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Interference of scattering pathways in Raman heterodyne spectroscopy of multilevel atoms
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Raman heterodyne detection of nuclear magnetic resonance is a sensitive technique for optical detec-
tion of an NMR transition, which is driven by a resonant radio-frequency field. The observed signal is
linear in the transition matrix elements of the magnetic resonance transition and two optical transitions.
This linearity is the reason that signal contributions from different sites or different rf transitions can in-
terfere, in many cases destructively. In this article, we discuss such an interference effect, which appears
to have been overlooked in the past. It occurs between signal contributions that originate from the same
magnetic resonance transition of atoms with different positions within the inhomogeneously broadened
optical resonance line. These atoms contribute to the coherent Raman scattering through different
scattering paths, which involve optical transitions to different nuclear spin states of the same electronic
state. We show that the interference between all possible scattering paths leads to complete signal can-
cellation, if the atoms that are involved in the different scattering paths are equally polarized. To study
the effect and to eliminate the interference, we used a pump-and-probe technique with two laser beams.
With two independent laser frequencies, it becomes possible to separate the individual scattering paths.
We calculate the dependence of the signal on the frequency of both laser beams as well as on the radio
frequency and compare the results to experimental data from Pr'+:YA103. Our results show that the in-
terference reduces the signal amplitude of the conventional Raman heterodyne experiment but can be el-
iminated in the new experiment.

INTRODUCTIQN

Raman heterodyne detection of nuclear magnetic reso-
nance (NMR) (Ref. 1) uses laser radiation to detect nu-
clear spin transitions whose frequencies are in the MHz
range. Compared to conventional magnetic resonance, it
provides a much higher sensitivity and allows to correlate
optical and nuclear spin effects. The technique relies on
coherent Raman scattering, thus making the observed
frequency resolution independent of the laser linewidth.
After its initial observation, ' it was applied to various
rare-earth ionic solids, e.g. , Pr +:LaF3,' ' Pr +:
YA103, or Eu +:YA103. Recently the technique
could be extended on the detection of electron pararnag-
netic resonance (EPR) in diamond. '

In the Raman heterodyne experiment, a resonant rf
field and a laser field drive an atomic system and excite a
coherent superposition between two nuclear spin states.
The same laser beam that is involved in the excitation of
this coherence undergoes coherent Raman scattering. 11,12

The Raman field propagates collinearly with the incident
laser field. On a quadratic detector, the two fields give
rise to a beat signal that is proportional to the sublevel
coherence. In the simplest case, the Raman heterodyne
experiment involves three energy levels. One of the three
transitions contains the coherent excitation of the medi-
um, while the two other transitions couple to the incident
laser field and the scattered Raman field. The signal is
linear in the matrix elements of all three transitions.

The systems on which Raman heterodyne experiments
are performed, contain many three-level systems that al-
low Raman scattering processes. Since the signal is linear

in the matrix elements, contributions from different
scattering processes can interfere. Destructive interfer-
ence of different scattering paths associated with different
Zeeman sublevels or nonequivalent lattice
sites in Pr +:YA103 (YAP) was investigated by various
groups. ' ' ' It is known, that each of the two interfer-
ence effects can prevent the observation of a Raman
heterodyne signal in zero magnetic field.

In this article, we investigate an additional interference
mechanism that occurs even for a single magnetic reso-
nance transition. It is associated with the interference of
more than two (in our system six) scattering paths. These
multiple scattering paths become possible, whenever the
true energy level structure of the atomic system contains
more than three energy levels. Since the inhomogeneous
line broadening in rare-earth ionic solids exceeds the en-
ergetic separations between nuclear spin states by several
orders of magnitude, a laser field can simultaneously be in
resonance with all possible optical transitions for
different ensembles of multilevel atoms. As a conse-
quence, all possible scattering paths contribute to the sig-
nal. Since these scattering paths include all states of a
complete set of eigenfunctions a complete destructive in-
terference is possible.

In the conventional Raman heterodyne experiment, the
individual signal contributions cannot be separated. The
sum over all transition matrix elements adds to zero, but
complete signal cancellation is avoided when the popula-
tion differences associated with the various pathways are
not identical. We present here an experimental scheme
that uses two independent laser beams to avoid these des-
tructive interference effects and investigate the individual
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scattering paths separately. In our triple-resonance ex-
periment only those atoms can contribute to the signal,
which simultaneously interact with the resonant rf field
and two independent laser fields.

This article is structured as follows. After a brief in-
troduction into the energy level structure of the model
system Pr +:YAP, we introduce the principle of Raman
heterodyne experiments with two laser beams. We derive
first an expression for the signal amplitude and discuss
then its dependence on the detuning of the radio-
frequency and laser fields. We then compare the calculat-
ed line shapes to experimental data, discuss the relations
between resonance lines associated with different scatter-
ing paths, and demonstrate the occurrence of the predict-
ed interference effects. The paper concludes with a sum-
mary of the main results and a discussion of the conse-
quences for Raman heterodyne experiments in general.

ENERGY LEVEL STRUCTURE

The experiments that we discuss here were performed
on the rare-earth ionic solid Pr:YA103 (YAP). In this
solid the combined effect of pure nuclear quadrupole, ' '
and pseudoquadrupole interaction' lifts the degeneracy
of the nuclear spin sublevels in the electronic ground
state and in the electronically excited state. The spin
Hamiltonian of the pseudoquadrupole interaction can be
written as

=D I I(I+I)—+—+[I I ]—1
Q z 3 x

where the coupling constant D depends on the nuclear
quadrupole moment and the electric-field gradient tensor
at the site of the nucleus' as well as on the hyperfine cou-
pling and the crystal field. ' The asymmetry parameter g,
which parametrizes the deviation from an axially sym-
metric tensor, falls in the range 0~ q ~ 1.

