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Abstract 

The energy separation of several MHz between the nuclear spin substates of rare-earth ions in solids considerably 

exceeds the homogeneous width of the optical resonance lines, which is typically a few kHz. High-resolution laser 
experiments like coherent Raman scattering or hole burning experiments. however, can easily resolve optical transitions 
between individual nuclear spin states. Here, we discuss the calculation and experimental verification of the relative 

oscillator strengths for all possible transitions between the nuclear spin substates of the 3H4 ground state and ‘II2 excited 
state of Pr3’ :YAIO,. The oscillator strengths depend on the relative orientation of the quantization axes of the 

eigenstates in the ground and excited state. We determine the tensor orientation from the orientation dependence of the 
nuclear magnetic resonance (NMR) spectra, using Raman heterodyne detection and we USC spectral hole burning to 
assign the orientations to the two nonequivalent lattice sites of the Pr3+ ions in the host lattice. 

- 

1. Introduction 

Single crystals of rare earth compounds are used 
extensively in high-resolution coherent optical 

spectroscopy [l-4]. Spectral hole burning in these 
systems has been identified as a promising method 
for optical data storage [S]. The mechanism that 
gives rise to spectral holes is the selective depletion 
of nuclear spin substates of the electronic ground 

state of those atoms, whose resonance frequencies 
fall into the range selected by the laser frequency 
[6]. The favorable ratio between the inhomo- 
geneous and the homogeneous line width of the 
optical transitions of rare-earth ions results in 
a high storage density. 
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The same materials are used as laser-media 17.81 

and have been identified as attractive candidates 
for up-conversion-lasers [9, IO]. In all these cases, 

the analysis of the optical experiments relies on the 

correct determination of the transition matrix ele- 
ments. Since the narrow homogeneous line widths 
of a few kHz is much smaller than the energy 
separation between the nuclear spin states, which is 
typically several MHz, a narrow bandwidth laser 
field interacts for each atom only with a single 
transition, from a specific nuclear spin state in the 
electronic ground state to another nuclear spin 
state in the electronically excited state [6, I I]. 
Therefore, every analysis of high-resolution laser 
experiments in these materials requires a detailed 
knowledge of the transition matrix elements for all 
possible transitions. 
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Experimental techniques for the determination 
of the energy-level structure include optical-radio- 
frequency double-resonance experiments [12-141. 
These experiments can determine the energy-level 
structure of the rare-earth ions [6] with a frequency 
resolution, which is neither limited by inhomo- 
geneous line broadening nor by laser frequency 
jitter and allow one to resolve individual nuclear 
spin substates of electronic ground or excited 
states. Due to the high sensitivity of these optical 
techniques, they represent attractive alternatives 
for the detection of nuclear magnetic resonance 
(NMR) in small or dilute samples. 

This article describes the determination and veri- 
fication of the relative oscillator strengths of the 
optical transitions between nuclear spin substates 
of the 3H, ground state and ‘D, excited state of 
Pr3+ : YA103 (Pr: YAP). Since the transition 
matrix elements are proportional to the overlap 
integral between the nuclear spin eigenstates 
[6,12], we first determined the relevant coupling 
constants of the nuclear spin Hamiltonian, using 
the radiofrequency-optical double-resonance 
method of Raman heterodyne detection of NMR 
[13]. We found that the parameter that is most 
important with respect to the relative oscillator 
strengths of Pr : YAP is the orientation of the prin- 
cipal axis of the effective nuclear quadrupole ten- 
sor, which determines the quantization axis of the 
nuclear spin Hamiltonian. We derived the orienta- 
tion in both electronic states from a measurement 
of the dependence of the splittings between the 
nuclear spin substates on the orientation of an 
external magnetic field. 

Since the Pr3+ ions can occupy two nonequi- 
valent sites in the YA103 host lattice, the analysis of 
the orientation-dependent NMR spectra yields two 
sets of nuclear spin eigenstates for the electronic 
ground state as well as for the electronically excited 
state. The eigenstates can be assigned to the two 
lattice sites in two different ways, which results in 
two different sets of optical transition matrix ele- 
ments. To resolve this ambiguity, we measured the 
hole burning spectrum of Pr : YAP and compared it 
with spectra that were calculated with a simple 
rate-equation model. Our results clearly favor only 
one assignment, which has also been found pre- 
viously by Mitsunaga [15]. 

