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A novel coherent Raman effect induced by a laser and a radio-frequency (rf) field is used to
detect cw and pulsed nuclear magnetic resonance (NMR) in ground and excited electronic states.
The effect is illustrated in the impurity-ion solid Pr*+:LaF; at 1.6 K utilizing the Pr3*+ optical tran-
sition *H4(T";)—'D,(T";). The laser field of frequency wg and the rf field (wy) induce a light wave
at the sum wg +wy (anti-Stokes) and difference wg —wpy (Stokes) frequencies, generating an absorp-
tive or dispersive heterodyne beat signal (wy) with the laser field at a photodetector. The theory of
this effect is characterized in a new three-level perturbation calculation which requires, unlike the
usual stimulated Raman effect, that all three transitions be electric- or magnetic-dipole allowed.
Detailed predictions are confirmed by cw measurements of the Pr*+:LaF; hyperfine splittings where
the optical heterodyne signals are shot-noise limited. The Pr’+ nuclear quadrupole parameters are
obtained for the *H, and D, states where the line centers are determined with kilohertz precision.
The corresponding wave functions show significant hyperfine-state mixing, as required for all three
transitions to be dipole allowed. The cw line shapes are narrow (30—160 kHz), inhomogeneously
broadened by nuclear magnetic interactions, and reveal either a Gaussian or an anomalous second-
derivative—like line shape. The spin-echo measurements for the *H, and 'D, hyperfine transitions
yield homogeneous line shapes which are Lorentzian, and rather surprisingly, linewidths in the nar-
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row range 10—20 kHz, a result which tests current line-broadening theories.

I. INTRODUCTION

Recently we reported a preliminary account of Raman
heterodyne detection,! a new way of observing nuclear
magnetic resonance (NMR). The purpose of this paper is
to relate a number of the details of this technique, its
theory, its advantages, and some applications. This
method, which utilizes a coherent optical and radio-
frequency (rf) induced Raman effect, is capable of moni-
toring coherent spin transients or nuclear resonances
under cw conditions in both ground and optically excited
states with high sensitivity and precision. Dilute systems
in the gas phase or solid state which are inaccessible by
conventional NMR can now be examined. The method,
which surpasses previous rf-optical techniques,®~* has
been demonstrated in a dilute rare-earth impurity-ion
crystal Pr’+:LaF;, where the first spin-echo measurements
of an electronic excited state are made, and cw resonances
yield NMR line centers and shapes with kilohertz pre-
cision. Here we report further measurements which allow
us to compare for the first time NMR and optical dephas-
ing studies®~® and to test current line-broadening theory.’

In Fig. 1, the Pr’*(I =) hyperfine-energy-level dia-
gram reveals the basic stimulated Raman effect where an
optical field at the frequency wg (solid arrow) and an rf
field at the frequency wy (wavy arrow) drive two coupled
transitions resonantly, which combine in a two-photon
process to generate a coherent anti-Stokes field at the sum
frequency i =wg +wg. In addition, a Stokes field at the
difference frequency wy —wp, due to a second resonant
packet, accompanies the above anti-Sokes field. In Fig. 2,
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the two optical fields wy and of produce at the photo-
detector a heterodyne beat signal of frequency
oyg=|wg—wgr|. This optical heterodyne process
enhances detection sensitivity and is closely related to that
used in Stark- or laser-frequency switching experiments.'°

Unlike the usual stimulated Raman effect,!! this is a
resonant process in which all three transitions are either
electric or magnetic dipole allowed. The technique can be
generalized to any three-level systems where all three tran-
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FIG. 1. Hyperfine energy level diagram for the 5925-A
’H,-'D, transition of Pr’*:LaF;, showing the coherent Raman
process. The wavy arrow indicates the rf driving field, while the
solid arrow represents the optical driving field. The coherently
generated anti-Stokes field is shown as a dashed line.
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FIG. 2. Simplified schematic of the experimental arrange-
ment for Raman heterodyne detection of cw or pulsed NMR.

sitions are active, allowing sensitive detections of NMR,
electron spin resonance (ESR), or even infrared transi-
tions. In addition to Pr’*:LaF;, similar measurements
have been performed on Pr’t:YAIO; (Ref. 12), samarium
vapor,!? and sodium vapor.

Our work thus extends previous coherent techniques as
in optical-pumping double resonance,'* coherent optical
double resonance,!® coherent Raman beats, photon-echo
modulation,!” photon-echo nuclear double resonance,* and
Raman echoes,'®!° or those methods which rely on in-
coherent detection as in enhanced and saturated absorp-
tion?® and rf-optical double resonance.?>

There is currently considerable interest in the impurity-
ion solid Pr3*:LaF;. Optical dephasing (relaxation time
T,) measurements on the 'Dy«>H, transition have been
carried out with the use of different laser techniques®~’
and very narrow optical homogeneous linewidths of a few
kilohertz have been obtained. The dominant optical line-
broadening mechanism has been determined to be the
YF.F dipolar interaction, where spin-flip fluctuations of
the '°F nuclei impress weak fluctuating magnetic fields on
the *'Pr nuclei and perturb the Pr3* optical transition
frequency through the Pr-F nuclear dipole-dipole interac-
tion. This has been confirmed by a Monte Carlo calcula-
tion’ and by magic-angle line-narrowing experiments.>’
In addition a recent experiment® shows that at high laser
intensities the system Pr3*:LaF; is no longer adequately
described by the optical Bloch equations?' and exhibits a
Redfield-type saturation behavior?? in the optical 7,. A
full understanding of these measurements requires estab-
lishing a link between the optical dephasing measurements
and the NMR line-broadening mechanisms of each hyper-
fine transition, a task that can be accomplished by the
present technique.

II. THEORY

In this section we present a new theory for the interac-
tion of two resonant electromagnetic fields with a three-
level system using a density-matrix perturbation method.
Our theory differs from previous three-level calcula-
tions'1%2% involving Raman scattering or two-photon
transitions in that we assume all three transitions are di-
pole allowed. This introduces additional terms in the
equations of motion with new solutions. This assumption
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is satisfied in the Pr’+*:LaF; 'D,<>H, transition because
of hyperfine state mixing in the 'D, excited state. In
lowest order our theory predicts a three-wave mixing ef-
fect while the usual stimulated Raman scattering and
two-photon transitions are four-wave mixing processes.!!
When the condition of a weak rf excitation is relaxed, we
show that both linear and nonlinear processes of the NMR
transition can be optically monitored.

A. Equations of motion

In Fig. 3, the energy-level diagram shows that the Ra-
man levels 1 and 2 are closely lying states whose energy
separation may be radio frequency as in NMR, microwave
as in ESR, or infrared as in molecular ro-vibrational lev-
els, and level 3 is separated from them by a much larger
energy in the optical-frequency range. Level 3 may lie
higher than the Raman levels, as shown in Fig. 3, or lower
such that the Raman levels may be hyperfine states of an
electronic ground or excited state.

A laser field

Eo(z,t)= %EO

(ot — kEz)

e +c.c. (2.1a)

connects level 3 optically to the Raman levels, which are
coupled by an rf magnetic field

I_:Il(t):%Hlel H€2+CC . (2.1b)

Although we assume H; is a magnetic field, our formula-
tion is apphcable for any electromagnetic wave. The fre-

quencies of Eo and H; are assumed to satisfy the condition

Wg S>>0y . (2.2)

In Eq. (2.1b) the spatial dependence of H, is ignored be-
cause the wavelength of ﬁl is much larger than the in-
teraction region.

The density-matrix equations of motion are given, with
neglect of damping terms (represented by the ellipsis), by
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FIG. 3. Energy-level diagram for the stimulated Raman pro-
cess in a three-level atom. ﬁ, excites the 1—2 rf transition and
E, excites the 2— 3 optical transition.
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iﬁ%it’- —[#pl+ e, (2.3)

where the Hamiltonian #°=2/7,+J" consists of the
field-free Hamiltonian 5%, and the dipole interactions

%’:_/IE'_EO_.‘TH'EI
satisfying the usual conditions

(i I%0|j>:ﬁwi5ij ’

(i|o|iy=0, i,j=1,2,3.

Here iz and Iy are the electric and magnetic dipole mo-

ment operators, respectively. The dipole coupling

strengths are given by the parameters
a.E%(HﬁE-é\IH)EE—;‘;—iP—, (2.42)
azE%(ZIﬁE‘é\1|3>E%, (2.4b)
BEZI—’;(H;‘IH-QU)EH;—:H, (2.40)

and p;; is assumed real. The parameters are related to the
Rabi frequency by

%XZ) B= —;'X . (2.5)

1
ay=5Xy, o=

For an optically thin sample, the optical signal field

E,(z,0)=E,(z,ne" 5" "¢, c.c. 2.6)
obeys Maxwell’s wave equation
JE, .
az‘ = —2mikg(P,) , 2.7

where the tilde denotes the slowly varying part. The Ra-
man signal polarization

(Py(1)) =N (u31{P13() ) +p3{P3(1) })

is to be averaged over the crystal strain and magnetic in-
homogeneous line shapes which are assumed Gaussian.
The angular brackets in (2.7) and (2.8) denote this average,
and N is the number density.