For Pr + ions with a nuclear spin I=
—,', the eigenvalue

spectrum consists of three pairs of doubly degenerate
states with ml =+—,', +—,', and +—,'. Depending on the sign
of the quadrupole coupling constant D, either the states
with mI =+—,

' (D &0) or with mI= —,
' (D )0) are the en-

ergetically lowest states. Using the new spectroscopic
technique, which we describe below, we could show that
in the electronic ground state of Pr:YAP the coupling
constant is negative, D & 0.' The literature contains no
information about the sign of the coupling constant in the
excited state, but our experimental data favor a negative
coupling constant, D, &0. Pr:YAP is an ideal model sys-
tem for the demonstration of two-beam Raman hetero-
dyne experiments, as the sublevel splittings in the elec-
tronic ground state (7, 14, and 21 MHz) are considerably
larger than in the excited state (0.9, 1.6, and 2.5 MHz).

PRINCIPLE OF TWO-BEAM RAMAN HETERODYNE
SPECTROSCOPY

To introduce the two-beam Raman heterodyne experi-
ment, we use the simplified level scheme of Fig. 1. The
states ~0), ~1), and ~2) represent nuclear spin states in

a) ~ l3&
Ik

l3&

lo&

FIG. 1. Principle of Raman heterodyne detection of NMR
with two laser beams. (a) The pump laser field, which couples
to transition ~0)~~ 3 ), creates a population difFerence for tran-
sition ~1)~~2). A resonant rf field converts this population
difference into coherence. (b) The test laser field is resonant with
the transition ~l)~~3) of the same atoms. Coherent Raman
scattering creates a Raman field in transition ~2)+-+ ~ 3 ).

electronic ground state and
~

3 ) represents the electroni-
cally excited state, where we neglect, for the time being,
the existence of nondegenerate sublevels. The pump laser
field with frequency vz, which couples to the optical tran-
sition between ground-state sublevel ~0) and the excited
state, depletes the population of ground-state sublevel ~0)
by spectral hole burning. If the excited state can decay to
other ground-state sublevels, the pump laser field estab-
lishes a population difference between the ground-state
sublevels ~2) and ~1). The radio-frequency field with fre-
quency v,&, which drives the nuclear spin transition be-
tween sublevels ~1) and ~2), converts this population
difference into coherence between these two states.

The right-hand part of Fig. 1 illustrates the Raman
heterodyne detection of the sublevel coherence. If the
test laser field with frequency vT couples to the optical
transition

~
1 )~

~

3 ), the sublevel coherence induces
coherent Raman scattering, ' exciting a Raman field in
the adjacent optical transition, in this case in transition
~2) ~~ 3 ). Behind the sample, the scattered Raman field
and the test laser field interfere and the frequency
di8'erence between the two fields becomes observable as a
beat signal.

This simple description has to be modified if the experi-
ment is performed on systems where the inhomogeneous
line broadening is much larger than the sublevel splittings
between the nuclear spin states. As a consequence of the
inhomogeneous line broadening, a laser field can couple
to each of the optical transitions for different subsets of
atoms. For a model atom with two nondegenerate sub-
leves in the ground state ~g ) and in the electronically ex-
cited state ~e ), the left-hand part of Fig. 2 shows all four
optical transitions to which a pump laser field of frequen-
cy v~ can couple. Each optical transition represents a
different subset of atoms that contributes to the inhomo-
geneously broadened absorption line.

In a pump-and-probe experiment performed on mul-
tilevel atoms, one can only observe a signal, if the pump
and probe laser interact with the same set of atoms. The
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FIG. 3. Energy level scheme for the two-beam Raman

heterodyne experiment.

FIG. 2. (a) As a result of a large inhomogeneous line
broadening, a laser field with frequency vp can couple to each of
the four optical transitions between the sublevels of the ground
(1g ) ) and the excited state (1e ) ). (b) Two configurations con-
tribute to the signal if the frequency difference between test (T)
and pump (P) laser field corresponds to the sublevel splitting in
the excited state: vT —vp =5, .

A. Sublevel coherence

Np

2 3
0 0

We write the Hamiltonian of this three level system in
the absence of external fields as the traceless operator

~p

2 3
0

2cop

(2)

frequency difference between the two fields must there-
fore match an algebraic sum of energy level differences.
In the example shown in the right-hand part of Fig. 2, the
frequency difference between test ( T) and pump (P) laser
field corresponds to the sublevel splitting in the excited
state: vz. —vz=5, . The test laser field is then resonant
with an optical transition in the subsets 1 and 3 out of the
four sets of atoms to which the pump laser beam couples.

In the conventional Raman heterodyne experiment,
which is performed with only one laser beam, several op-

1tical transitions simultaneously contribute to the tota
Raman beat signal because of an inhomogeneous line
broadening. These different contributions to the signa 1

interfere and can cancel, as will be shown below. In the
two-beam experiment, the different signal contributions
can be separated by an appropriate choice of the frequen-
cy difference between the test and pump laser field and
destructive interference effects can be avoided.

SCATTERING PROCESS

In the two-beam experiment, the pump laser field es-
tablishes the population difference, which the radio-
frequency field converts into a nuclear spin coherence.
The test laser beam detects this coherence through
coherent Raman scattering. We discuss these processes
sequentially, using the energy level scheme of Fig. 3. We
first neglect the existence of nondegenerate sublevels in
the electronically excited state and assume a A-type
three-level atom with two nondegenerate sublevels Ilb
and ~2) of an electronic ground state and one excited
state

~
3 ) . These sublevels represent different nuclear spin

states of the Pr + ion. We assume that a population
difference exists between sublevels ~1) and ~2). A reso-
nant rf field drives the transition ~1)~~2) and creates a
coherent superposition between the two sublevels.

6 represents the sublevel splitting and cop the average of
the optical transition frequencies, as indicated in Fig. 3.
We write the interaction with the near resonant rf field as

(1~ V(t)~2) = V,2
——Qi2cos(copft)= V~, , (3)

U„t= U(coo, co,t,'t )

26)p+ 3Qjrf 0
it=exp
6

0

0

2COp 3Q)rf

4' p

(4)

and making use of the rotating wave approximation, we
transform the total Hamiltonian &o+ V(t) into a rotat-
ing frame, where the Hamiltonian becomes time indepen-
dent:

—6rf
fi&' = U,Pf Urt'+iU, tU~' =——Q2i

—Q)2 0

6,f 0

0 0

Here 5 f=6 —co f represents the detuning of the radio fre-rf rf
quency from the sublevel transition frequency.