2. Level structure and selection rules 

In addition to the filled shells, the triply ionized 
Pr3’ ion has two electrons in the 4f orbitals. In the 
crystal field of the YAP host lattice, the remaining 
degeneracy of the angular momentum states is lif- 
ted completely [6]. In the following we will refer to 
the optical transition between the lowest crystal 
field states of the 3H4 and ID2 multiplet as the 
3H,++1D, transition. Since the interaction with the 
crystal field does not commute with the atomic 
angular momentum, the expectation value of the 
angular momentum operator components 
(Y IJ,l Y) vanishes for the eigenstates Y of the 
crystal field. This effect is known as ‘quenching’ of 
the angular momentum and results in a vanishing 
hyperfine and electronic Zeeman interaction of the 
Pr3+ ions. 

The nuclear spin of the naturally abundant iso- 
tope 14iPr is I = 2. Nuclei with spin I > + have 
a nonspherical nuclear charge distribution, which 
leads to a preferential orientation of the nucleus in 
the inhomogeneous crystal field of the host lattice. 
One describes [16] this quadrupole interaction by 
the Hamiltonian 

I& = D 1: - ; (I + 1) + ; (I: - 1,‘) , 1 (1) 
which is represented in its principal axis system. 
For Pr: YAP, the coupling constant D includes, in 
addition to the true nuclear quadrupole interac- 
tion, the so-called pseudoquadrupole interaction 
[ 171, which originates from the quenched hyperfine 
interaction in second order. The asymmetry para- 
meter 9 describes the deviation of the quadrupole 
tensor from axial symmetry. In zero magnetic field, 
the resulting effective quadrupole interaction sepa- 
rates the six nuclear spin states into three groups of 
doubly degenerate sublevels. The sublevel splittings 
are of the order of 7, 14 and 21 MHz in the elec- 
tronic ground state and 0.9, 1.6 and 2.5 MHz in the 
electronically excited state. In the axially symmetric 
case (u] = 0), these states are simultaneously eigen- 
states of I,. In the general case, however, the asym- 
metric part of the quadrupole interaction mixes the 
states within the two sets with m, = (2, f, - 3) and 
m, = ( - $, - f, 3). 



T. Biasberg. D. Suter ! Journal qf Luminescence 65 13995) 199%209 201 

The nuclear spins interact [lS] with an external 
magnetic field through an enhanced nuclear Zee- 
man interaction Hamiltonian 

which is written in the principal axis system of the 

Zeeman tensor. The enhanced nuclear gyromag- 

netic ratios I/~ depend on the pseudoquadrupole 
contributions in the corresponding electronic state. 

Since the interaction with the crystal field 
quenches the orbital angular momentum of the 
Pr3+ ion and the nuclear spin is not changed dur- 
ing absorption or emission of an optical photon, 
one can separate the electronic and nuclear spin 
contributions to the transition matrix elements. We 

write the total wave function of the ground state 

sublevel 1 Y,) or the excited state sublevel ) Y,) as 
the product of an electronic part ) C#Q) and a nuclear 
spin component Ixi), where i = (g, e). The 

transition matrix element between the two states 

[6,12] becomes then 

(~Y,I!J.EIYY,) = (&I!J.El$e) (x,Ixe) (31 

= &<ilelilc) (4) 

The electronic part p,_ = (&l~.Eld~) of the 
transition matrix element is identical for all nine 
possible transitions of Pr: YAP. Hence the relative 

oscillator strengths are determined by the overlap 
integral (x,) xc) between nuclear spin eigenfun- 

ctions of different electronic configurations. 

In the hypothetical case of identical quadrupole 
interactions in both electronic states, the nuclear 

spin eigenfunctions would be identical in the 

ground and excited state. In that case, only 
transitions between identical spin states would be 
allowed. For Pr: YAP, which has three non- 
degenerate nuclear spin sublevels in each electronic 
state, this would result in only three possible optical 

transitions. In reality, however, the nuclear spin 
eigenstates of the two electronic states differ signifi- 
cantly. This difference arises from two effects: As 
mentioned above, the asymmetric part of the nu- 
clear quadrupole tensor, which is significantly lar- 
ger in the excited state, mixes the eigenstates of I,. 
In addition, the orientation of the principal axes of 
the quadrupole tensors is different in the two elec- 

tronic states. To calculate the overlap integral (3) 

between nuclear spin eigenfunctions of different 
electronic states, one therefore has to rotate the 
eigenfunctions of one electronic state into the 

representation of the nuclear spin states of the 
opposite electronic state, which gives rise to an 
additional state mixing. As we will show in the 

following, this is the most important mixing effect 
for Pr : YAP, because the rotation angle is relatively 

large. 

