
state hyperfine splittings were measured by an optical

radio frequency technique which employs the large
ground-state nuclear polarization which accompanies
optical pumping in the no-phonon [}H,(0) —
1D,(16,375)] line to enhance the signal amplitude.
The large nuclear polarization is reduced by inducing
magnetic dipole transitions between the hyperfine
levels and is detected by the large change in lumines-
cence which accompanies this reduction in polariza-
tion. This method is so sensitive that the nuclear
resonance of 10!° nuclear spins can be detected by
observing the crystal luminescence with the unaided
eye in a lighted room. It has been previously used
for the LaF;:Pr system.!

The crystal was excited by a 1 -5-mW focused
beam (12-cm focal length) of ¢w o-polarized 6105.5
A light at 5°K. A rf magnetic field was applied to
the sample at an angle of %w to the b crystal axis and

perpendicular to the c crystal axis. The amplitude of
the m-polarized luminescence from the

1D,(16,375 cm™)> —H,4(51 cm™) transition is ob-
served as a function of the radio frequency. This is
merely a monitor of the ground-state absorption and
therefore the hyperfine level population. A typical
result is shown in Fig. 2. Similar results were ob-

720K
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FIG. 2. Ground-state nuclear resonance absorption in the
absence of an applied external magnetic field. The horizon-
tal scale is centered at the peak of the nuclear resonance ab-
sorption. This zero frequency is 7.059 MHz. The rf mag-
netic field applied to the sample is approximately 0.008 G
rms. The solid line is a Gaussian peak fit to the data. The
poor fit on the right-hand side of the peak is due to sweep
rate effects. This consists of four scans for which the sweep
rate was 0.3 sec/channel.
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served on monitoring the transmitted laser light. The
rf magnetic field strength was about 8 mG rms. The
solid line is a Gaussian curve fit to the data. The line
shape is very closely Gaussian on the leading edge.
The tail of the following edge, which lies above the
Gaussian curve is due to the fast frequency sweep in
these experiments. Each plotted point represents a
dwell time of 0.3 sec and the frequency step between
each is 3.99 kHz. The long nuclear spin-lattice relax-
ation times of the YAIO;:Pr crystal demand a slower
‘sweep to avoid lineshape distortion. The measured
linewidth, 56-kHz FWHM, however is not signifi-
cantly affected by this distortion. Two resonant fre-
quencies 7.057 +0.005 MHz and 14.100 +0.010 MHz
were observed. These frequencies may be fit by a
spin Hamiltonian

d% =DIR2—+1U+D1+(E/D U} +12)
where

|D|=3.5255 +0.0006 MHz
and

|E|=0.032 +£0.008 MHz .

The stated errors are the standard deviations obtained
from the least-squares best fit of the Hamiltonian to
the data.

From the analysis of this Hamiltonian given by
Teplov,!? we find that for £ =0 that

A=A,

where

| <0|J [n)|?
A=
! ngoA E EO
A, is the hyperfine interaction constant, E, is the
energy of level |n), and z is the axis of quantization
for the ion in the crystal field. It is reasonable to as-
sume that the pure quadrupole interaction constant P
is small compared to the observed hyperfine splitting
constant D and because the first excited I'; level lies at
146 cm™! compared to the first excited I'; level at 51
cm~!, we can neglect the A,, contribution to D.
The "measured" value of A,, = A, =D/A4;=0.0032
from which we can calculate Teplov s magnetlc split-
ting factor y

Ye=7,=8BAw=13-18.0=16.7 kHz/G

ANQR FREQUENCY [MHz]

b AXIS

m a AXIS

MAGNETIC FIELD DIRECTION [7]