The signal field E,; (2.6) and the input laser field E,
(2.1a) give rise to the total field

(2.8)

Er=Ey+E,
=Ere'(mEt kg2l & +c.c., (2.9a)
where
Er=1E,+E, . (2.9b)

From the total intensity I;=E;E¥, one obtains the ob-
servable heterodyne beat signal

I,=5EE}§ +c.c. (2.10)
We introduce phenomenologically the population decay

rates y; for state |i), and the transverse decay rates
¥ij =Y i between states |i) and |j). By defining
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p12(1)=ﬁ1zeimHt R (2.11a)
pralz, ) =pa(t)e’ B THED (2.11b)

i(opt —kgz)

p23(2,t):ﬁz3(t)e N (2.110)

and applying the rotating-wave approximation (RWA)
which neglects the nonresonant terms, the equations of
motion (2.3) become

pu=—r1lp11—p) +(iBpy +iapy +c.c.),
(2.12a)
pr=—V2pn—pn)+iB*pp+iapi+c.c.),

(2.12b)
p33=—v3(p33—p3s) +(iaip3+iaspy+c.c.),
(2.12¢)
Pro=(iAg—v)Pr+iBpn—p1)
+liapyn—iakpe CH' (2.12d)
pi3=[i (Ap+ @) —v13]P13+iar(psz—p11)
et i (Be' M +c.c )Py (2.12€)
P1= (iAg —v2)pa+iayp3—p2n)
—iapye ~im“"+i(Bem”t+c.c. P13 - (2.120

Here the tuning parameters Ay and Ay are defined by

AHEQ)Zl——a)H, AEECL)32~—(1)E N (212g)

and o;=0;—o; is the frequency separation between
states |i) and |j). pj is the field-free population for
state | i) at thermal equilibrium.

The RWA assumes that p;;(¢) is slowly varying with
respect to the corresponding frequency |w;;|. This im-
plies that p;3(¢) and p;(¢) are allowed to have components
which vary at the rate wy since we have assumed
wg >>wy (2.2). Despite the presence of e “#' in Eq.
(2.12d),* the primary signal of p;, (2.18b) indeed satisfies
the RWA assumption.

We should mention that in the equations of motion
(2.12), optical-pumping effects are not taken into account
partly because of the complexity in modeling them, but
also because they occur on a much longer time scale than
that of the experiment. Although optical pumping can
significantly affect the population levels p), we show in
Sec. V A that even when the time scale of the experiment
approaches that of optical pumping, the essential features
remain unchanged.

B. Perturbation solution

Within the RWA we seek a perturbative stationary
solution to the equations of motion (2.12) by assuming
that the excitation fields E, and H, are weak. In Sec. IIE,
we relax the weak-field condition on ﬁl to obtain a more
general time-dependent solution. Formally integrating
Egs. (2.12), we obtain
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t _ '
pu=pS+ [ dr'e MO B (8 Py (t) +c.c.] (2.13a)
t — Y
pa(t)=ph+ [ dr'e T BBt t iy Pt +c.c.] (2.13b)
4 - =) e . ,
p33(t):pg3+ fodt’e ratt =t [ial1ps(t) +iaspy(t) +c.c.], (2.13¢)
~ to, GAg—yp)e—t) , , S we g —iogt
pua0)= [ di'e" T T i Blpyy(t) — pui(¢)] + [iepaalt ) — 3Pzt ]e M 2.13d)
~ to A - -t . , R 2 U S
p13(t)=f0dte“' E+ )l G st — pi (1) ] —iapialt)e Y 4 ifay( ') Be ™ tc.c)} (2.13¢)
_ t o (iAp—yyt—t) . , N1 i = ey gt iyt
p23(t)=f0dt e fETTRIT {iaalpss(t') —paa(t') ] —iaypy(t')e ont +ip3(t')(Be ont +c.c.)}, (2.13f)
r
with the initial conditions P =p%, i=1,2,3, (2.17a)
pi(0)=pj pi(=0, i), (2.17b)
and (2.14)  and the initial conditions (2.14) are used to obtain the
54(0)=0, ij . first-c:lr:ier n =1 solution
In the weak-field limit, pi (=0, C e (2-182)
—iBpa—pi1) A,
a0 B—0 , (2.15) FW(y= PPl (| unyrpry (2.18b)
iAg—7v1
we obtain a perturbative solution from the formal solution a1 (0 0
(2.13) in orders of a;, a,, and B, thus excluding power- 740 = AP TP (i ten) =il
broadening effects. We write H(Ap+w)—7v13 ’
ﬁijzzﬁ;’ , (2.18¢)
" (1) —iay(p33—p%) (iAp—7yy)t
and (2.16) Pnt)=—F7—""—"(1—e ). (2.18d)
iAp—v2
i= o o . .
Pii < Pii Substituting the first-order solution (2.18) into the formal

where n denotes the order of perturbation. The zeroth-
order field-free solution given by

solution (2.13), and letting t— o so that damping terms
go to zero and only oscillatory terms remain, we obtain
the stationary second-order n =2 solution for p;; and p,3:

N
i t i t —i t
52t a0) = aBe p2—Pi1 P33 —p% aBe’ N aBre (2.192)
3 . . - . . . ) .
! I(Ap+Ag)—vi3 iAg—vi2 iAg—vyu |i(Ag+Ax)—vs  i(Aptwyn+op)—7i3
aB*e —lopyt 0 0 00 a o lon! a.B*e on!
5Bt 00)= 1 Pn—PI1I P33 —PI11 1B 1B (2.19b)

The first-order solutions for p;3 and p,3 in (2.18c) and
(2.18d) are proportional to E, oscillate at the laser fre-
quency wg in the laboratory frame, and reflect the forced
oscillation of the dipoles due to the driving field Eo. The
second-order solutions (2.19) are proportional to Eqy | H; |,
oscillate at wg twy in the laboratory frame, and reflect
the two-quantum transitions.

The first term in the solutions (2.19a) and (2.19b) con-
tributes to the Raman signal of the rf transition 1<2.
This is also evident from the formal solution for p;3
(2.13¢) and p,3 (2.13f), where the Raman signal, be it cw
or transient, can only come from the terms a,p;, in
(2.13e) and ap,; in (2.131).

The second term in (2.19a) and (2.19b) can be dropped
because after it is averaged over the optical inhomogene-

i(Ap+og)—Yy iDg+vn  i(Ap+oy)—yis

I(Ap—wg)—Yy i(Ap+op)—vn

r
ous line shape, its contribution is orders of magnitude
smaller than the first term and it does not depend on the
rf tuning parameter Ay. This is so because (i) due to the
optical pumping, the normally near-zero Raman popula-
tion difference p3, —pj, in the first term of (2.19) is com-
parable to the population difference p33—p3, (or p3—p)
in the second term, and (ii) the magnetic inhomogeneous
linewidth (~100 kHz) is orders of magnitude smaller
than the optical inhomogeneous linewidth ( ~5 GHz).

Therefore, denoting the portion of the second-order sta-
tionary solutions (2.19) which contribute to the Raman
signal by p i3 and p3;, we have

s ayPe
P13

i t
_ on sz—‘P(l)l
i(Ap+Ag)—vi3 iAg—7v12

’ (2.20a)



—1i t
_ aBte” ¥ p2—ph
i(Ap+og)—7v iDg+yin

~S

P23 (2.20b)

Note that in cases where the Raman energy separation
fiw,; is larger than the Boltzmann factor k7, as in in-
frared transitions, the population differences in (i) are also
comparable even without optical pumping.

C. Raman heterodyne signal

To obtain the Raman signal field E, (2.6), one averages
the signal matrix elements gi; and p3; (2.20) over the
Gaussian crystal strain and magnetic inhomogeneous line
shapes, gz (Ag) and g5 (Ay), respectively, given by

1 ~[(A,—Bg)/og)?
e ,

(Ag)= (2.21a)
8e £ ‘/;G'E
and
1 —[(Ay =By ) /oy
(Ay)= e , (2.21b)
8 H \/‘l—TO'H
where Ap=0)%—wg, Ag=w),—wy are the laser-

frequency and rf offsets from the center frequencies w3,
and a)g, of the inhomogeneously broadened transitions
32 and 2«1, respectively. or and oy are the respective
half widths at the 1/e points of the line shapes g and gg.
We assume that the strain broadening is very large and
satisfies

o >>0,Yiy E=1,2. (2.22)
Making use of the w function?’
w(z):i. —wweT"_z_cth, Imz>0 (2.23a)
and its property
w(—z*)=w(z)*, (2.23b)

we compute the average of the signal matrix elements
(pis)= f_w f_ dApdApgr(Ap)gn(Ay)pis
i=12. (2.24)

Noting that the optical inhomogeneous width is large
(2.22), the integration over Ag is simplified and one ob-
tains

~5 \__ T 0 0 ioyt
(pis)= p— aB(prr—pirle
A Ap+i
Xw U—E w LUJE y (2.25a)
E H
~s \__ ™ % 0 0, —ioyt
(p23)= p—— a1B*(pn—pirle
A 0] A +1i
xw | SETOH | o | BnTIV (2.25b)
OF OH

The Raman signal polarization (P;) (2.8) consists of an
anti-Stokes component Npu3{pj;) and a Stokes com-
ponent Nu3,{p33). In the case that the strain broadening
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o is large compared with the rf @y, we have

Ag

OE

Ap+oy
w|———— |~w

OF

, OE>>0f , (2.26)

and the Stokes and anti-Stokes components have equal
amplitude. If oz >>wy is not valid, the Raman signal is
dominated by either the anti-Stokes component
Nu31{pis), Eq. (2.25a), or the Stokes component
Nu3p{p33), Eq. (2.25b), depending on the optical-
frequency offset Ag.