3. Quantization axes 

To determine the nuclear spin eigenfunctions 

and their quantization axes, we used Raman hete- 
rodyne detection of NMR [ 131 to measure the 

dependence of the splittings between the nuclear 
spin states on the orientation of an external mag- 

netic field. This method uses a narrow-bandwidth, 
resonant laser field to modify the populations of 

nuclear spin substates through spectral hole burn- 

ing. A resonant radiofrequency (RF) field that 
drives a magnetic-dipole transition between two 
nuclear spin substates converts a laser-induced 

population difference between two nuclear spin 
states into a sublevel coherence. The same laser 

beam that is involved in the excitation of the sub- 
level coherence undergoes coherent Raman scatter- 

ing [19,20] from that coherence. The interference 
between the incident laser field and the roherently 

scattered Raman field gives rise to a hcterodyne 
beat signal at the frequency of the RF-field that 

drives the sublevel transition. 

The relative orientation of the quadrupole ten- 

sors in both electronic states of Pr : YAP has been 
determined previously by Wokaun et al, [21] and 
by Mitsunaga et al. [12,15,22]. Both emperiments 
showed that the principal X-axis of the quadrupole 

tensors of both lattice sites and both electronic 
states coincide with the crystal c-axis. If the orienta- 
tion of the quadrupole tensor of one lattice site is 

known, the corresponding orientation of the sec- 
ond lattice site can be derived from the symmetry 
D,, of the YA103 host lattice [23], which requires 
the existence of a mirror plane containing the crys- 
tal b- and c-axes. The relative orientation of the 
quadrupole tensors of the same lattice site but of 
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Fig. I. Experimental setup for Raman heterodyne detection of 
NMR. PD: photodiode, B: external magnetic field. 

different electronic states is therefore determined by 
a single rotation angle /? between the two quantiz- 
ation axes in the common principal YZ plane. As 
explained above, the relative oscillator strengths 
depend on this rotation angle fl. 

The exact numerical value of this rotation angle 
has been a point of discussion. First experiments 
claimed that it should be only of the order of 
b = + 12.8” [12] or p = + 16.5” [21]. For such 
a small rotation angle, only three out of nine pos- 
sible optical transitions would be of importance. 
However, subsequent experiments indicated that 
the rotation angle should be considerably larger, of 
the order of fl = 50” [15,24]. Since the exact nu- 
merical value of /? is important for any calculation 
of sublevel spectra, we decided to reinvestigate the 
relative orientation of the quadrupole tensors. For 
reasons of brevity, we will discuss here only those 
experiments where the magnetic field was rotated 
in the common principal YZ plane of all quadru- 
pole tensors. 

The experiments were performed on the 
3Hq*1D2 transition (A = 610.7 nm) of 
a Pr3+ : YAP crystal with dimensions 5 x 5 x 1 
mm3 and a Pr3+ concentration of 0.1 at%. Fig. 1 
shows schematically the experimental setup for 
Raman heterodyne spectroscopy. The crystal was 
mounted on the cold finger of a He flow cryostat 
and the laser beam propagated along the crystal 
c-axis, parallel to the shortest crystal dimension. 
The RF-field (BRF z 1 G, BRF /I c) was created by an 
RF-coil in close proximity to the crystal surface. 

The interference between the laser field and the 
scattered Raman field was detected by a low-noise 
photodiode and a lock-in amplifier. An external 
magnetic field with constant field strength 
(B = 40 G) but variable orientation was produced 
by three orthogonal pairs of Helmholtz coils. 
Raman heterodyne spectra were recorded at 3 K on 
the electronic ground state and at 13 K on the 
electronically excited state. 

Fig. 2 shows a typical Raman heterodyne spec- 
trum of the 3H4 ) + *)++I f 2) transitions of 
Pr: YAP. The two inserts indicate the orientation 
of the external magnetic and RF-field and show the 
relevant energy-level scheme. Since the external 
magnetic field is perpendicular to the principal Z- 
axis of lattice site 1, the nuclear spin states of site 
1 are only split in second order, which results in 
small Zeeman splittings. The NMR transitions of 
this site appear close to the center of the spectrum 
near VRF = 7 MHz. Each of the two resonance lines 
consists of the transitions with both Am, = f 1 and 
Am1 = k 2, which is responsible for the larger 
width of these resonance lines compared to those of 
lattice site 2. For the second lattice site, the mag- 
netic field is almost aligned with the principal axis 
of the quadrupole tensor, leading to larger Zeeman 
splittings. The lines near VRF = 7 _+ 0.4 MHz result 
from transitions with Am, = + 1 and the outer- 
most resonance lines from transitions with 
Am, = f 2, as indicated in the left-hand part of 