To derive a stationary solution for the sublevel coher-
ence, we assume that the rf field is weak enough that it
does not significantly modify the sublevel populations and
that the relaxation can be described as a Markovian pro-

with a coupling strength Q,2=p &2B,f/A' that contains
the matrix element of the magnetic dipole transition and
the rf-field strength B,f. Using the unitary transforma-
tion
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cess with a relaxation rate yz. The equation of motion in
the rotating frame is then

l . 21Q
P21 (5rf l ytt )P21+ (P22 P1 1 )

2
(6)

The stationary solution for the sublevel coherence is

(P22 P 1 1 )+21
P21(t~ ~ )=—

2(5,f i y—ti )
(7)

The resulting sublevel coherence is linear in the rf-field
strength and in the population difference (p22

—p») be-
tween the nuclear spin states. Its time evolution in the
lab frame is determined by the frequency of the rf field,
which drives the sublevel transition, as can be seen by
reversing the transformation U& into the rotating frame.

B. Coherent Raman scattering

lt=exp
6

2Q)L 3A

4Q)L

one can transform the total Hamiltonian &0+ V(t ) into a
second rotating frame

& = UL&UL '+iUL UL
'

2

031
2

25L

3

Next we discuss the coherent Raman scattering of a
resonant test laser field from this sublevel coherence. As
indicated in Fig. 3, we assume that the test laser field
with frequency coL+ 5/2 couples to the optical transition
~1)~~3) and write the interaction as

V, =(li V(t)i3) =iris', cos[(fo +b, l2)t]= V*, (8)

with the coupling strength 813=@»E0/lri. The detuning
of the test laser field is 5L =coo—coL. With a similar
transformation as in (4) but with 030 replaced by coL and
with co,z replaced by 5

UL = U( cot, b, ; t )

and UL.
Coherent Raman scattering corresponds to the excita-

tion of optical coherences by the test laser field. To find
the Raman fie1d, we solve the equation of motion for the
optical coherences in transition ~2)~~3):

l ~ L 13 L
P23 (5L+lyE)P23+ P212

(12)

Introducing an optical dephasing rate yz into the
equation of motion we find the stationary solution for the
optica1 coherence in the adjacent optical transition

p~~3(t~ oo )= p21(t—~ oo ) . exp[i5„t] . (13)
2(5L +iyE)

2%(p22
—

p 1 1 )E0Brfp» p32i221

(2lri) (5L +iyE)(5, 1 iyt3)— (14)

representing the Fourier amplitude at the Stokes-
frequency. The time-dependent polarization is therefore

Ps, (t)= —Ps, exP i 03t +——03,f t +c.c. (15)

Macroscopically the polarization corresponds to elec-
tric dipoles, which oscillate at a frequency that is lower
than that of the incident test laser field. The scattered
Raman field is Stokes shifted with respect to the incident
test laser field. We label therefore the optical polariza-
tion in Eq. (15) with the lower index St. In Fig. 3, the
corresponding anti-Stokes process occurs when the laser
couples to transition 2)~ 3 ), creating the Raman field
in transition ~l)~~3). The two cases differ only with
respect to the indices of the states to which the optical
fields couple. We may thus calculate the optical polariza-
tion for the anti-Stokes process from that of the Stokes
process by interchanging the indices 1 and 2 in the three
transition matrix elements and by changing the sign of
the population difference (p22

—p») and of the rf detun-
ing 5,&. With these substitutions, we find for the s1owly
varying amplitude of the optical polarization

From Eqs. (13) and (7) one can calculate the polarization
of the medium by multiplying the optical coherence with
the transition matrix element of the Raman transition
and with the density of atoms X. The slowly varying part
of the polarization is

—i5,~t
'

Psr 2+P23( t oo )1M32e

We denote this rotating frame by a tilde. If the rf field is
off resonant, the sublevel coherence p', 2(t~ oo ) becomes
time dependent in this new rotating frame

L i 6,~t
Po s 2+P13( t )P31e

2+(P22 —P 11 )E0Bre 12J 23P31

(2') (5L, +iyE)(5,f+iytl )
(16)

P —ULUe P U.JUL

P» =P2'l(t ~ ~ )exP[i5,ft ]
which is the Fourier amplitude at the anti-Stokes fre-
quency. The time-dependent polarization is

(P22
—Pii)&21

exp[i 5,ft ]2 5,f—iyE

jI—
P, s,(t ) = P, s,exP i oit ——+f0,f —t +c.c. (17)

as can be seen by inspection of the transformations U,& Since the same optical transition matrix elements contrib-
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ute to the optical polarization, Stokes and anti-Stokes
components have the same intensity in the scattered
light. "

The polarization of the medium P acts as a source term
for the Raman wave, whose buildup is governed by the
one-dimensional wave equation

. ~aVD-
Bz 2k

cuba =(coT+co,t) and coT = ~~+—
2

COg Po
2

(20)

Nz and P describe the slowly varying part of the field am-
plitude and of the polarization, co~ and coT represent the
frequencies of the Raman and test laser field; the upper
sign refers to Stokes scattering and the lower sign to
anti-Stokes scattering of the test laser field. k is the wave
vector, po the magnetic permeability, and z the coordi-
nate in the direction of propagation. The Raman field
behind a sample of length I, is

where the amplitude is

co„X
~s p EPrf(P22 P11)ImIP12P23P31](2')

(24)

(25)

and we have used the fact that the triple-product of the
transition matrix elements is purely imaginary in all ex-
periments that we discuss here. X represents the number
of atoms in the volume that is defined by the length I. of
the sample and the laser beam area in the sample. The
upper sign refers to the Stokes process, the lower to the
anti-Stokes process. The signal is directly proportional to
the test laser intensity, to the rf-field strength, to the sub-
level population difference, and to the triple product of
the transition matrix elements. The expression (23) is
strictly valid only for a homogeneously broadened sys-
tem. However, as we will see, the essential features of the
signal remain when inhomogeneous line broadening is
taken into account.