For Pr’*:LaF;, the optical inhomogeneous width is
large, and (2.26) is satisfied. Then, one obtains from Egs.
(2.7) and (2.8) and the signal matrix elements (2.25) the
Raman signal field [Eq. (2.6)],

_ 47litikg LN Ag
E=——" (p)—pdw|—
s O'EUHEB P22—P11 oF
Ay +io i
X |ala,Bw ——HG 12 em”t—c.c.] , 227
H

where L is the length of an optically thin sample. The
Raman heterodyne beat signal I, Eq. (2.10) is given by

Ag

I;=a |Eo|?|H,|(p—piRe (w |—

OF

Ag+i ;
XIm |w 2TV em”tl R (2.28)
OH
where the constant
wkg LN

_ (2.29)

a=—— .
P H12M23131

In Eqgs. (2.28) and (2.29) the definitions (2.4) of the dipole
coupling parameters a;, a,, and B are used, and the
overall phase of the coupling product a’a,f is s set to zero.

For on-resonance optical excitation oz >>Apg, one can
use the expansion®’

w(z)~e 2 1+—$—f_7 , z—0 (2.30)
to recover the usual Gaussian factor
A _ 2 _
w|—2 |~e (KE/UE), o >>Af . (2.31)
OF
One then obtains
—(Bg/op)?
I, = a’XX Xop—pe " E7E
Ap+ivn
X | coslogt)Imw | ———
OH
Ay +i
+ sin(ogt)Rew | —2 712 l : (2.32)
OH

where a'=m?kzNL#/ogoy. We have again used the cou-
pling parameter definitions (2.4) and their relation with
the Rabi frequencies [Eq. (2.5)]. Equation (2.32) is identi-
cal®® with the expression we have obtained earlier.!
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D. Results of theory

Within the assumptions of the RWA (2.11), weak fields
(2.15), and a large optical inhomogeneous width, (2.22)
and (2.26), we have obtained the steady-state Raman
heterodyne signal I; (2.28). From Eq. (2.28) we note that
the Raman signal is linear in laser power |E, |2 and in
the magnetic field amplitude |H;|, where a factor
| EQH,| is required by the two-photon process and
heterodyning introduces the second | Eq |. It is also linear
in each of the three dipole moments g 5531231, Eq. (2.29).
This shows clearly that the effect is a three-wave mixing
process and that no Raman heterodyne signal is observed
unless all three transitions are dipole allowed.

The factor p‘z’z—p?l in Eq. (2.28) indicates that a popu-
lation difference between the Raman levels is required in
order to have a nonzero Raman signal. Its actual magni-
tude is determined by optical pumping which occurs on a
slow time scale.

The Raman signal I; can be reduced to a simple expres-
sion when we assume large inhomogeneous widths o and
oy. For a large optical inhomogeneous width one obtains
the Gaussian approximation (2.31). For a large magnetic
inhomogeneous width o5 >>Ajp and also y,,—0, the ex-
pansion (2.30) enables one to obtain

Ap+iyn
OH

oyt
Im |w e

—(By /oy)?
~e H/’YH

. 2Ay
sinlwyt)+ Ve cos(wyt)
TO Yy

(2.33)

With rf phase-sensitive detection, one can therefore select
the in-phase dispersive signal I;(0°) or the out-of-phase
absorptive signal I;(90°) of I, Eq. (2.28), given by

Ap

OH

2
Vi

I,(90°)=a | Eo | *| Hy | (p—p1)

—<2SE/aE)2e—(KH/aH)2

I,(0°)=1,(90°) , (2.34a)

Xe ) (2.34b)

where the approximations (2.31) and (2.33) are used and
the constant a is given by Eq. (2.29). The absorptive and
dispersive signals display the overall magnetic inhomo-
geneous Gaussian line shape, and one is able to measure
the line centers and linewidths of the inhomogeneously
broadened rf transition alone. When the conditions
op>>Ag, ¥1,—0 are relaxed, the overall absorptive and
dispersive line shapes are a convolution of a Gaussian and
a Lorentzian line shape, but the essential features of the
signals Eq. (2.34) remain the same.

One can write the total field E; (2.9b) in a manner
which reveals explicitly the amplitude-modulation (AM)
and frequency-modulation (FM) sideband structure. If w,
and ®,, are the carrier and modulation frequencies,
respectively, and ¢ and d are the AM and FM modulation
depths, we can represent AM by

Eam=Eo[14ccos(ont +d)]e'”" (2.352)
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and FM by

Epy=Ee e om! +9 (2.35b)
They can be written as

EAM=E0(1+uem""+u*e ~iOmt) oot , (2.36a)
and, for small FM modulation depth d <<1,

Epm=Eo(1+ve' ™ —p*e "omt)!® (2.36b)

where the respective complex AM and FM sideband am-
plitudes are given by

u=-yce?, (2.36¢)

and

v=+de'?. (2.36d)

Equations (2.36) show that in AM the sidebands at fre-
quencies t+w,, have the same phase, while those in FM
have oppposite phase. Hence AM and FM can be dis-
tinguished by the phase relationship of the sideband com-
plex amplitudes. The total field E; (2.9b) can be written
as

iogt —iogt

Er=1Eq(1+4xe"“" +ye ) (2.37a)
and decomposed into
Er=YEo[1+(ue"" +c.c.)+we' " —c.c.)],
(2.37b)
with
u=5(x+y*)
and (2.37¢)

v=1(x —y*),

thus showing the AM (second term) and FM (last term)
sideband structure. We can, therefore, obtain from the
Raman signal field E; (2.27) the AM and FM sideband
complex amplitudes

Ag
u(AM)=qRew |— |, (2.38a)
OE
Ag
v(FM)=iq Imw |— |, (2.38b)
O
—im*kgLN
9= ———> (pn—pi)pnpaps)H,
U'EUHﬁ
K .
w | 2H V2 (2.38¢)
OH

Equations (2.37) and (2.38) show clearly the simultaneous
presence of AM and FM in the total field. In a square-
law detector, the FM signal cancels out and only the AM
signal (the real part) remains, from which one obtains the
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absorptive and dispersive signals [Eq. (2.34)].
When the laser is off-resonant with the optical transi-
tion (for Ag >>0g) we obtain®

iO’E

VrhAg

Ag

O

(2.39)

w , for A >>o0p .

The AM signal (2.38a) is weak, while the FM signal
(2.38b) which contains Imw(Ag/og) is dominant and
therefore can be monitored with the use of an FM-
detection scheme. The loss in signal due to the large
optical-frequency offset can be compensated for with an
increase in laser power. Hence our results predict that the
Raman signal can be detected with the use of resonant or
nonresonant light in either an AM or FM mode, making it
a very versatile technique.

J

—i t i@y — _y i _y
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E. A more general solution

Here we seek a time-dependent solution to the equations
of motion (2.12) in the limits of a weak optical field

al,a2—>0 » (2.403)
and a large optical inhomogeneous width
op— o , (2.40b)

with arbitrary rf-field strength H,. From the formal solu-
tion for p,3(2), Eq. (2.13f), the part which contributes to
the Raman heterodyne signal is given by

t i — —t") —i ’
ﬁ;}(t)= fodtle(lAE 7’23)(1 t )e ot [—lalﬁZI(l")] ,
(2.41)

with the RWA being the only assumption. Averaging
over the inhomogeneous line shapes (2.21), one obtains

(2.42)

In Eq. (2.42) the matrix element p,,(') is assumed to have no Ay dependence, which is valid in the limit of a weak opti-
cal field (2.40a). This is evident from the structure of the formal solutions Eqs. (2.13a), (2.13b), and (2.13d), which show
that 5y, has no zeroth- or first-order terms in a; and a,. This implies that the primary signal of P12 comes from the in-

teraction of the Raman levels 1 and 2 with the magnetic field H,.