Pr:YAP jH4 
6.0 6.5 7.0 7.5 vrf (MHz) 

Fig. 2. Example of a Raman heterodyne spectrum of the 
1 f +)-I + 2) transitions of the electronic ground state of 
Pr3’ : YA103. The upper insert indicates the orientation of the 
external magnetic field in a plane that contains the principal Y- 
and Z-axes of the quadrupole tensor. The lower insert explains 
the energy-level scheme for this orientation of the magnetic field. 
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Fig. 2. Although these transitions violate the selec- 
tion rule Am, = f 1 of magnetic dipole transitions, 
they are weakly allowed, since the quadrupole in- 
teraction is slightly asymmetric, with an asymmetry 
parameter q = 0.03 in the electronic ground state. 

Fig. 3 summarizes the frequencies of the 3H4 
/ f i) ++ 1 + +) and ‘D2 1 + 3) H ( + 3) transitions 
as a function of the orientation of the external 
magnetic field in the principal YZ plane. Pr:YAP 
contains two nonequivalent lattice sites whose 
quadrupole tensors have different orientations. 
Both spectra therefore consist of two periodic 
data sets that are shifted by the rotation angle 
between the quadrupole tensors of different lattice 
sites. 

The total spin Hamiltonian that was used for the 
numerical data abalysis is 

- hB( yXl, sin 0 cos Q, + ~~1, sin 0 sin Cp 

+ ‘lJ, cos 0)) (5) 

where the orientation of the external magnetic field 
B is given by the polar angles (0, 4). We assumed 
that the quantization axes of the pure nuclear 
quadrupole interaction and pseudoquadrupole in- 
teraction coincide. The spin Hamiltonian (5) was 
used to fit the quadrupole coupling constants, the 
enhanced gyromagnetic ratios and the relative ori- 
entation of the quadrupole tensors of the two non- 
equivalent lattice sites in each electronic state. The 
experimental data of Fig. 3 and other data, where 
the magnetic field was rotated in two additional 
planes, could be fitted with the parameters as stated 
in Table 1. 
The transition frequencies that correspond to these 
fitted parameters are superimposed onto the ex- 
perimental data points in Fig. 3. We note that 
within the experimental errors ( f 5%) the fitted 
gyromagnetic ratios are in good agreement with 
most of the published experiments on Pr:YAP 
[12,25]. 

The arrows in the two Zeeman rotation spectra 
of Fig. 3 indicate the orientations of the principal 
Z-axes of the quadrupole tensors of both lattice 
sites in the ground and excited state. These orienta- 

Rotation angle I deg. 

Fig. 3. Dependence of the ‘D2 1 &:)-I + 3) (top) and .‘H, 
1 + $)-I & 3) (bottom) transition frequencies of Pr: YAP on 
the orientation of an external magnetic field in a plane that 
contains the principal Y- and Z-axes of all quadrupole tensors 
(1B = 4 mT). 

tions are summarized again in the left-hand part of 
Fig. 4. In the electronic ground state 3H4. the prin- 
cipal Z-axis of lattice site one (Z,) and two (Z,) is 
rotated by PO = - 56.4” and /I0 = + 56.4” respec- 
tively relative to the crystal h axis. In the excited 
state, the experiments show that the principal Z- 
axis of one lattice site, which we label ,\1 for the 
moment, is rotated by CQ = - 74.8’ relative to the 
same crystal axis and the principal Z-axis t IV) of the 
second lattice site by a0 = + 74.8 

Table 1 

State D 9 y,!2ll ;‘,/2n 7,/2X 

(MHz) (kHz/G) (kHz/G) (kH@) 

‘H, - 3.5289 0.0100 3.5 2.43 II.05 

‘D2 ( - ) 0.4024 0.3817 1.48 1.57 1.57 
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Fig. 4. Orientations of the quadrupole tensors of the two non- 
equivalent lattice sites of Pr3 + : YAIOs in the ground state (bold 
lines) and in the excited state (dashed lines). Two different 
interpretations of the Zeeman rotation spectra are possible 
resulting either in a small rotation angle p (assignment a), as has 
been assumed so far, or in a large rotation angle (assignment b). 