FIG. 3. The nuclear-quadrupole-resonance frequencies in an external static magnetic field of 54.21 £ 0.14 G. The field is al-
ways perpendicular to the c axis. The horizontal axis is the angle between the field and the crystal b axis. The maximum split-
ting obtained from the best fit cosine curve to the data (solid line) is 1.269 +0.002 MHz. The maximum splitting factor is
23.408 +0.078 kHz/G. The angle of the maximum splitting is 0.3139 +0.0015+ radians centered about the b axis and in the a-b
plane. The diagram is marked with an m which is near the direction of maximum splitting for one of the two inequivalent sites
for which data were taken in Fig. 4. The direction of maximum splitting is the nuclear z axis.
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The maximum value of A, for a state separation
of 51 cm™, obtained for a T state |0), T, state
(172" (] +1) +|-1)) choice of states is 0.0036 and
for T'y=(1/2"») (| 42) +|-2)) is 0.0032. A ground
state which is largely a mixture of J, = |0), | +2)
would give the observed Ay, A,. The maximum A,
obtained for a |J, = +2) ground state is 0.0005. The
upper bound for vy, is (1.3 =2.8) =1.5 kHz/G. The
X, y, z axes are those of the ion in the crystal field.
These must be transformed to those of the Pr nu-
cleus before comparison with the experiment. It
should be noted that at the low magnetic fields used
in these experiments that the total magnetic field
splitting is small compared to the zero-field splittings.
The magnetic field terms vy, H, +yH, + v, H, are
treated as a perturbation of zero-field wave functions.
(The primes indicate the nuclear axes). The only
first-order splitting is due to vy, H,., the second-order
splittings due to v, y, are much smaller. Thus the an-
gular dependence of the resonant frequencies will be
v(H, 8) =v, +y,Hcosh. Since y, is near zero, the
maximum possible vy, is calculated to be

Ym={(y2+yD1?=23.6 kHz/G

The magnetic field splitting factor y, and its direc-
tion was measured by a study of the nuclear reso-
nance spectrum in a fixed magnitude, varying direc-
tion field of 54.21 £0.14 G. A summary of the 14
MHz transition measurements is shown in Figs. 3
and 4. In these figures, the resonant frequencies for
the two Pr’* sites are plotted versus field angle with
respect to the a, b, c crystal axes. Figure 3 shows the
results when the field is in the a-b plane. The max-
imum splitting for the two inequivalent sites occurs at
angles of +0.3139 +0.0015# radians from the b axis.
For the field in the m-c plane indicated in Fig. 3, the
results are shown in Fig. 4. The maximum splitting
occurs for the field lying along m (in the a-b plane)
and its complement for the second site. The max-
imum measured splitting factor is vy, =23.408 +0.078
kHz/G. The calculated maximum splitting factor y,,
is in very good agreement with the measured value
Yz

The magnetic splitting factors vy, are the same for
both sites, only the direction differs. The magnetic
splitting for the field directed along the ¢ axis is zero
within experimental error of 5 kHz. The magnetic
splitting should not be confused with y,  and vy, If
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FIG. 4. The nuclear-quadrupole-resonance frequencies in an external magnetic field of 54.21 +0.14 G applied in the plane
containing m and ¢. The horizontal scale measures the angle between the magnetic field vector and the crystal c axis. The m -
axis is near the direction of maximum splitting for one of the two nuclear sites. The measured deviation from this maximum
direction is 0.013 radians which should lead to a 0.9990 multiplier for the maximum splitting. The best fit maximum splitting
is 1.264 £0.004 MHz slightly smaller than the expected splitting but well within the statistical errors in the experiment. The best
fit of the smaller splitting gives a measure of the angle between the two sites if the magnetic field is parallel to the larger nuclear
spin. The calculated angle between the nuclear spins with a correction for field misalignment is 0.6257 +0.005#7 radians well

within the statistical errors of the experiment.
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v =10 kHz/G, a noticeable splitting of S kHz would
occur ina 50 G field for a field angle 8 = -:2—7:-. Stu-
dies of the 7 MHz transition were more complex be-
cause of the extra transitions which are present.!?
The maximum magnetic field splittings for compar-
able Am; = 1, transitions are identical for the 14 and
7 MHz transitions. '