Integrating over gz (Ag) (2.21a) gives
f © e —[(Ag—Bg)/og]?
—®™ ‘/;O'E
and Eq. (2.42) becomes

iAp(t—1t')
e'"E

dAEz

- t i — ) — — /212
(ﬁ;3(t))=—ia1e 1wHtfdAHgH(AH)fodt,ﬁn(t,)e[z(KE+wH) Vo3t —t )e [og(t—1t')/2] ‘

e —[aE(t—:')/2]2eiKE(z—z')

(2.43)

>

(2.44)

Invoking the assumption of a large optical inhomogeneous width o (2.40b), the Gaussian factor exp{ —[oz(t —1')/2]?}
is zero unless ¢’ =t¢, thus allowing us to write it as a delta function 8(¢ —¢’). Hence

t e . LA )—y3lt—t') —[oglt—t)/2]? t, LA )—¥,3](t —1") N~
fodtPZI(t yeHBE ¥ @) =Yt =1 —logli—t ]:fodtp21(t el Arton) =1yl —t 8(t —t")=py(t), og— oo .

One then obtains
(B30 =—iare """ [ gu(Ay)p(by,0d By
(2.46a)
and similarly
(Bix0)=—ice™™ [gu(Ay)pra Ay, 0dAy .
(2.46b)

Substituting (2.46) into (2.8), one obtains from Egs. (2.6)
and (2.7) the time-dependent Raman signal field E;:

_ —2wkgLN

Es(t)=“—‘ﬂﬁE—,ulsﬂsonRe(Plz(t»H , (2.47)
where

(P n= [gu(Anlpr(Ay,dAy (2.48)

and the relation (2.11a) for p,, is used.

(2.45)

' The Raman signal (2.47) thus obtained is derived within
the RWA and in the limits of a weak optical field (2.40a)
and a large optical inhomogeneous width (2.40b). It is
valid for cw or transient excitations and arbitrary magnet-
ic field strength H,. Since there is no constraint imposed
on the Raman excitation, multiple rf fields with arbitrary
field strengths and frequencies can be applied. The laser
field acts as a reliable probe which reproduces coherently
cw or transient phenomena in the Raman spin levels.

III. CW MEASUREMENTS

A. Review

We present the results of Raman heterodyne measure-
ments made on the lowest (T';) crystal-field states of the
zero-phonon 'D,«<>*H, transition in Pr3*:LaF; at 5925 A.
These electronic singlet states, where the 2J + 1 degenera-
cy is lifted by the crystal field because of low C, Pr’~ site
symmetry,?’ are each split into three doublets (+1I,) by the
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second-order hyperfine interaction?®?® and the nuclear

electric quadrupole interaction®® of Pr3*(I =), as shown
in Fig. 1. There are six magnetically inequivalent Pr’+
sites.?’

Hyperfine interactions in Pr’*:LaF; have been studied
by various techniques such as rf-optical double reso-
nance,>® enhanced and saturated absorption,zo’31 photon-
echo—nuclear double resonance (PENDOR),* and
photon-echo modulation.’? In the present study the level
splittings as well as the magnetic inhomogeneous line
shapes and widths of the rf hyperfine transitions
(I,=3<>3) and (I, =3<3) in both *H, ground and 'D,
excited states are determined with kilohertz precision,
about a fivefold improvement over earlier measurements.

The high sensitivity of the Raman heterodyne technique
has yielded narrower inhomogeneous linewidths (Table I)
than previous measurements®~*1720:32 which appear to
have been instrument limited. The hyperfine splittings
(Table I) are fit with the total nuclear quadrupole Hamil-
tonian?® (3.1) to obtain the quadrupole parameters D and
E (Table II) and the eigenstate amplitudes of the hyperfine
levels (Table III), where the 'D, excited state is found to
be strongly mixed (Sec. III D). The observed line shape in
Fig. 4(b) is compared to the predictions of our three-level
calculation (Sec. II) and a Monte Carlo line-broadening
theory,” where agreement is found in both cases.
Anomalous line shapes resembling second derivatives are
also observed, as shown in Figs. 4(a) and 5, where a pair of
symmetrical side lobes appear.

16.400 16.600 16.800

rf frequency (MHz)

FIG. 4. Raman heterodyne NMR signals of the Pr3*:LaF;
3H, ground-state hyperfine transition (a) Iz=%<—>% in absorp-
tion for H;=0.8 G, and (b) I, = 3 <>+ in absorption and disper-
sion for H;=0.16 G in the earth’s magnetic field. The open cir-
cles represent the Gaussian fit of Eq. (2.34b).
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1 1 1 J

3.62 3.67 3.72 3.77 3.82

rf frequency (MHz)

FIG. 5. Raman heterodyne NMR absorptive signal of the
Pri+:LaF; 'D, excited-state hyperfine transition I, = +<>3 in
the earth’s magnetic field. To avoid rf power broadening,
H,;=0.16 G.

B. Apparatus

A schematic diagram of the apparatus for the cw Ra-
man heterodyne experiment is shown in Fig. 6. A
coherent 599 single mode, linearly polarized cw dye laser
oscillating in the locked mode (linewidth 4 MHz peak to
peak) at 5925 A excited the Pr’*+ 3H,«>'D, transition by
propagating along the c¢ axis (also the C; axis) of a 0.1-
at. % Pr3*:LaF; crystal (4X4X5 mm?®) with a beam di-
ameter of ~100 um and power in the range 3—50 mW.
Radio-frequency magnetic fields H,, polarized along the
crystal ¢ axis, were applied by a small pair of Helmholtz
coils surrounding the crystal, where both were immersed
in a liquid-helium cryostat at 1.6 K. Fields up to 3 G in
the frequency range wy /2m=2—20 MHz were supplied
by Hewlett-Packard model HP3325A frequency synthesiz-
er and an ENI model 400AP broadband rf amplifier. In
addition, a static magnetic field Hy up to 160 G was ap-
plied normal to the crystal ¢ axis. The forward scattered
laser light was incident upon an E.G&G. model FND-100
photodiode.

The ac component of the photodiode signal was ampli-
fied by a low-noise 47-dB broadband rf amplifier Q-bit
QB-256 which was then mixed with the HP3325A local
oscillator using a Mini-Circuits Laboratories model
ZLW-1-1 double balanced mixer (DBM). The phase of
the local oscillator was adjusted to give an absorptive or
dispersive Raman signal. An unequal time delay between
the Raman signal and the reference at the DBM was
avoided as it could distort the signal line shape, caused by
a frequency-dependent phase difference between the two
inputs.
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>
Dye
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>
A1l
Phase
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P : Polarizer Y
FS : Frequency @
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Computer [—=€— Waveform Amp
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FIG. 6. Schematic of the experimental configuration for cw Raman heterodyne measurements.

The mixer output voltage was amplified 100 times with
a two-stage 500-kHz bandwidth dc amplifier, then filtered
and amplified again by a Tektronix 7A22 differential am-
plifier which had a variable bandwidth, set large enough
to give an undistorted line shape for a given rf sweep rate.
The signal was averaged by a Data Precision 6000
waveform analyzer and model 610 module with 100-kHz
14-bit analog digital conversion. The averaged signal was
sent to an IBM personal computer for storage and further
analysis.

The Raman signal from the 'D, excited-state hyperfine
transitions could be observed only if one modified the *H,
ground-state optical pumping. This was achieved by
externally sweeping the laser frequency (Sec. V B) at a rate
~250 MHz per 0.25 s, well within the ~5-GHz optical
inhomogeneous line shape. A slower sweep rate reduced
the signal size, implying that the optical-pumping cycle
was completed within a time ~ 10 ms. Furthermore, we
had the option of gating the signal averager so that data
could be taken during the positive- or negative-frequency
sweep or both. Laser-frequency sweeping was not re-
quired for the *H, hyperfine transitions.

In cases where it was necessary to achieve high accura-
cy for the line centers and linewidths, the experiment was
performed under the following conditions. Optical power
in the range 3—10 mW was employed so that the Raman
signal was in the linear low-power regime according to
Eq. (2.28). Saturation of the rf transition was avoided by
utilizing low-rf magnetic fields (0.08—0.16 G peak), so
that the linewidths were not power broadened and the line
centers remained unshifted. Under these conditions, the
Raman signal was easily detected as a result of averaging
(~ 1000 sweeps) and the high sensitivity of the technique.

We note that the (I,=3<>>) transition frequencies of
both *H, ground and 'D, excited states were shifted by
— 10 kHz at higher rf power (H| ~1 G), whereas the 8.47
and 3.7 MHz resonances did not show any frequency
shift.

C. Confirmation of theory

We have confirmed the predictions of the three-level
calculations (Sec. IID) in each of the four hyperfine tran-
sitions. (i) In the low-power limit, the Raman heterodyne
signal is found to depend linearly on the rf-field amplitude
H, and the laser intensity | Eq |2, Eq. (2.32). (ii) The ab-
sorptive and dispersive components of the signal can be
obtained by properly adjusting the rf phase ¢ (Fig. 2), as
shown in Fig. 4(b), where (iii) the observed absorptive line
shape (solid line) of the 16.7-MHz transition is essentially
a Gaussian (open circles), Eq. (2.34b), implying that the
transition is indeed inhomogeneously broadened.