4. Assignment 

From the two Zeeman rotation spectra in Fig. 3 
one can derive the relative orientation of the quad- 
rupole tensors of the two nonequivalent lattice sites 
either in the electronic ground state or in the excit- 
ed state. However, it is not possible to derive dir- 
ectly from the spectra the relative orientation 
of the quadrupole tensors of the same lattice site 
but of different electronic states. This leaves us with 
two possible interpretations of the Zeeman rotation 
spectra: Either one can assume that the principal 
axes 2, and M (Z, and N) belong to different 
electronic states of lattice site 1 (2) or one can make 
the opposite assignment, thereby relating the prin- 
cipal axes Z1 and N (Z, and M) to lattice site 1 (2). 
These two different possibilities for the assignment 
of the quadrupole tensors are shown on the right- 
hand part of Fig. 4. 

For the first possible assignment, which was de- 
rived from the first experiments on Pr: YAP [12], 
the quadrupole tensor of the excited state is only 
slightly rotated with respect to the ground-state 
tensor (Zi). The corresponding rotation angle of 
j? = 5 12.2” that results from our experiment 
agrees well with published data [12]. The second 
possible assignment, however, corresponds to a sig- 
nificantly larger rotation angle of /I = f 55” and 

I(x,lx,)l’ 

0.s 

t 

5 MH/ 5 MH/ uiLkd_ + 0 
Frequency Frequency 

Fig. 5. Relative strengths of the optical transitions between nu- 
clear spin substates of the ground state ‘H4 and excited state 
ID, of Pr3+ : YAI03. Only three main transitions can be excited 
for the case of a small rotation angle /I (assignment a), whereas 
for the larger rotation angle(assignment b) all optical transitions 
can be observed. 

was favored by previous photon echo experiments 
[lS]. Symmetry considerations do not allow us to 
exclude one of the two assignments, since in both 
cases the two lattice sites are related to each other 
by the same mirror plane. For both assignments, 
the rotation angles possess opposite values for the 
two lattice sites, which was a prerequisite for the 
analytical explanation of interference effects in 
Raman heterodyne detection of NMR on Pr : YAP 

WI. 
As mentioned above, a nonvanishing rotation 

angle /I results in a mixing of the nuclear spin 
eigenfunctions of the electronically excited state in 
the basis of the nuclear spin eigenstates of the 
electronic ground state. Through the overlap inte- 
gral, the relative strengths of the optical transitions 
therefore depend critically on this rotation angle /I. 
The theoretical spectra in the lower part of Fig. 5 
summarize the relative transition strengths of 
Pr: YAP for the two possible rotation angles /3. 
These spectra follow from the overlap integral (3) 
between nuclear spin eigenfunctions of different 
electronic states taking into account the quadru- 
pole coupling constants of Eq. (5) and a rotation 
angle of (a) b = 12.2” or (b) p = 55.0”. For the 
smaller rotation angle, only three of the nine pos- 
sible transitions have significant transition 
strengths, since the eigenfunctions of both elec- 
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tronic states are almost identical. For the larger 
rotation angle, however, state mixing becomes sig- 
nificant and the spectrum changes dramatically. 
For the second possible assignment, /? = f 55”, the 
strongest transitions are no longer those between 
nominally identical nuclear spin states. 

Since the two optical spectra differ significantly, 
an additional optical experiment can help to 
identify the correct assignment for the relative ori- 
entation of the quadrupole tensors. Such an experi- 
mental distinction would be straightforward for 
a single ion, where one could compare the two 
calculated spectra with an experimental absorption 
spectrum. The large inhomogeneous line broaden- 
ing in the solid, however, prevents such a direct 
comparison. One, therefore, has to perform an addi- 
tional double-reso‘nance experiment, which circum- 
vents the line broadening problem. In the following 
section we will describe a simple rate-equation 
model that was used to calculate the hole burning 
spectrum of Pr: YAP. The comparison of cal- 
culated hole burning spectra to experimental data 
will then help to determine unambiguously the ro- 
tation angle fl. 

d 

dt I 
n1 

n2 

n3 

n4 I = 

splitting between two nuclear spin substate\ of the 
Pr3+ ion. 

The energy-level structure of Pr : YAP consists of 
three doubly degenerate nuclear spin state\ in the 
ground and excited state, which account5 for nine 
possible optical transitions. Due to the large in- 
homogeneous line broadening, a pump la>cr field 
can simultaneously couple to all nine possible op- 
tical transitions of Pr : YAP for nine different sub- 
sets of atoms. For each of these subsets. we can 
describe the system with the energy-level <:lructure 
indicated in Fig. 6. 