From Eq. (23), we can recover the case of the conven-
tional Raman heterodyne experiment by setting 5I ~0:

~s
S(t;5L =0)=

2 [ya cos(co,tt) 5, tis—n(co, tt)] .
)'a(5't+)'a )

ET(t)= —,'(Joe +6'ae )+c.c. (21)

The corresponding intensity is

I( t ) =Eoc ( ET( t ) )
=

—,'cuba @0L,[ I', cos(a)—,tt)+PR, sin(co, tt)], (22)

where the angle brackets denote the time average over
one optical cycle and we have only considered the time-
dependent part of the total intensity. For convenience we
have separated the real part PR, and the imaginary part
P, of the optical polarization P. The heterodyne beat
signal contains an in-phase part [ ~ cos(co,tt)] and an
out-of-phase part [ ~ sin(co, tt)], which can be separated
in an experiment using a phase-sensitive detection
scheme.

C. Frequency dependence

Using expressions (14) and (16) for the optical polariza-
tion, we write the heterodyne signal as

A~
[(+5L,5rt+1'aXa ) cos(

(5~1. +1'a )(5't+ 1'a )

+(—5L 1 a 5 f1 a ) sin(co, ft)]

(23)

The amplitude and phase of the Raman field are thus
directly proportional to the optical polarization of the
medium.

The total field behind the sample is the superposition of
the incident test laser field and the scattered Raman field.
We are interested only in the component parallel to the
polarization of the incident test laser field, which we
write as

This corresponds to the situation of the conventional
(single-beam) Raman heterodyne experiment discussed by
Wong et al. ' There are two differences between this ex-
pression and their Eq. (2.33): they assumed a real triple
product of the matrix elements, while it is imaginary in
our case. In our case, the in-phase (cos) component of
the signal S(5L =0) has an absorptive dependence on the
rf detuning and the out-of-phase (sin) component has a
dispersive frequency dependence. The second difference
concerns the line shape: while Wong et al. performed an
average over the inhomogeneously broadened line, result-
ing in a Gaussian line shape, we consider only an isolated
spin with a Lorentzian frequency dependence.

Another limiting case of interest is that of on-
resonance irradiation of the magnetic-dipole transition
(5,t=0):

~s
S( t 5~fi0 ) — 2 2 [1 a cos(co~ft )—5L, slB( Mpft ) ](5'+r'))

(26)

Like for the dependence on the radio frequency, the in-

phase part of the signal has an absorptive dependence
and the out-of-phase part has a dispersive dependence on
the detuning of the test laser field. In contr'ast to the
radio-frequency dependence, we expect that in this case
the out-of-phase part has an opposite sign for Stokes and
anti-Stokes scattering, while the in-phase component
remains invariant.

TRIPLE RESONANCE SIGNAL

A. Dependence on laser frequency difference

So far, we have considered only hypothetical three-
and four-level systems. The actual system that we con-
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sider has six nuclear spin sublevels in the excited and
ground state. For a discussion of the signal contribu-
tions, we neglect for the moment the existence of sublev-
els in the excited state. We assume that the pump laser
beam drives the system with a fixed frequency and the rf
field excites a coherent superposition of the ground-state
sublevels mI=+ —,

' and +—,', which are doubly degenerate
in the absence of an external magnetic field. Coherent
Raman scattering occurs whenever the test laser beam is
resonant with the optical transition from one of these two
sublevels to the excited state. In the experiment that we
consider, the pump laser frequency remains fixed, while
the test laser frequency is scanned over a range of +25
MHz with respect to the pump laser frequency. The
stick spectrum at the top of Fig. 4 indicates for what test
laser frequencies one can expect a Raman heterodyne sig-
nal (RHS).

A RHS becomes possible when the pump laser beam is
resonant with one of the three transitions from one of the
ground-state sublevels to the excited state while the test
laser is resonant with a transition from the ground-state
sublevels I+—,

' ) or l+ —,
' ) of the same atom to the excited

state. The six possible cases are indicated by the letters in
the lower half of Fig. 4, where the letters P and T indicate
the ground-state sublevels to which the pump (P) and
test (T) laser field couple for a given laser frequency
difference. In two cases, the two frequencies coincide,
while the four other resonance lines in the spectrum
occur at clearly distinct laser frequency differences. As
an example, the diagram on the left-hand side of Fig. 4
shows the optical transitions to which pump and test
laser field couple for a signal contribution at
vT vp 2 1 MHz. With two independent laser beams
it becomes possible to investigate separately signal contri-
butions of different subsets of atoms. In the following, we
refer to this spectrum as the ground-state spectrum, as its
frequency differences correspond to the energy level split-
tings in the electronic ground state.

The spectrum of the RHS becomes more complicated

le&

if one takes also the nondegenerate sublevels in the elec-
tronically excited state into account. Additional reso-
nance lines appear in the spectrum, whenever pump and
test laser field couple to a different sublevel of the elec-
tronically excited state. Since the sublevel splittings in
the excited state of Pr:YAP are approximately one order
of magnitude smaller than in the ground state, these reso-
nance lines appear near each of the ground-state reso-
nance lines and can be clearly distinguished from the
ground-state spectrum. In the following we will refer to
these additional resonance lines as satellite lines. Figure
5 summarizes the different optical configurations that
contribute to the spectrum of the satellite lines near the
dashed resonance line at vT —vp= —21 MHz. For this
satellite spectrum the pump laser field couples to
ground-state sublevel I+—,

' ) and the test laser field to the
sublevel I+—,

' ).
The lower part of Fig. 5 shows the energy level scheme

of the excited state (for D, (0) and explains to which ex-
cited state sublevels pump (P) and test (T) laser fields
couple at the given position in the spectrum. With three
optical transitions to which pump and test laser field can
couple, nine different optical configurations contribute to
the satellite spectrum. Three of the resonance lines coin-
cide at the position of the ground-state resonance line
(dashed line), in the center of the satellite spectrum. At
this position pump and test laser field couple to the same
excited-state sublevels. For the remaining six satellite
lines, pump and test laser fields couple to different sublev-
els in the excited state. Since optical transitions to each
excited state sublevel can contribute to the RHS, the sa-
tellite spectrum is symmetric and three satellite lines ap-
pear symmetrically on each side of the central line. The
positions in the satellite spectrum directly correspond to
sublevel splittings in the electronically excited state.