Table I shows that the two hyperfine transitions
(I,=+3<%) and (I,=%<>3) have the same low-field
linewidths within an electronic level (*H, or !D,). The
linewidths of the *H, ground state (160 kHz) and 'D, ex-
cited state (32 kHz) scale (~5) approximately as the ratio
of the gyromagnetic ratios | ¥(°H,)| /| ¥('D,)|. This is
expected from theory®® for a |AI, | =1 magnetic dipole
transition in an inhomogeneous magnetic local field where
| v,(*Hy)/(27) | =10.16 kHz/G is a low-field result?” but
| v,('D,)/2m | =3.6 kHz/G is obtained in the high-field
regime,’! the ratio being ~ 3.

At a dc field Hy=30—150 G, the 3H, ground-state in-
homogeneous widths have been observed to narrow from
the zero-field values of 160 to ~100 kHz, in agreement
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TABLE 1. Quadrupole splittings f and comparison of inhomogeneous linewidths Af (FWHM) for
the hyperfine transitions of >H, ground and 'D, excited states of 0.1 at. % Pr3*:LaF; in the earth’s

magnetic field.

Af (kHz)
Present
LI, f (MHz) study Previous work
SHy(4o>3) 8.470+0.005 166+2 159 +5° 220+30°  200+10°
‘Hy3<3)  16.688+0.003 15842  160.5+1° 200+30°  180+10°  230+25¢
Dy +e3) 3.724+0.006 3243 46.5+1° 70420°  200+50°
D)3 e3) 4.791+0.004 3343 45.312.6° 60+30°  200+50f

*Reference 1, with the use of the Raman heterodyne technique.

YReference 17.
‘Reference 2.
dReference 3.
“Reference 32.
fReference 20.

with Monte Carlo (82 kHz) and second-moment (84.5
kHz) line-broadening calculations.” Such a reduction in
the static dipolar linewidth when H|, is increased from its
zero value agrees with a second-moment calculation by
Abragam and Kambe.?*

D. Nuclear quadrupole interaction

In Pr3*:LaF;, each electronic level (*Hy or 'D,) is split
into three doublets (+1,) by the dominant second-order
hyperfine interaction?®?’ and the nuclear electric quadru-
pole interaction®® of Pr3*(I =2). The second-order hy-
perfine interaction, which is determined by the crystal-
field splittings and the hyperfine coupling constant,
enhances the effective Pr3* nuclear magnetic moment.?
Since the strength of this enhanced, second-order hyper-
fine interaction differs for each electronic level, the
enhanced gyromagnetic tensors of the 3H, ground and 'D,
excited states can vary in magnitude and orientation. The
pure nuclear quadrupole interaction and the hyperfine-
induced nuclear pseudoquadrupole interaction can be
deggribed by a single total nuclear quadrupole Hamiltoni-
an

Ho=D[I}—IUT+1)/31+EU} 1)),

where each crystal-field state has a different set of quad-
rupole parameters D and E. We also define an overall
asymmetry parameter = |3E/D |.

The quadrupole splittings in the earth’s field (Table I)
obtained by the Raman heterodyne technique can be fit*
with the Pr’* nuclear quadrupole Hamiltonian (3.1), and
supply the quadrupole parameters D and E and the asym-
metry parameter 17 for each electronic state. The value of
7 allows the determination of the amount of state mixing
of the hyperfine levels within an electronic state (*Hy4 or
'D,), which is important for an understanding of the Ra-
man heterodyne effect.

(3.1)

For the 'D, excited state 3.724- and 4.791-MHz split-
tings (Table I), one finds two possible sets of D and E
values. One set, where 1 < 1, assigns the 3.7-MHz split-
ting to the (I,=+<«>3) transition, while the other set,
with 7 > 1, assigns it to the (I, = 3<>3) transition.

The correct set of D and E values can be deduced when
one examines the Zeeman splittings under a static magnet-
ic field Hy~150 G perpendicular to the ¢ axis. The
(I, =*3<>+3) transition is expected to split into two
Zeeman lines under Hy, while the (I, = +5<>+3) transi-
tion should split into four lines due to the admixture of
the + states induced by the dc field.*>3> Note that the
six inequivalent Pr’* sites?’ can be grouped into three
pairs, where the two sites in each pair are indistinguish-
able in this study (Hy < 150 G perpendicular to the c axis).
Thus we have observed 6 lines from the !D, 4.8-MHz
transition and 12 lines from the 3.7-MHz transition, cor-
responding to the respective two and four Zeeman lines of
each of the three pairs of Pr>* sites. This observation en-
ables us to assign the 3.7-MHz splitting to the
'D)(I,=+3<>+3) transition. Similarly in the ground
state, we correlate the 8.5-MHz splitting with the
(I,=+*5<*3) transition. The assignments indicate that
7 < 1 for both ground and excited states and determine the
correct values of | D | and | E | which are summarized in
Table II. Note that the sign of D (or E) cannot be deter-
mined from the splittings.

TABLE II. Quadrupole parameters |D |, |E |, and the
asymmetry parameter i of the Pr’+:LaF; nuclear quadrupole
Hamiltonian %7 [Eq. (3.1)] of the Pr** *H, ground and 'D, ex-
cited states.

State |D| (MHz) |E| (MHz) n
’H, 4.1819+0.0013 0.151+0.004 0.108+0.003
D, 1.2938+0.0009 0.305+0.001 0.706+0.002
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With the values of |D | and |E | from Table II the
quadrupole Hamiltonian (3.1) is diagonalized to yield the
zero-field (Hy=0 G) eigenstates | I,) in terms of the pure
states (9=0) |I0):

3
2

S a1y,

I=-%

z 2

where from Eq. (3.1), n= |3E /D | =0 implies that there
is no mixing of the hyperfine states. The coefficients
a(l;) are given in Table III. Owing to the large asym-
metry parameter 7(!D,)=0.706, the significance of state
mixing in 'D, is apparent. The mixing of |I) in the ex-
cited state therefore makes possible the electric dipole
'D,«>*H, optical transition when AI,-£0, and gives rise to
the Raman heterodyne signal, which requires that all three
transitions be active [Eq. (2.29)].

We note that the present ground-state quadrupole pa-
rameters (Table II) and eigenstate amplitudes a (I,) (Table
III) are in agreement with those obtained by Erickson.?
However, Erickson has chosen the other set of |D | and
| E | values for the 'D, excited state (1 > 1).2°

(3.2)

E. Inhomogeneous linewidths and line shapes

Table I compares the present measurements with previ-
ous values of the inhomogeneous widths of the ground-
and excited-state hyperfine transitions in the earth’s field.
The 'D, excited-state linewidths [full width at half max-
imum (FWHM)] of 32+3 kHz are much narrower than
Erickson’s measurement?® (200+50 kHz), which presum-
ably is limited by laser-frequency stability. They are also
narrower than our previous Raman heterodyne measure-
ment! (46+3 kHz) and those of Whittaker and Hart-
mann? (60+20 kHz). Our current linewidths are ob-
tained by using lower rf fields (H;=0.16 G) to avoid
saturation, and by synchronizing the averaging process to
the direction of the laser-frequency sweep so that either
positive or negative frequency sweep signals are averaged
but not both. The procedure is important because laser
sweeping prepares the 'D, populations differently depend-
ing on the sweep direction (Sec. VB) and asynchronous
signal averaging can contribute a few kilohertz to the
linewidth.
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The present ground-state 8.47- and 16.7-MHz transition
linewidths (Table I) are in agreement with our previous
values' (160 kHz), which are also narrower than earlier
measurements.>>!” The weak excited-state sum frequen-
cy (I, =5+<><) 8.51-MHz resonance observed in photon-
echo modulation®? does not appear in the ground-state
8.47-MHz line shape of Fig. 4(a). This is because the laser
is not swept during the ground-state measurement, and
optical pumping greatly reduces the population in the ex-
cited state, thus making the 8.51-MHz resonance too weak
to be detected.

The *H, 8.47-MHz transition in Fig. 4(a) and the 'D,
3.7-MHz transition in Fig. 5 do not conform to a Gauss-
ian line shape but more closely resemble a second deriva-
tive due to the presence of a pair of symmetrical side
Iobes. Although the nature of the side lobes is not under-
stood, we have determined some of their characteristics, in
particular those of the 8.47-MHz transition. In contrast,
the 4.8-MHz line shape exhibits, to a lesser degree, a simi-
lar side-lobe structure, but the 16.7-MHz resonance of
Fig. 4(b) exhibits a pure Gaussian line shape with no side
lobes whatsoever.