Fig. 6 also explains the rate-equation model 
that was used for the calculation of the hole 
burning spectrum. A similar model ha\ been 
used by Martin et al. [27] for the numerical 
simulation of spectral hole burmng in 
Ho”’ : LaCl,. For the moment, we consldcr spec- 
tral hole burning for only one subset of atoms 
where the pump laser beam couples ground-state 
sublevel 12) to the excited-state sublevel 14 ). The 
population changes of all four states of thl\ model 
atom are given by the following set of coupled rate 

- (‘12 - (‘13 Cl2 Cl3 r 41 

Cl2 - cl2 - c23 c23 r 42 

Cl3 c23 - (‘13 - c23 r43 

\ 0 0 0 -l- 

equations: 

5. Hole burning spectrum 

In hole burning spectroscopy [6,26] on rare- 
earth ionic solids, a narrow-bandwidth pump laser 
field redistributes the populations of the nuclear 
spin substates of the electronic ground state 
through optical pumping. Absorption changes due 
to the pump laser field are monitored by a second 
test laser beam whose frequency is scanned over the 
inhomogeneously broadened resonance line and 
whose intensity is sufficiently low such that it 
does not affect the populations. This procedure 
allows one to observe changes of the atomic ab- 
sorption, if the frequency difference between pump 
and test laser beams corresponds to a sublevel 

- ~<~2~~4)~2P(‘22 - n41 

. 

I \n4l - l/ 
(6) 

Here n,, n2, n3 and n4 describe the populations of 
the three ground-state sublevels and of the excited 
state respectively. The first three columns and rows 
of the matrix describe the spin relaxation between 
one nuclear spin substate of the electronic ground 
state and its neighboring two states. These tcmper- 
ature-dependent nuclear spin relaxation rates cij 
were measured in an independent experiment [28]. 
Since the sublevel splittings of Pr: YAP ( < 21 
MHz) are small as compared to typical thermal 
energies (k,T z 80 GHz), the rates for upward 
relaxation cij and downward relaxation “ji are 
identical. 

The fourth column of the matrix descrlhes the 
spontaneous decay of the excited state ‘-l). As 
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-__-____ 
Excited state ________ 

14> 

Fig. 6. Model for the calculation of hole burning spectra, in- 
cluding optical pumping by a pump laser beam with frequency 
+ (in this case in the transition 12)++/4)), spontaneous decay of 
the excited state to any of the ground-state sublevels and nuclear 
spin relaxation in the electronic ground state. The transmission 
of the sample is measured by a test laser beam with variable 
frequency 18~. 

a first-order approximation we only took into ac- 
count the spontaneous decay of the excited state to 
each of the three ground-state sublevels Ii) (i = 1,2, 
3) with a spontaneous decay rate rdi. These spon- 
taneous decay rates were approximated by the 
overlap integral between the two nuclear spin 
eigenfunctions and by the excited-state lifetime T, 
(T, = 180~s [6]): 

r = I(X4lXi)l’ 
41 

7-1 

with i~{1,2,3}. 

Since the three doubly degenerate ground-state 
sublevels are eigenfunctions of the quadrupole in- 
teraction and represent a complete set of basis 
states, the total spontaneous decay rate r is nor- 
malized to the inverse of T,: 

1-= 5 r4i=$. 
i=l 11 

In principle, the excited state can also decay to 
other crystal field states, e.g. 3HS or 3H6. However, 
for Pr: YAP the branching ratios for the spontan- 
eous decay to these states is still not known. As 
a first-order approximation we therefore neglected 
this additional loss mechanism for the nuclear spin 
memory. 

The last term of Eq. (6) describes the stimulated 
emission and absorption of photons in the 

transition 12)++14). We approximate the optical 
pump rate by the square of the overlap integral 
between two nuclear spin eigenfunctions and by 
a pump parameter p, which is proportional to the 
laser intensity and represents the only adjustable 
parameter in this calculation. It determines the time 
that is required to transfer population into the 
excited state. We determined the numerical value 
for this parameter from the transient behavior of 
the spectral absorption for the same pump laser 
intensity. For an intensity of 855 Wme2 we 
chose a value of p = 400 s-l. In the numerical 
simulation, the main part of the population finally 
accumulates in the nonresonant sublevels 11) and 
13) of the electronic ground state, because the excit- 
ed state can decay to any of the ground-state sub- 
levels. We obtained better results by explicitly 
taking into account the relaxation among the 
ground-state sublevels, although it is only respon- 
sible for minor contributions to the population 
changes. 