B. Interference of scattering paths

The expression (23) for the heterodyne signal is linear
in the product of all three transition matrix elements that
are involved in the Raman scattering process. If the total
Raman signal consists of more than one signal contribu-

Vp VT I+1/2&
I+3/2&

I+5/2&
4L

0.9 MHz

1.6 MHz

21 MHz

I II II I I II II I I II II I I II II I I II II I

I+1/2&

I+3/2&

I+5/2&

~ ~

7 MHz

14 MHz
I—P
I

-2 I

P
I

-14

P—i+1/2)
I

T —i+3/2&
I
I
I
I
I

i+5/2&
I

l

+7 vT — vp (MHz)

FIG. 4. Theoretical stick spectrum of the two-beam Raman
heterodyne signal for the case that a coherent superposition be-
tween the nuclear spin substates with ml+ 2 and +

~
has been

excited in the electronic ground state. For each resonance line
the letters indicate the nuclear spin substates which are in reso-
nance with the pump (P) and test (T) laser field. From the
overall shape of the spectrum one can derive the energetic order
of the nuclear spin states.

Vp VT

I+1/2&

I+3/2&

I+5/2&

m
I

I+1/2&

I+3/2&
P PT T

P—TPT
I

PT
I

-21
-Vp(

P—T

P- I+5/2&
I
I

I

-19
MHz)vT

FICx. 5. Theoretical stick spectrum of one satellite spectrum,
which arises due to the existence of nonegenerate sublevels in
the electronically excited state. For each resonance line the
letters indicate the spin substates of the electronically excited
state to which the pump (P) and test ( T) laser field couple.
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tion, interference may lead to distortion and cancellation
of the signal. Two destructive interference effects are
known for Pr:YAP and related systems: ' ' ' Site in-
terference, which occurs between signal contributions of
nonequivalent lattice sites related by a symmetry opera-
tion, and Zeeman interference, which occurs when at
least two rf transitions have similar resonance frequen-
cies. Both types of destructive interference can be cir-
cumvented by applying an external magnetic field of ap-
propriate strength and orientation: In the magnetic field,
the transitions involved in the interference process are
nonequivalent and do not interfere any more.

Both interference effects could be explained analytical-
ly by Mitsunaga, Kintzer, and Brewer with the assump-
tion that the quantum-mechanical wave functions of the
eigenstates can be factorized into an electronic and a nu-
clear wave function. With this assumption one can write
the wave function of a nuclear spin sublevel in the elec-
tronic ground state as g ) = ~%g ) IXg ) and in the elec-
tronically excited state as Ie ) = 'p, ) IX, ), where qt refers
to the electronic degrees of freedom and y to the nuclear
spin variables. The separation makes it possible to fac-
torize the transition matrix element p, for an optical
transition as

pg, =&glp Ele &=&+gl)M Elq', &&xglx, &

=popt&xg xe & (27)

The electric dipole operator acts only on the electronic
part of the total wave function and is therefore equal for
all optical transitions between the nuclear spin sublevels
in the ground and in the excited state. Different matrix
elements arise from the overlap integral &x Ix, ) of the
two nuclear spin functions.

As Fig. 5 shows, three different groups of atoms con-
tribute to the central line of the satellite spectrum if the
inhomogeneous line broadening exceeds the splitting be-
tween nuclear spin sublevels. For all groups, pump laser
and radio-frequency field have established a coherent su-
perposition between two ground-state sublevels, e.g. ,
I+—,

' ) and I+—', ). The difference between the three contri-
butions is the excited state sublevel to which the pump
and test laser field couple. In terms of the detection pro-
cess, the difference is the "scattering path, " i.e., the opti-
cal transitions that are involved in the coherent Raman
scattering process.

The amplitude of the RHS for each configuration is
determined by the triple product of the relevant transi-
tion matrix elements and by the population difference be-
tween the ground-state sublevels I+—,') and I+—', ). To
calculate the signal amplitude S of the RHS, we have to
add the individual contributions. In the presence of an
external magnetic field we have to take into account six
signal contributions:

6
S g (P22 P11)P12P2ePe1

e=1

-=~pv12lv. „l' g &x2lx, &&x, lx1& .
e=1

The summation is carried out over all nuclear spin sub-

levels of the excited state. With the help of Eq. (27) we
factorize this sum into the magnetic-dipole matrix ele-
ment p&2, into the electric dipole matrix element p, , and
into the overlap integrals of the nuclear spin-wave func-
tions. The matrix elements p, 2 and p, , are the same for
all six configurations. If one assumes, that the sublevel
population difference p22

—p» is the same for all subsets
of atoms, pz2

—
p& &

=Ap, the sum contains two overlap in-

tegrals between different nuclear spin states in the ground
state but the same state Ix, ) in the excited state.

The states Ix, ) are eigenfunctions of the nuclear quad-
rupole Hamiltonian in the excited state and represent a
complete set of basis states. The summation over all
states

(29)

yields the unit operator and the expression for the signal
reduces to

s "p lv.„'ap&x Ix &=0. (30)

This result implies that all resonance lines in the ground-
state spectrum, i.e., the central lines of the satellite spec-
trum, should vanish, provided that the sublevel popula-
tion differences for all subsets of atoms are identical.
This new interference effect originates from the large in-

homogeneous line broadening and from optical transi-
tions to all basis states of a complete set of eigenfunc-
tions, which simultaneously contribute to the total signal.
The interference can only be complete if the relevant sub-

level population differences are identical for all signal
contributions. An experiment with independent pump
and test laser beams makes it possible to investigate the
individual signal contributions separately to check how
complete the predicted destructive interference is.