We have tried unsuccessfully to eliminate the 8.47-MHz
side lobes in Fig. 4(a) by (1) applying 3.7-MHz and/or
4.8-MHz 1f fields (to check the presence of the excited-
state sum frequency 8.51-MHz resonance), (2) applying a
16.7-MHz rf field (0—3 G, to modify the optical-pumping
cycle), (3) applying a static magnetic field (0—20 G), (4)
changing the rf-sweep rate (0.01—1 s), (5) rf power
(0.08—5 G), and (6) laser power (3—40 mW). These tests
modify the anomalous line shape only to the extent of a
change in the signal size or an overall phase shift.

An interesting effect has been observed in the 'D, 4.8-
MHz resonance when a small dc field is applied. As H, is
increased from zero, the signal decreases initially and
reaches a minimum (~5 times smaller) at Hy=3.3 G
(greater than the earth’s field of ~0.5 G). Further in-
crease of Hy reverses the phase of the signal, which starts
to increase in magnitude. At H;=6.2 G, it reaches a sig-
nal size about the same as that at Hy=0 G. A similar
behavior in the 8.47-MHz resonance has also been ob-
served. This observation suggests that the anomalous line
shapes in Figs. 4(a) and 5 may be related in a complicated
way to the local magnetic fields due to the °F nuclei,

TABLE III. Amplitudes a(I,) of eigenstates |I,) in terms of pure states (p=0) |I?) of Pr’*:LaF;

3H, ground and 'D, excited states.

0 IIZO)O 0
[1.) [£3) l+5) [F3)
H, [+3) 0.999 82 0.01902 0.00073
[£4) —0.01891 0.996 95 —0.07575
|%3) —0.00217 0.07573 0.99713
'D, | £3) 0.991 54 0.126 13 0.03076
[£4) —0.10588 0.92275 —0.37058
|%3) —0.07512 0.364 19 0.92829
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which are modified by the application of a small dc field.
Further studies in this system and other impurity-ion
solids should illuminate the exact nature of these side
lobes.

IV. COHERENT SPIN TRANSIENTS

A. Motivation

As is well known, coherent spin transients®® are useful
for the study of nuclear time-dependent phenomena. In
Pr*+*:LaF;, the "°F-°F spin-flip fluctuations>’ are respon-
sible for the dephasing of both the optical and hyperfine
transitions. Therefore, it is of interest to obtain homo-
geneous widths of the hyperfine transitions not only in the
ground state but also in the optically excited state, thus al-
lowing a comparison with the optical homogeneous
linewidth.>—8

Previous transient studies of Pr3* hyperfine transitions
have been confined to the ground state.® The Raman
heterodyne technique has enabled us to observe spin
echoes (Fig. 7), free-induction decay (FID), and nutation
(Fig. 8) of each hyperfine transition in both *H, ground
and D, excited electronic levels. Spin-echo measurements
have yielded homogeneous linewidths for the four rf tran-
sitions (Table IV), which are compared for the first time
with the homogeneous width of the 3H,«>'D, optical tran-
sition. Coherent spin transients have also allowed us to (i)
measure the gyromagnetic ratio 7, by spin nutation (Sec.
IV D), and (ii) observe an interference effect of the echo
amplitude when the delay time is small (Fig. 9).

B. Apparatus

For the transient Raman measurements, the optical ar-
rangement of Fig. 6 remained the same while a different
electronics configuration was required, as shown in Fig.
10. Proper impedance matching of the rf input to the
resonant Helmholtz coils yielded up to 65 G of pulsed rf
fields which were derived from a gated HP3325A frequen-
cy synthesizer and followed by a broadband rf power am-
plifier ENI350L. The gate was a home-built multiple-
pulse generator capable of producing pulses of variable
widths (1—100 us) with digitally controlled pulse separa-
tions, and was also used in the detection process decribed
below.

The ac component of the photodiode signal was filtered
with a bandpass filter centered at the rf transition fre-
quency (3—17 MHz) with ~1 MHz full width at —3 dB,
and was amplified by an rf amplifier Q-bit QB-256. In
spin-echo measurements, the nutation signal was attenuat-
ed by a gated current controlled DBM but the echo was
not, providing an effective gain of a factor of ~10 on the
echo. This put the nutation and echo on the same vertical
scale so that in the analysis the echo amplitude could be
calibrated with respect to the first pulse nutation, a pro-
cedure that was required due to the laser-power fluctua-
tion from one pulse sequence to the next. The rf signal
was then amplified by a Q-bit QB-188 amplifier before be-
ing mixed with a local oscillator derived from a second
HP3325A frequency synthesizer (FS2), which was phased
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FIG. 7. Raman heterodyne detected spin echoes for (a) the
SHy(I,=5<>>) spin transition where Ho=30 G, H,=36 G,
pulse delay time 7=30 us, and the rf pulse widths are 3.5 and
2.5 ps, and (b) the SHL (I, :%«»%) spin transition where Hy=67
G, H,=27 G, 7=38 us, and the rf pulse widths are 1.3 and 1.3
us. In (b) the FID and echo are modulated at the Zeeman fre-
quency 390+10 kHz. The echoes in (a) and (b) are amplified
~ 10 times.

locked to the first one (FS1) and was used here as a con-
venient and accurate phase shifter. The relative phase of
the two synthesizers was adjusted to yield the in-phase or
out-of-phase component of the mixer signal, which was
then fed through the 500-kHz bandwidth dc amplifier and
averaged with a Tektronix 468 digital storage oscilloscope
(bandwidth: 10 MHz). The averaged signal was sent to
the computer for further analysis

The pulse nature of the transient signal required a large
detection bandwidth (~ 500 kHz) so that signal averaging
was often necessary. In the excited-state measurements,
laser-frequency sweeping was required as described in Sec.
III B. The FID and echo were observed to be out of phase
with the nutation, as predicted by theory,?! which is
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FIG. 8. Raman-detected spin nutation and FID for the
SH(I,=3<3) 16.69-MHz spin transition where Ho=0 G,
H,=6.4 G, rf pulse width equals 100 us, with a measured Rabi
frequency X /27m=u,H,/h =33 kHz. The arrow marks the end
of the applied rf pulse and therefore the beginning of the FID.

shown in a spin echo of the 8.5-MHz transition [Fig. 7(a)]
and in the nutation and FID of the 16.7-MHz transition
(Fig. 8).

In a spin-echo experiment an rf pulse sequence of
~m/2 and ~w was applied with field strength
H;=25—65 G parallel to the ¢ axis. The two rf pulses
had variable widths (1—4 us) and were separated by a di-
gitally controlled delay time (4—70 us). When a dc field
ﬁolc axis of strength greater than 15 G was applied, the
optical-pumping cycle was modified and the transients of
the 3.7-, 4.8-, and 8.5-MHz transitions were enhanced by a

Delay Time 7 (us)

FIG. 9. Natural log of the Raman-detected spin-echo ampli-
tude as a function of the pulse delay time 7 for the
3H4(I,=%<—>%) spin transition for (a) Hy=0 G indicating a
homogeneous linewidth (FWHM) Afy=21+2 kHz and (b)
Hy,=30 G with Afy=11+1 kHz. The signal “bending over” in
(a) 7<8 us and (b) 7 <30 us is due to an interference effect be-
tween the echo and FID of the second pulse.

factor of ~5—10. At Hy=0 G, spin echoes were ob-
served only in the 16.7-MHz transition.

Figure 7(b) shows an echo signal of the 16.7-MHz tran-
sition at a high dc field Hy=67 G, where both the FID
and echo are modulated at the Zeeman frequency 390+10
kHz. A cw spectrum of the 16.7-MHz transition in the
same field reveals that one of the three pairs of Pr’* sites
is Zeeman split by £390 kHz. Contribution to the echo
signal from the other Zeeman lines was suppressed due to
the narrow Fourier frequency range of excitation (pulse
widths of 1—4 us) and the site-selective laser polariza-
tion.2”:%

TABLE IV. Homogeneous linewidths Afy (FWHM) of hyperfine transitions with quadrupole split-
tings f for the *H, ground and 'D, excited states of 0.1 at. % Pr**:LaF; in a dc magnetic field Holc.

Lo, f (MHz) Afy (kHz)* Holc (G)
SHy($3) 8.470 19.5+2 ~30
Hy(3o3) 16.688 21 +2° 0
Hy(3e3) 16.688 11 *1 ~30—70
IDy($3) 3.724 20 +25° ~30—70
Dy(33) 4.791 15 +2 ~30
Dy33) 4.791 10 +2¢ ~30

“Measurements made with no optical gating as described in Sec. IV B, unless otherwise noted.
YIdentical results achieved with or without gating sequence (ii) of the laser amplitude as described in

Sec. IVF.

“Identical results achieved with or without gating sequence (iii) of the laser amplitude, as described in

Sec. IVF.

9With gating sequence (iii) of the laser amplitude, as described in Sec. IV F.
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FIG. 10. Schematic of the experimental configuration for coherent spin transient measurements using Raman heterodyne detec-

tion.