The linewidth is largely determined by the interac-
tion of the nuclear spins of praseodymium with those
of the aluminum. A calculation of the magnetic field
at the praseodymium nucleus of the fourteen
nearest-neighbor aluminum (I = %), for random po-

pulations of the Al nuclear substates gives a Gaussian
field distribution for an ensemble of Pr’** ions equal
to 1.0 G FWHM. The "static" broadening of the
resonance line is then 23 kHz FWHM. If more alum-
inum neighbors are included, a slight increase in the
field strength is expected. The yttrium nuclei contri-
butions which are omitted, are less than 0.1 G. The
"dynamic" broadening which occurs because the mag-
netic field is modulated'* due to Al, Pr precession is
calculated to be approximately 15 kHz. A third
source of broadening, Pr’* spin flips can be measured
separately using a photon-echo or spin-echo tech-
nique. One other contribution to the resonance
linewidth is the residual magnetic field 0.6 G, in this
experiment a maximum of 14 kHz but field direction

LUMINESCENCE AMPLITUDE [ARB.UNITS]

Ry o
R © %

dependent. These calculated values are approximate-
ly equal to the measured linewidth of 56 kHz. It is
significant that the resonance lines have a Gaussian
shape. If the major contributor to the line shape
were a time limiting process such as spin flips, the
line shape should be Lorentzian. The heteronuclear
contribution should be largely Gaussian for the in-
teraction of nuclear dipoles of similar sizes. This
measurement demonstrates that the heteronuclear in-
teraction is the major contributor to the resonance
linewidth.

IV. EXCITED-STATE HYPERFINE STRUCTURE

The hyperfine splitting of the 'D, (16,375 cm™")
state of YAIO5:Pr* is similar to that of the ground
state 3H,4(0) except that the second-order magnetic
hyperfine interaction is much smaller. This is the
result of a much larger energy-level splitting between
the first and second ! D, states (274 cm™"), and to the
smaller J value. P << D is no longer a good assump-
tion. This study is only able to determine |D|, and
|E|, can not separately obtain the D,, E, P, and 7
parameters.

The hyperfine level separations of the 'D, (16,375
cm™') electronic state were measured using an

L L
] 12

! 1 L
14 15 16 7

FREQUENCY DIFFERENCE [(PROBE - SATURATING) BEAM| [MHZ]

FIG. 5. Enhanced absorption spectrum near the 14 MHz ground-state energy-level separation at 5°K. The circles are the
measurements of the luminescence amplitude vs the frequericy difference between the optical saturating beam and the weaker
optical probe beam. The upper solid line is the least squares best fit of the seven Gaussian components to the data. The lower
solid lines are the individual components. The run consists of four 76 second sweeps in the presence of a 7 MHz rf magnetic
field which enhances the signal strength. The baseline is at approximately 60000 counts/channel. The major peak is approxi-
mately 100000 counts. The laser linewidth FWHM is 250 kHz.- The central peak best-fit linewidth is 603 kHz FWHM (Gaus-

sian line shape).
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enhanced absorption technique previously
described.!S Briefly, the absorption spectra of the
optically polarized nuclear substrates of the ground
electronic state is probed optically with a mono-
chromatic light source. The upper-state splittings are
observed because the upper-state levels are coupled
through a nonsymmetric hyperfine interaction. This
leads to a nonzero transition probably connecting all
upper states with all lower states. The enhanced ab-
sorption spectra consists of three groups centered
about the ground-state splittings with various transi-
tion intensities. A maximum of seven lines may be
observed in each group,

i(l’]), i(V}ivz),' i(VliV3) ’

i[v.l + (v +vy)l]

where v, is a ground-state splitting, and v;, v; are the
excited-state splittings to be determined. The