EXPERIMENTS

A. Experimental setup

The Raman heterodyne experiment with two indepen-
dent laser beams is a combination of spectral hole burn-
ing' and the conventional Raman heterodyne detection
of NMR in impurity-ion solids. To separate the various
resonance lines, an accurate control of the frequency
difference between pump and test laser beam is required.
Figure 6 shows schematically the experimental setup.
Both laser beams were derived from the same laser source
(Spectra Physics 380 D), whose frequency jitter was some
500 kHz. The frequency of each laser beam was shifted
with the help of an acousto-optic modulator (AOM).
AOM1 and AOM2 were driven by two independent rf
synthesizers with frequencies ~, and cuz, which allowed
an accurate control of the frequency difference between
pump and test laser beam. A weak resonant rf field ( ( 1

Cx) was applied along the crystal c axis and was used to
drive the rf transition between two nuclear spin states.

The experiments were performed on the H4~'D2
transition (610.7 nm) of Pr ions in YA103 (YAP) at low
temperatures. Pump and test laser beams, which had a
power of 10 mW and 14 pW, respectively, propagated
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beams with identical frequencies (vT=vz), which corre-
sponds to the conventional Raman heterodyne experi-
ment. The spectrum shows that under these conditions
all nuclear spin transitions of both nonequivalent lattice
sites are well separated. In all experiments described in
this article, the rf field was applied parallel to the princi-
pal X axis of the quadrupole tensor. The triple product
of the transition matrix elements is then purely imagi-
nary.

C. Laser frequency dependence

FIG. 6. Experimental setup: AOM —acousto-optic modula-
tor, PD—photo diode, LIA —lock-in amplifier, rf-rf sweep
generator, co& and u~ high-frequency synthesizers.

along the crystal c axis at an angle of intersection of 5
mrad. The beat signal of the test laser field and the scat-
tered Raman field was detected phase sensitively with a
photodiode and a lock-in amplifier (LIA). To monitor the
spectrum of the RHS the frequency of the test laser beam
was varied relative to that of the pump laser beam with
the help of AOM2 and the in-phase and out-of-phase
parts of the RHS were detected simultaneously.

B. Radio-frequency spectrum

To avoid destructive interference eA'ects from diA'erent

Zeeman sublevels or nonequivalent lattice sites in
Pr:YAP, an external magnetic field of 26 G was applied
paraHel to the principal Z axis of the quadrupole tensor
of lattice site 1.

Figure 7 shows the absorptive part of the heterodyne
beat signal for the transitions between the l+ —,') and

l+ —,
' ) nuclear spin sublevels in the electronic ground state

of Pr:YAP. The two lines near 7.05+0.08 MHz result
from transitions of lattice site 2 [full width at half max-
imum (FWHM) 61 kHz] and the two lines near
7.05+0.28 MHz result from transitions of site 1 (FWHM
47 kHz). This spectrum was recorded with two laser

For the two-beam Raman heterodyne experiment, we
chose a transition between two nuclear spin states in the
electronic ground state of lattice site 2. The rf field

(v,&=6.97 MHz) was resonant (5&=0) with the transi-
tion between the ml =

—,
' and —,

' nuclear spin states in the
electronic ground state of lattice site 2. Figure 8 shows
both phases of the heterodyne beat signal as a function of
the frequency di6'erence between test and pump laser
field. The dashed vertical lines indicate the positions of
the ground state resonance lines, which can be calculated
from the sublevel splittings in the electronic ground state
of Pr:YAP. The spectrum of the RHS consists of five sa-
tellite spectra, which are centered at the positions of the
ground-state resonance lines. Only one satellite spectrum
can be observed for a positive laser frequency di6'erence
(vT —v~) 0). The line positions agree with the theoreti-
cal stick spectrum of Fig. 4, which was derived for the
case of a negative quadrupole coupling constant in the
electronic ground state. One can therefore conclude that
the efFective quadrupole coupling constant in the elec-
tronic ground state of Pr:YAP must be negative. ' To
simplify the discussion of the spectrum of the RHS we
approximate the ground-state sublevel splittings for site 2
by 7, 14, and 21 MHz and assume only three nondegen-
erate sublevels in the excited state.

The arrows in Fig. 8 indicate the position of a satellite
line, where the dependence of the heterodyne beat signal
on the radio frequency was measured for a fixed laser fre-

s 1: )+I/2)~1+3/2& Z j

0—

0—

-20
I I ) I I I I i I ~ I I i I 1 I I i I I
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]
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(
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I
I f I
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FIG. 7. Raman heterodyne beat spectrum in absorption for
the '04 ~+ —')~~+ —,') transitions of Pr'+YA10, . For the Ra-
man heterodyne experiment with two laser beams, the radio fre-
quency was set to the center of the resonance line near 6.97
MHz.

FIG. 8. Raman heterodyne signal of the —'~—transition of
site 2 for resonant excitation of the nuclear spin transition as a
function of the frequency difference between test and pump
laser beam. The dashed lines indicate the expected line posi-
tions in the ground-state spectrum. The inset shows the radio-
frequency spectrum for the laser frequency difference indicated
by the arrows.
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quency difFerence. The inset of Fig. 8 shows the observed
signal. With the name convention of the theoretical part
of this article we call the absorptive signal component the
in-phase part of the signal and the dispersive signal com-
ponent the out-of-phase part of the signal. At the posi-
tions of the dashed lines, where the laser frequency
difference exactly corresponds to a sublevel splitting in
the electronic ground state, the absorptive in-phase part
of the RHS always has a small signal amplitude.