C. Homogeneous linewidth results

Table IV summarizes the results of spin-echo measure-
ments for the two hyperfine transitions (I,=+<«>%) and
(I,=2<%) in both *H, ground and 'D, excited states
under different experimental conditions (dc field strength
and gating of laser field). Figure 9 compares the homo-
geneous linewidths (FWHM) Afy=1/%T, of the 16.7-
MHz transition at (a) Hyp=0 G (21+2 kHz) and (b)
Hy,=30 G (11£2 kHz), showing a factor of 2 difference
in the linewidth. The linewidth of 21+2 kHz at Hy=0 G
agrees with that of Shelby and co-workers® (19 kHz,
Hy=0 G). We have found no variation in the 16.7-MHz
transition linewidth when dc fields in the range 30—70 G
are applied in the echo measurements. This implies that
H,=130 G is sufficient for the linewidth reduction.

In a dc field Hy>30 G, the '°F nuclei are quantized
along Hylc axis, rather than the local fields due to the
141pr and other '°F nuclei. Under such a condition, the
nonsecular terms of the ’F-*!Pr dipolar Hamiltonian are
small** and therefore there is a corresponding reduction in
the '°F-1*1Pr dipolar interaction. This in turn narrows the
homogeneous linewidth, as is demonstrated in the 16.7-
MHz transition (Fig. 9).

Table I shows that the inhomogeneous widths of the hy-
perfine transitions for Hy=0 G are the same within an
electronic level (160 kHz for *H, and 32 kHz for 'D,), but
spin-echo measurements at Hy=30 G (Table IV) show
narrower linewidths for the (I,=2+<«>2) transitions (11
kHz for *H, and 15 kHz for 'D;) than the (I,=3<%)
transitions (20 kHz for both *H, and 'D,). It is also noted
that while the 3H, and 'D, inhomogeneous widths scale

approximately as their gyromagnetic ratios (Sec. IIIC),
there is no such relationship in the homogeneous
linewidth measurements. The Monte Carlo calculation®
points out that such a linear scaling is not expected.

Last of all, it is noted that photon-echo measurements
at Hy=80 G perpendicular to the ¢ axis on the 'D,«>*H,
optical transition by gated heterodyne detection give an
optical homogeneous linewidth (FWHM) of ~ 14 kHz.%%
This value of ~14 kHz is in agreement with the 'D, and
*Hy NMR linewidths (~10—20 kHz). There is clearly a
close link between the optical and NMR measurements,
but a proper theory has yet to be developed to make such
a connection.

D. Nutation and FID

The gyromagnetic ratio ¥ for the ground and excited
electronic states can be obtained from spin nutation mea-
surements. They can be compared to reveal the amount of
enhancement of the Pr** nuclear magnetic moment due to
the second-order hyperfine interaction.?®

Spin nutation and FID are observed when a single rf
pulse H; at the transition frequency is applied along the
crystal ¢ axis, which coincides with the C; axis. From the
Rabi frequency X one can measure the magnetic dipole
moment u,=#X/H; and deduce the gyromagnetic ratio
v from the relation

px=vxi(I) . (4.1)

Here we follow Erickson’s convention that the Pr3™ site

axis, which coincides with the crystal C; axis, is the x
- 27

axis.
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Figure 8 shows a nutation and FID signal of the
ground-state 16.7-MHz transition at Hy=0 G when a sin-
gle 100-us rf pulse with H; =6.4 G is applied. The nuta-
tion is fit with a zero-order Bessel function Jo(X?) (Ref.
21) to obtain the Rabi frequency X /2m=p,H,/h (33 kHz)
to within 5%. From nutation measurements at H,=0 G
with different rf-field strength H; (5—20 G), we obtain
the magnetic dipole moments p,/h=X/27H,~5.2,
~1.6, and ~2.0 kHz/G for the 16.7-, 4.8-, and 3.7-MHz
transitions, respectively. Measurements at Hy%0 G show
a variation in the dipole moments of less than 10% for H,
up to 110 G.

Owing to hyperfine state mixing, it is necessary to com-
pute the expectation value (I, ) for the 16.7-, 4.8-, and
3.7-MHz transitions, with the use of the eigenstate ampli-
tudes a (I;) in Table III, in order to obtain from Eq. (4.1)
¥ /2m(3H,) =4.55 kHz/G, and 7, /27('D,)=1.3 kHz/G.
The uncertainty (~ 10%) of ¥, is due to the accuracy of
the determination of the Rabi frequencies and the rf-field
amplitudes. Therefore, the Pr’* nuclear dipole moment
in the 3H, ground state is enhanced ~ 3.5 times relative to
that in the !D, excited state, which is apg)roximately the
same as the bare Pr** nuclear moment.??

Within experimental error our ¥, /2m(3H,) value is con-
sistent with Erickson’s 4.98+0.04 kHz/G obtained by a
measurement of the ground-state Zeeman splitting,”’ and
that of Macfarlane and Shelby (4.2 kHz/G) by nutation at
Hy=0 G.3>3! In contrast, our measured ¥, /27 ( D,)=1.3
kHz/G differs from that (2.20+0.1 kHz/G) of Macfar-
lane and Shelby, obtained from a high-field study.?!

E. Interference effect in spin-echo measurements

In Fig. 9(a), the natural logarithm of the echo ampli-
tude of the 16.7-MHz transition at Hy=0 G is plotted as
a function of the pulse decay time 7. Note that the signal
“bends” over near the time origin. Similarly, the same ef-
fect occurs at Hy=30 G in Fig. 9(b), where the bending
extends to a longer delay time (~30 us). This feature is
due to an interference between the echo and the FID of
the second pulse when they overlap in time. This interfer-
ence limits the minimum delay time between the two exci-
tation pulses, and has been observed in echoes of the other
hyperfine transitions. To reduce this interference for echo
measurements, the dc field is made inhomogeneous by
placing a small bar magnet near the sample, creating a
field gradient at the crystal. We note that Shelby et al.
have observed a similar structure in the 16.7-MHz transi-
tion echo measurement using a different rf-optical detec-
tion scheme.’

The oscillation in Fig. 9(b) occurs because the FID is
modulated due to the Zeeman splitting at Hy=30 G. The
much longer-lived FID-echo interference in Fig. 9(b)
(Hy=30 G) suggests a longer T, dephasing time of the
FID, which is confirmed by the narrowing of the
linewidth from 21 kHz (Hy=0 G) to 11 kHz (30 G).

F. Optical effects in spin-echo measurements

To test how the NMR linewidth measurement is affect-
ed by the presence of the optical field, we have used an
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acousto-optic modulator to gate the laser amplitude with
different gating sequences. (i) An echo signal is observed
when the laser field is turned off just before the first rf
pulse and on just before the echo, indicating that the laser
is not required for the formation of the spin echo. (ii)
Similarly, when the laser field is turned off just after the
first rf pulse and on just before the echo, T, measure-
ments of the 3.7-MHz transition at Hy=30 G and the
16.7-MHz transition at Hy=0 G (Table IV) show no
change in the linewidths. This implies that for these two
transitions when the laser is on during an rf pulse se-
quence, there is no optical power broadening in the NMR
homogeneous widths. This procedure (see Sec. IV B) was
also used for echo-amplitude calibration.

(iii) We have made linewidth measurements of the 'D,
excited-state hyperfine transitions with the laser turned on
200 us before and off 200 us after the rf pulse sequence,
at a repetition rate of 30 Hz. Table IV shows that there is
no change in linewidth for the 3.7-MHz (I, = 3« 3) tran-
sition with optical gating, but the 4.8-MHz (I,=3<3)
linewidth is reduced from 15+2 to 10+2 kHz. The
present results are preliminary, and further studies in this
system and other impurity-ion solids are planned to deter-
mine the nature of this line-narrowing effect.

V. OPTICAL PUMPING

Optical pumping®?° occurs in Pr3+:LaF; when the pop-
ulation of a ground-state Pr’* hyperfine level is
transferred to other hyperfine levels in the *H, ground
state via excitation to the 'D, hyperfine levels with subse-
quent relaxation (AI,7+0). This action creates a non-
thermal ground-state nuclear population distribution that
yields nonvanishing Raman signals [Eq. (2.28)] of the
ground state, as discussed in the theoretical treatment,
Sec. IIB. On the other hand, the 'D, excited-state Raman
signals are observed only when this optical-pumping cycle
is modified by laser-frequency sweeping.

A. Effect of ground-state spin-lattice relaxation

According to the studies of Shelby, Macfarlane, and
Yannoni,?’ for a 0.1-at. % Pr3*:LaF; sample, the experi-
mentally deduced spin-lattice relaxation times T’} of the
ground-state 8.5- and 16.7-MHz transitions at 1.6 K in
the earth’s magnetic field are, respectively, 5 and 100 s.
The faster T} time for the 8.5-MHz (I, =5 <>+) transi-
tion is attributed to a Pr-La cross-relaxation energy-
conserving process involving simultaneous spin flips of a
Pr nucleus and three surrounding La nuclei. The long
spin-lattice relaxation time of the 16.7 MHz (I,=3<3)
transition is assumed to be due to Pr-Pr interaction.