+vy, - - - indicates that enhanced absorption occurs for
the probe optical frequency both greater and less than
the saturation optical frequency. In addition, seven
saturated absorption lines may be observed at 0, +v,
vy, (v +vy). Theosample was optically pumped
with a I-mW 6105.5-A o cw beam at 5 °K, focused
to a beam waist of ~120 u diameter. The optical
probe was generated by amplitude modulating the
beam so that 0.01 to 0.05 of the power was in the
sidebands. The laser linewidth was 250 kHz FWHM .
As was noted previously,' a radio frequency magnet-
ic field, at a ground-state splitting applied to the cry-
stal increases the signal to noise of the observed
spectrum by increasing the population of the nuclear
substate being studied.'® The enhanced absorption
spectrum for the 14 MHz group is shown in Fig. 5.
For this experiment, the modulation bias was adjust-
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ed to give only the lower sideband plus carrier opera-
tion. The upper sideband power was less than 0.1,
that of the lower sideband. The saturation and the
probe transitions are interchanged with a sideband
change. This leads to a different spectrum because of
the differing intensity distributions. A rf magnetic
field at 7.05 MHz of 0.3 G was applied to the sample
to obtain the data shown in Fig. 5.

The spectrum consists of five clearly observable
peaks. This spectrum was first fitted by five Gaus-
sian shaped peaks but large deviations between the
fitted curve and the experimental points were evident
between the peaks at 11.7 and 13.2 MHz, and smaller
deviations were evident near 15 MHz. The addition
of two Gaussian shaped peaks gave a remarkably
good fit to the observations. Attempts at Lorentz
shaped fits were unsuccessful. The resultant parame-
ters obtained from this least-squares fit are shown in
Table II. Also given is the excited-state splittings ob-
tained from this data only (Peak 5 was ignored).

The seven component peaks fulfill the maximum
number of expected enhanced absorptions. The peak
at 15 MHz has a linewidth one half of the others and
an amplitude 0.13 of the adjacent main peak. This
peak was ignored in the fitting procedures primarily
because of its small linewidth (The frequency is near
an expected absorption). All of the other peaks have
a FWHM of about 780 kHz. The laser linewidth of

250 kHz FWHM contributes most of the observed

linewidth, for it appears in the saturation beam
(perhaps distorted to a larger linewidth) and in the
probe beam. Since the form of the deconvolution is
not known, the optical linewidth was not determined.
It should be noted that the overall observed linewidth
is about 100 kHz less than for the LaF;:Pr’* system
with substantially the same apparatus. The dye noz-

TABLE 1I. Least-squares fit parameters for the enhanced absorption spectra shown in Fig. 4.
This is a fit of seven Gaussian peaks to the data. The errors are the standard deviations obtained
from the fit. These data yield excited state splittings of 1.088 +0.142, 1.485 +0.170 MHz with a

central frequency of 14.226 +0.098 MHz.

Peak Amplitude Position Width (FWHM)
[arb. units] [MHz] [MHz]

1 26487 +391 11.677 £0.012 0.788 £0.018
2 11433 + 1473 12.555 £0.065 0.751 £0.147
3 26779 + 1744 13.247 £0.025 0.715 £0.059
4 47213 +288 14.147 +£0.006 0.799 +£0.020
S 3414 +904 14.905 +0.029 0.404 £0.084
6 23384 +217 15.609 +0.009 1.005 £0.052
7 15162 +428 16.636 £0.018 0.823 £0.029
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zle is different resulting in a slightly increased laser
linewidth in the present study.

The optical linewidth should be very nearly the same
as that of the ground-state width. The magnetic field
enhancement will be very small due to the large
separation of the lowest ' D, electronic levels. The 1

G host magnetic field will therefore contribute only a ‘

few kHz. The lifetime of the ! D, state will contribute
about 2 kHz maximum. The phonon contribution
has been shown to be completely negligible at this
temperature. These add at most 4 kHz to the
ground-state linewidth. Clearly, further experiments
with a much narrower linewidth laser would be use-
ful to measure the optical linewidth.