The rate equations (6) describe the population 
changes only for one subset of atoms, where the 
pump laser field couples to the optical transition 
12)6-314), as depicted in Fig. 6. Similar rate equa- 
tions describe the hole burning for the remaining 
eight subsets of atoms. For each subset, the coupled 
rate equations (6) were integrated numerically, until 
the sublevel populations reached stationary values. 
For each of these nine subsets of atoms, a test laser 
beam with variable frequency vT can monitor the 
induced transmission changes in nine different op- 
tical transitions. Hence the total hole burning spec- 
trum consists of 81 individual resonance lines, 
which coincide at various positions [29] in the 
spectrum. One can derive these positions from the 
splittings of the nuclear spin states and their ener- 
getic order. In a previous experiment [ 141 we could 
show that the quadrupole coupling constant D in 
the electronic ground state of Pr: YAP must be 
negative and found evidence for a negative sign in 
the excited state. We therefore assumed that the 
( It i) is energetically the highest sublevel of each 
electronic state. 

If the test laser field with frequency vT couples to 
the transition lg’)-_Ie’) and the pump laser field 
with frequency vp to the transition Is)+-+le), one 
can approximate the transmission change of the 
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sample by 

AT(vT - vp) = I(~,~I~~~>12(ng~(0) - n?)G(v - vo, y) 

(9) 

with the center frequency of the resonance line 

1 
1’0 = $Ee. - E, - (a!$. - E,)). (10) 

The change of the sample transmission depends on 
the deviation of the calculated stationary popula- 
tion rz; of sublevel 18’) from its thermal equilib- 
rium value n,,(O) = l/3. In addition, the amplitude 
of the resonance line depends on the coupling 
strength of the transition \g’)-_le’). Because we are 
only interested in the relative signal amplitudes in 
the hole burning spectrum, we can replace this 
probability by the square of the overlap integral 
between the two nuclear spin eigenfunctions. In our 
experiments, the laser frequency jitter ( z 0.5 MHz) 
was much larger than the homogeneous width of 
the optical transitions ( z 5 kHz [6]). We have 
therefore approximated each resonance line by 
a Gaussian resonance line G(v - vO, y) with 
a FWHM of y = 1 MHz corresponding to twice the 
laser frequency jitter. 

As the sublevel splittings in the excited state are 
of the same order of magnitude as the laser jitter, 
the hole burning spectrum of Pr : YAP consists of 
many resonance lines that nearly coincide at vari- 
ous positions. For an optimal frequency resolution 
in the experiments, we chose a pump and test laser 
intensity of 855 W mm- 2 and 20 W me2 respectively 
and a temperature of 3 K. In the lower part of 
Fig. 7, the anti-holes of an experimental hole burn- 
ing spectrum are compared with a calculated spec- 
trum, assuming a rotation angle of 55”. The two 
insets above compare the overall shape of the ex- 
perimental spectrum with two theoretical spectra, 
calculated for identical parameters (T = 3 K, 
p = 400 s- ‘) assuming the set of relative transition 
strengths that results either (a) from the first assign- 
ment fl = + 55” or (b) from the second assignment 
fl = & 12.2 ‘. 

The spectrum (b) consists of only three major 
anti-holes on each side of the central spectral hole, 
which occur at those positions, where the laser 
frequency difference corresponds to one of the 

Fig. 7. Experimental and calculated hole burning spectra as 
a function of the frequency difference v1 ~- \lp between the test (T) 
and pump (P) laser beam. The experimental spectrum is com- 
pared with two spectra, calculated (a) for the larker rotation 
angle fl and (b) for the smaller rotation angle. The experimental 
spectrum clearly favors the larger rotation angle. 

ground-state sublevel splittings. Between these 
anti-holes the transmission of the sample remains 
unchanged, since only the main transitions between 
similar nuclear spin substates are allowed for this 
small rotation angle. Obviously, this is not the case 
in the experimental spectrum. For the larger rota- 
tion angle, however, the calculated transmission 
change is in good agreement with the experimental 
spectrum at most of the spectral positions. This 
comparison indicates that the relative orientation 
of the quadrupole tensors must be fl= k 55”, cor- 
responding to the first assignment for th,e rotation 
angle p. 