With the knowledge of the energetic order of the nu-
clear spin states in the electronic ground state one can
derive for each ground-state resonance line those optical
transitions to which pump and test laser field couple at
the given position in the spectrum. These different
configurations were summarized in Fig. 4. In particular,
one can derive from Fig. 4 that the satellite spectra near
v~ —vp = —21 MHz and vT —vp = —14 MHz are caused
by anti-Stokes and Stokes Raman scattering of the test
laser beam from the same sublevel coherence. For both
spectra the same three subsets of atoms contribute to the
satellite lines. For each subset the pump laser field drives
one of the three possible optical transitions
~4g +—', )~~'I', ) y, ). For both satellite spectra, the
relevant sublevel population differences are equal and the
same optical transitions determine the signal amplitudes
of the satellite lines. Therefore the signal amplitudes of
corresponding satellite lines should be identical in both
satellite spectra. We use these two satellite spectra to
compare the RHS for Stokes and anti-Stokes scattering
with the predictions of Eq. (26).

For this comparison Fig. 9 shows the two satellite
spectra on an extended frequency scale. The upper spec-
trum shows the in-phase part of the signal and the lower
spectrum the out-of-phase component. The dashed verti-
cal lines indicate the positions of the ground-state reso-
nance lines where pump and test laser field couple to the
same sublevels in the excited state. In the center of each
satellite spectrum the in-phase part of the signal vanishes.
Only two resonance lines are clearly resolved in each sa-
tellite spectrum. The separations of these two satellite
lines from the dashed line correspond to sublevel split-
tings in the excited state. Each of these positions corre-
sponds to the RHS of a single scattering path and should

therefore show the frequency dependence predicted by
Eq. (23). In the experimental spectra, the resonance lines
are broadened by the laser frequency jitter, but the result-
ing resolution allows still the verification that the in-
phase part of the signal shows an absorptive dependence
on the detuning of the test laser field, in agreement with
Eq. (26).

A calculation of the signal amplitudes helped to
confirm this interpretation of the satellite spectra. The
amplitudes of the satellite lines are determined by the
relevant sublevel population difference and by the matrix
elements of the optical transitions to which the test laser
field and the scattered Raman field couple at the given
position in the spectrum. The calculated signal ampli-
tudes are shown in Fig. 9 as individual resonance lines.

For each subset of atoms the sublevel population
difference that results from the spectral hole burning by
the pump laser field was calculated by numerical integra-
tion of coupled rate equations for the populations of the
nuclear spin states. Parameters for this calculation were
the relative strengths of the optical transitions, the nu-
clear spin relaxation rates at a given temperature, ' and
the excited-state lifetime. The relative transition
strengths were calculated from the overlap integral (27)
between corresponding nuclear spin eigenfunctions in the
ground and excited states. To confirm the calculation,
we compared the calculated sublevel populations with the
experimental hole-burning spectrum and found good
agreement. The upper inset of Fig. 9 summarizes the cal-
culated sublevel population differences between the ~+ —,

' )
and ~+—', ) ground-state sublevels for those atoms that
contribute to both satellite spectra as a function of the
laser frequency difference. A large population difference
results only for atoms, for which the pump laser field
couples to the ~g ) ~+ —,

' )~~+ —,
' ) transition.

From the energy level scheme in Fig. 5, one can derive
that these atoms give rise to satellite lines at exactly those
positions, where the in-phase part of the observed signal
has the largest amplitude, e.g., at vT —v~ = —(21—1.56)
MHz and at vT —vp = —(21+0.92) MHz. However, the
same atoms also contribute to the ground-state resonance
line in the center of each satellite spectrum, where the ob-

population difference Roman signal

FIG. 9. In-phase (top) and out-of-phase
(bottom) part of the two-beam RHS on an ex-
tended frequency scale. The upper inset shows
the calculated population dift'erence between
the ~+2 ) and ~+ —) nuclear spin states in the
electronic ground state. The lower inset shows
the observed dependence on the rf detuning for
the satellite line at v T

—vp = —(21 —O. 92)
MHZ.

I

6.9
I

7.0
-25 -20 VT —vp (MHz)
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served signal vanishes. To calculate the actual amplitude
of the RHS, we multiplied for each resonance line the
sublevel population difference by the triple product of the
relevant transition matrix elements. The absorptive and
dispersive lines in Fig. 9 represent the calculated signal
amplitude. A large signal amplitude results only for two
satellite lines, but not for the central ground-state reso-
nance line, where the transition matrix elements are
small.

The signal amplitudes in both satellite spectra are iden-
tical, because for corresponding satellite lines the same
optical transition matrix elements determine the signal
amplitude. The in-phase part of the RHS shows an ab-
sorptive dependence on the detuning of the test laser field
for Stokes and for anti-Stokes scattering. The dispersive
out-of-phase part, however, changes its sign for Stokes vs
anti-Stokes scattering. The observed dependence on the
detuning of the rf field and test laser field is in agreement
with the behavior predicted by Eq. (26). In the derivation
of the heterodyne signal, we did not discuss the mecha-
nism of the line broadening of the optical transitions.
The observed width of the satellite lines, however, indi-
cates that the linewidth in this experiment was deter-
mined by the width of the spectral holes, which was of
the order of 1 MHz due to the laser frequency jitter. The
base line of the experimental signal seems to be distorted
for all satellite spectra. This might be due to absorption
of the test laser field or the scattered Raman field in the
crystal, which was neglected for the theoretical descrip-
tion of the coherent Raman scattering.

D. Interference eÃects

With this assignment of the in-phase and out-of-phase
part of the RHS we will now discuss the interference of
scattering paths. Figure 10 shows the absorptive in-phase
part of the RHS for the satellite spectrum near
v„—v~ =+7 MHz on an extended frequency scale. The
dashed horizontal line represents the signal base line and
the dashed vertical line in the middle of the spectrum in-
dicates the position of the expected ground-state reso-
nance line. From the energy level scheme of Fig. 4 one
can derive that three subsets of atoms contribute to the

signal at this position. For all three subsets, the pump
laser field couples the ~%s )

~
—,
' ) state to one of the

~%, ) ~y, ) states, while the test laser field couples the
~%g )

~

—', ) state to the same excited state. Under the ex-
perimental conditions the optical pump rate of the pump
laser field was large in comparison to the spontaneous de-
cay rate of the excited state. Therefore the pump laser
field depletes the resonant ground-state sublevel ~% ) —,

' )
almost completely for all three subsets of atoms. The cal-
culated sublevel population differences for this satellite
spectrum are shown in the inset of Fig. 10. For each of
the three subsets of atoms the population difference be-
tween the m~ =

—,
' and —,

' sublevels in the electronic ground
state is almost identical. This is exactly the condition
which has to be satisfied for interference between scatter-
ing paths, which can be predicted for the ground-state
line in the center of this satellite spectrum.