It is obvious that all of the enhanced and saturated
absorption data should be included in the determina-
tion of the energy-level separations. A summary of
the observed frequencies, and the results of least
squares best fit of the four energy<level separations
to the data are given in Table III. A broad saturated
absorption was noted near 1.1 MHz. This unresolved
pair of lines at 1 and 1.4 MHz is not included in the
table. Tables Il and III should be considered togeth-
er. The excited-state splitting obtained from the lim-
ited fit of Table II agree within the statistical signifi-
cance of the fits. Since more data is used in Table
II1, the statistical significance is substantially im-
proved. The common ground-state splitting also
agrees within the statistical significance of the two
data sets. All of the best fit frequencies are within
four standard deviations of the measured values.
The ground-state splittings obtained from Table III
agree within statistical significance with those meas-
ured directly in Sec. III. These energy-level separa-
tions may be used to determine |D| and |E| parame-
ters for the upper state,

|D| =0.3899 +0.0057 MHz ,
|E| =0.0824 +0.0040 MHz .

In a similar analysis to that for the ground state we
can show that a significant fraction of the measured
D is due to the pure quadrupole interaction P. The
lowest state of ! D, (') is a mixture of J,=0, +2.
The second state (I',, 274 cm™) is a mixture of
J; = *1. We can place an upper bound on A, by as-
suming

[T @) =|0) ,

IT,(274)) =—2—}—,2—(|+1> +]-1y)
and remembering that A4, is different for the J =2
state. One obtains A, =0.00015. If we further as-
sume A, =A,, and A,, =0, then D,=0.12 MHz,
about % of the measured value of D. It is clear from
this very crude estimate that the pure quadrupole
contribution to D is very significant. The enhanced

magnetic field splitting factor is y, =1.3 —0.8 =0.5
kHz/G. The heteronuclear broadening of the upper
state is of order 1 kHz or less.

Several additional experiments, such as a pure qua-
drupole resonance study of lanthanum-doped YAIO;
and a crystal-field fitting to ' D, state would provide
sufficient data to estimate the pure quadrupole con-

TABLE III. All frequencies obtained from enhanced ab-
sorption measurements and the best fit frequencies obtained
from a multiple linear regression analysis.

Measured Best fit
1 23.750 23.700 £0.033
2 22.666 22.634 £0.035
3 22.140 22.238 £0.034
4 21.204 21.173 £0.023
5 20.140 20.108 £0.036
6 19.590 19.712 £0.034
7 18.715 18.647 £0.034
8 16.612 16.651 +0.034
9 15.603 15.586 +0.034
10 15.090 15.190 £0.036
11 - 14.136 14.124 £0.024
12 13.182 13.059 £0.034
13 12.588 12.663 £0.035
14 11.666 11.598 £0.033
15 9.535 9.576 £0.033
16 8.530 8.510 £0.036
17 8.040 8.114 £0.034
18 7.060 7.049 +0.025
19 5.555 5.588 +0.034
20 4.647 4.522 £0.035
21 2.5192 2.527 £0.024

3(saturated absorption)
Best-fit parameters for energy-level separations.

Excited state Ground state

1.461 +0.025 MHz
1.065 +0.026 MHz

_14.124 £0.024 MHz
7.0490 +0.025 MHz

§=0.0753
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tributions to D. This experiment demonstrates that a
very good measurement of the excited hyperfine
splittings may be obtained using optically derived data
obtained by the enhanced and saturated absorption
technique. The statistical significance of the result is
confirmed in the good agreement between the
ground-state splittings measured by the enhanced ab-
sorption technique and by direct absorption as in Sec.
1I1.

V. CONCLUSIONS

This study has looked at some of the important
characteristics of the YAIO;:Pr3* system. It is evi-
dent that YAIO;:Pr may play an important role in the
study of the dynamic processes which occur in solids
because of its experimentally favorable properties.
They are (i) all electronic levels are single, (i) the

6105.5-A zero-phonon line absorption is strong in
very dilute samples, (iii) the heteronuclear interac-
tions are conveniently small and conveniently
nonzero, (iv) guest rare-earth impurities which lead
to troublesome ion-ion interactions are negligible be-
cause the host is not a rare earth, (v) excellent cry-
stals are available commercially, and (vi) the large
crystal-field splittings minimize second-order hyper-
fine interactions particularly in the excited state.
YAIO;:Pr is by no means the ideal two-level system
for coherence experiments but is substantially better
than LaF;:Pr for most experiments.
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