There might be several reasons for the remaining 
deviations of the calculated spectrum. First, we did 
not take into account the spontaneous decay of the 
excited state to other crystal field states, which can 
result in an additional spin flipping. Second, the 
proposed model for spectral hole burning does not 
include relaxation among the excited-state 
sublevels. And finally the calculation of the hole 
burning spectrum was not performed in the full 
eigenbasis of the nuclear quadrupole Hamiltonian, 
which consists of the 1 - $), , I + $) nuclear spin 
states. Instead we treated two doubly degenerate 
sublevels, e.g. I - 3) and I + $), as a single level 
I + I), since the nuclear spin relaxation rates are 
only known in the absence of an external magnetic 
field [28]. 
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6. Conclusion 

The fact that the hole burning spectrum of 
Pr : YAP consists of many anti-holes, which overlap 
at various positions, is a clear proof that for this 
crystal most of the optical transitions are allowed, 
which is only possible for a large rotation angle p. 
The relative transition strengths are determined by 
the overlap integral of the nuclear spin eigenstates. 
Two effects contribute to significantly nonzero 
values: In the excited state, the quadrupole tensor 
deviates significantly from axial symmetry. The 
eigenstates of the quadrupole Hamiltonian are 
therefore not eigenstates of the spin operator I,. 
However, as the spectrum in Fig. 6 for a 
small rotation angle p shows, this effect is only of 
minor importance. In Pr: YAP, the dominant ef- 
fect, which gives rise to a strong state mixing, is the 
different orientation of the quadrupole tensors in the 
two electronic states. Our experiments clearly 
showed that the quadrupole tensor in the electroni- 
cally excited state ‘D2 is rotated by /3 = + 55” rela- 
tive to the ground-state (3H4) tensor around the 
common X-axis. Thus our experiments clearly favor 
the second possible interpretation of the Zeeman 
rotation spectra, which has also been suggested pre- 
viously by Mitsunaga and co workers [ 15,241. 

laser spectroscopy if two optical transitions of 
an atomic A- or V-type three-level configura- 
tion are allowed. Pr: YAP represents an ideal 
model system for this method, since most of 
its optical transitions possess comparable oscillator 
strength (compare with Fig. 5). In coherent Raman 
scattering experiments that use a test laser beam 
with variable frequency, we could show that 
coherent Raman scattering yields comparable 
signal amplitudes in most of the nine different 
transitions of Pr : YAP (cf. Ref. [ 11, Fig. 81). This is 
an additional evidence that the second assignment 
for the rotation angle /I must be the correct inter- 
pretation of the Zeeman rotation spectra of Fig. 3. 

To the best of our knowledge, this is the first 
calculation of a hole burning spectrum of a rare- 
earth ionic solid with the relative strengths of the 
optical transitions derived directly from the nuclear 
spin eigenfunctions and without the need of addi- 
tional adjustable parameters. A similar calculation 
of hole burning spectra was also reported for the 
solid Ho3+ : LaCl, [27,30]. However, in their cal- 
culation, the authors had to fit the relative 
transition strengths and the spin relaxation rates 
from transient hole burning spectra. For a compa- 
rable numerical simulation on the related solid 
Pr3+ : Y2Si05 [31], the authors had to assume that 
hole burning is equivalent for each of the nine 
optical transitions and applied ad hoc selection 
rules for the detection of the spectrum, since the 
relative orientation of the quadrupole tensors and 
hence the relative transition strengths are still un- 
known for this crystal. 

The signal amplitude in Raman heterodyne de- 
tection of NMR depends on the sublevel coherence 
that is excited by the resonant RF-field. As in con- 
ventional NMR experiments, this sublevel coher- 
ence depends on the population difference between 
two nuclear spin states [ 131. In RF-optical double- 
resonance experiments, the thermal population dif- 
ferences are greatly enhanced through spectral hole 
burning of a resonant laser field. With the proposed 
rate-equation model, one can calculate the popula- 
tions of the individual nuclear spin substates during 
spectral hole burning. Thus a detailed analysis of 
Raman heterodyne spectra becomes possible 
[32,33]. Our experiments and calculations also 
have consequences for optical data storage by spec- 
tral hole burning in Pr: YAP. As Fig. 7 shows, the 
anti-holes can obtain significant amplitudes. Since 
these anti-holes can coincide with spectral holes of 
ions absorbing at a different optical frequency, this 
can substantially lower the depth of spectral holes 
and lead to interference between data stored at fre- 
quencies that differ by a nuclear sublevel splitting. 
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