The narrow absorption lines in Fig. 10 represent the
calculated signal amplitudes for all satellite lines. Four of
the satellite lines, corresponding to the test laser-
field coupling to the ~V ) ~

—,')~~%, ) ~+—', ) or ~% )
~

—', )
~~%', ) ~+ —, ) transition, have large signal amplitudes, in-

dicating that the optical transition matrix elements are
large. For the third optical transition,
~%s) ~

—,
' )~~%, ) +—,

' ), the relevant transition matrix ele-
ments are smaller. The same atoms that contribute to the
satellite lines simultaneously contribute to the central
ground-state line, at the position of the dashed vertical
line near vT —v&=+7 MHz. However, the two main
signal contributions to the ground-state line have oppo-
site amplitudes. The individual signal contributions in-
terfere destructively, which results in the small signal am-
plitude of the central ground-state line. It is obvious that
the largest signal amplitude was not observed for the cen-
tral ground-state line but for neighboring satellite lines,
e.g. , near vT —v~ = —9.5 MHz, although only one subset
of atoms contributes to the satellite lines but three subsets
to the central ground state line.

The cancellation of the different signal contributions to
the ground-state line is a direct consequence of the fact
that the nuclear spin sublevels of the excited state
represent a complete set of functions. If the sublevel pop-

Raman signal &k0-

le)
IL

vT vP

I 1/2&

I3/2&

1+5/2&

p (MHz)

r
10 FIG. 10. Interference of scattering paths in

the center of the satellite spectrum. At this
position the test laser field can simultaneously
couple to all optical transitions between one
ground-state and all excited-state sublevels for
different subsets of atoms. The inset shows the
calculated sublevel population differences,
which are nearly identical for all subsets of
atoms.
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ulation differences of all three subsets of atoms were
equal, this would result in a vanishing signal amplitude
for the central ground-state resonance line. The satellite
spectrum in Fig. 10 is a clear proof that the predicted
destructive interference exists. The interference is not
complete, however, because of small variations of the
spectral hole burning for different subsets of atoms. The
same destructive interference effect was also observed for
the corresponding anti-Stokes scattering at vT —v~ = —7
MHz (compare with Fig. 8).

E. Discussion

The interference of scattering paths that we have
demonstrated here occurs also in the conventional Ra-
man heterodyne experiment with a single laser beam. '

The single-beam experiment corresponds to a two-beam
experiment with equal pump and test laser frequencies,
whose signal amplitude can be observed at the origin of
the frequency axis in Fig. 8. The signal at this position
includes Stokes and anti-Stokes contributions. To get an
idea of the individual contributions, we note that the
same atoms also contribute to the ground-state resonance
lines at vT —v&=+7 MHz. The signal at +7 MHz, e.g. ,
represents Stokes scattering from the same atoms that
contribute to the zero-frequency line by anti-Stokes
scattering. Since the in-phase part of the signal at
vT —vz =+7 MHz has comparable amplitudes but oppo-
site signs, we expect destructive interference of the two
remaining signal contributions at vT =v~.

The out-of-phase part of the signal shows a large signal
amplitude close to zero frequency. They cannot arise
from the true ground-state resonance line, whose signal
would cross through zero at this point. An analysis o
the different contributions shows that it is due to the su-
perposition of two dispersive signal contributions of
neighboring satellite lines. This signal is significantly
larger than the absorptive in-phase part and is the main
signal in the conventional Raman heterodyne experiment
with a single laser beam. Since the observed signal arises
primarily from satellite lines, we conclude that some laser
frequency jitter is actually useful in the conventional ex-
periment. The maximum of the signal is slightly dis-
placed from zero and only the relatively large linewidth,
which arises from the frequency jitter, provides for a non-
vanishing amplitude at zero frequency. In systems with
larger sublevel splittings in the excited state, the absolute
maximum of the signal amplitude should occur for larger
laser detunings. We could verify this prediction experi-
mentally in the related system Pr: +Y2SiO&.

CONCLUSION

In this article we have described an interference effect
that occurs in Raman heterodyne detection of nuclear
spin transitions. In contrast to the Zeeman or site in-
terference effects that have been reported earlier, it arises
from a single magnetic dipole transition in one atomic
species when different pathways contribute to the Raman
scattering process. This is always the case in inhomo-
geneously broadened systems with a nonvanishing nu-
clear spin, and the effect persists in magnetic fields. A
destructive interference results if these scattering paths
include a complete set of functions, e.g. , as in the case of
our experiments all eigenfunctions of the nuclear quadru-
pole interaction in the excited state. The destructive in-
terference can be complete if the relevant sublevel popu-
lation differences are identical for all subsets of atoms
that contribute to the total signal. We developed a
pump-and-probe technique to study and circumvent the
effect. An experiment on the rare-earth ionic solid
Pr +:YA103 clearly showed the predicted interference
effect, although the destructive interference was not com-
plete, as one can expect for different population
differences in different subsets of atoms. In the conven-
tional Raman heterodyne experiment, where the same
laser beam acts as pump and test laser beam, the destruc-
tive interference between the different scattering paths
leads to a reduced signal and can result in complete sig-
nal cancellation.

In this article we have discussed the dependence of the
heterodyne beat signal on the detuning of the rf field and
the test laser field. While the interpretation of the two-
beam Raman heterodyne spectrum for this system was fa-
cilitated by the advantageous difference of the sublevel
splittings in the ground and the excited state, similar ex-
periments are also possible for related systems where this
is not the case. For the interpretation of these spectra,
the knowledge of the sublevel splittings in the ground and
excited states is helpful. Conversely, the pump-and-probe
technique allows to measure these splittings, including
the energetic sequence of the nuclear spin states.
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