In a cw measurement at Hy=0 G for the *H, 8.5-MHz
(I,=+5<>+3) transition, population in these levels is
optically pumped to the H,(I, = + <) hyperfine states and
remains there due to the long (I,=+-3) relaxation time
(T} ~100 s), thus reducing the Raman signal. Similarly,
in a cw measurement of the °3H, 16.7-MHz
(I,=+3<>+3) transition, population is optically pumped
to the 3H,(I, = i%) states. But here the relaxation from
(I,=%*7%) to (I, =*7) is faster due to the shorter relaxa-
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tion time (T} ~5 s) of the 8.5-MHz transition, and there-
fore the Raman signal of the 16.7-MHz transition should
be stronger than that of the 8.5-MHz transition. Such a
difference in signal size has been observed. Based on this
model, one can make the following predictions.

(i) An increase in the 8.5-MHz transition Raman signal
(Ho=0 G) should occur upon the application of a 16.7-
MHz rf field which transfers the optically-pumped pop-
ulation in I,=++ to the Raman level ,=+3. (i) A
similar signal increase of the 8.5-MHz transition (H,=0
G) should also occur if both ground-state hyperfine transi-
tions are excited in a single rf sweep, which redistributes
the hyperfine population within a time equal to the rf
sweep time (less than T7).

In the present study observations have been made which
agree with the predictions (i) and (ii). At Hy=0 G, the
8.5-MHz cw Raman signal increases by a factor of ~5
when (i) a 16.7-MHz rf field (~1 G) is applied, or when
(ii) both ground-state hyperfine transitions (8.5 and 16.7
MHz) are excited in a single rf sweep (sweep time equal to
10 ms). In addition, a similar increase is observed when
(iii) a dc field Hy> 10 G is applied, which quenches the
Pr-La cross-relaxation process’’ and mixes the ground-
state hyperfine states.

In (ii) as we vary the rf-sweep time from 10 ms to 10 s,
the signal size decreases and its phase changes. Figure 11
shows four cw Raman signals each with a different sweep
time. When the sweep time varies from (a) 10 ms to (b)
100 ms, the relative size of the 8.5-MHz side lobes
changes slightly due to a phase change of the signal. As
the sweep time is increased to (c) 1 s, the order of T} of
the 8.5-MHz transition, the signal size of both transitions
is reduced ~50% and ~20% for the 8.5- and 16.7-MHz
transitions, respectively. The 8.5-MHz signal has a larger
reduction and its line shape changes more dramatically.
When the sweep time approaches the relaxation time of
the 16.7-MHz transition, (d) 10 s, the signal size decreases
further by ~70% and ~50% for the 8.5- and 16.7-MHz
transitions, respectively, and the line shape of the 16.7-
MHz transition also starts to change more.

Figure 11 shows that the line shape depends quite criti-
cally on the optical-pumping cycle, as modified by the rf-
sweep times. However, we note that the basic features of
the Raman signal, as described in Sec. II, remain the
same. We should mention that within the optical inhomo-
geneous line, optical pumping can modify the population
difference pgz——p?l in Eq. (2.20) differently, in sign and
magnitude, depending on the laser-frequency detuning.
Therefore, in the integration over the optical inhomogene-
ous line shape Eq. (2.24), one cannot assume that p3, —p3;
is constant, and the effect is that the Raman signal phase
and magnitude in Eq. (2.28) are modified.

B. Laser-frequency sweeping

In Secs. IIIB and IV B, it was mentioned that laser-
frequency sweeping was used to redistribute the ground-
state population resulting from optical pumping, and this
allowed detection of excited-state Raman heterodyne sig-
nals. In a sweep cycle the hole that is burned in a particu-
lar frequency packet within the ~5-GHz optical inhomo-
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FIG. 11. Raman heterodyne signals of the Pr’*:LaF;
SHy(I,=4<%) and *Hy(I,=3<>3) spin transitions at Ho=0
G when both transitions are excited in a single rf sweep (7—18
MHz) with the sweep time of (a) 10 ms, (b) 100 ms, (c) 1 s, and
(d) 10 s. In (d) the signal is amplified 2 times.

geneous line shape during the positive sweep is refilled in
the negative sweep. As a concrete example, consider the
'D,(I, = +<>3) transition at 3.7 MHz. If there is no laser
sweeping, the optical transition connecting the transitions
SHy I, =+(3)—'D, I, =+(3) pumps the ground-state
population into the *H, I, =3 level, thereby quenching
the excited-state (I, = <>> ) Raman signal.

When the laser is swept to excite the
SH (I, =% )<!D,(I,=2) transition, the *H, (I,=+) and
(I,=7) levels are repopulated, thus providing population
to the excited state and a Raman signal is generated. We
note that this repopulation is effective only when the opti-
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cal transition *Hy I, = +(3)—'D, I, =+(3) is swept im-

mediately after the transition 3H, I,=>—'D, I,= 2.
This implies that the Raman signal is generated only
when the laser is positively swept (or negatively) but not in
the other direction. Whether the signal appears on the
positive or negative sweep depends on the absolute order-
ing of the ground-state hyperfine levels.

We have observed at Hy=0 G that the 'D,(I, = +<>3)
resonance is stronger (~35 times) when the laser is in a
positive sweep, while that of the 'D,(I,=3«>3) transi-
tion is stronger (~5 times) when the laser is in a negative
sweep. This observation should allow us to determine the
absolute ordering of the *H, ground-state hyperfine mani-
fold, thus determining the sign of the quadrupole parame-
ter D. A mathematical model of the optical-pumping cy-
cle as modified by the laser-frequency sweeping is now
under investigation.

VI. SENSITIVITY

The ability of the Raman heterodyne technique to
detect both cw and pulsed NMR in ground or optically
excited state is due to the high sensitivity afforded by the
shot-noise-limited performance of the heterodyne process.
Here we show a signal-to-noise (S/N) analysis using the
cw Raman heterodyne signal of Fig. 4(a).

The total optical power incident on a photodetector is

P=Py(1+ |u |42 |u |sinogt), 6.1

where Po=AcE (2)/ 81 is the input laser power, 4 and c be-
ing the laser-beam cross section and the speed of light,
respectively, and |u | =2E,/E,| is the AM sideband
amplitude Eq. (2.38a). The factor of 2 in |u | is due to
the definitions of E, and E, in Egs. (2.6) and (2.1a). For
|u | <<1, the dc power Py~ P is much greater than either
the heterodyne power

Ph=2|u|P0 (6.2)
or the Raman power
Pr=|u | 2Po=(P; /2Py)*P, . (6.3)

The signal in Fig. 4(a) is obtained with an incident
power Py =2.65 mW, a detection bandwidth Af =10 kHz,
signal averaging of M =2!? events, a detection impedance
R =50 Q, and a photodetector sensitivity n1=0.4 A/W.
Signal averaging improves the signal-to-noise (rms) ratio
S /N to a measured value [Fig. 4(a)] of

S/N =110. (6.4)
The noise output voltage
Uo=3.86 (6.52)

[in units of mV(rms)] corresponds to a noise voltage U, at
the detector

vM
G

[in units of nV(rms)], where VM =64 is the noise reduc-
tion due to averaging and G =1.7 10° is the gain of the

o= Th=145 (6.5b)
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detection electronics.
The dc photocurrent

i =nPy=1.06 (6.6)
(in units of mA) gives rise to a shot-noise voltage
Usn=RV2eiAf =92 (6.7)

in units of nV(rms). At room temperature, the thermal-
noise voltage is

[in units of nV(rms)], which combines with bgy to give a
total noise voltage of

7, =(Tin+030)12=130 6.9)

[in units of nV(rms)], in agreement with the measured
noise Uo=145 nV(rms) [Eq. (6.5b)], thus demonstrating
that the technique is shot-noise limited.

The detected heterodyne power Eq. (6.2) is given by

Py=2|u|Py

=(S/N)vo/(GRn)=12.5 (6.10)

in units of nW, corresponding to an AM sideband ampli-
tude

|u | =P, /2Py=2.4Xx10"°,

We define the heterodyne power with unity S/N [Eq.
(6.10)] as the minimum detectable heterodyne power

PPin=1.1x10"1°

(in units of W), which is equivalent to a minimum detect-
able Raman power, Eq. (6.3),

Pknin=(P’rlnin/2P0 )2P0
=1.2x107BW ,

<4 Raman photons/s . (6.11)

With higher rf and optical powers and a smaller detection
bandwidth, this minimum detectable Raman power can
easily approach PR ~1x10~2° w.

In contrast, previous rf-optical techniques®3 which rely
on optical hole burning require a substantial change of at
least several percent in either fluorescence or transmitted
laser power in order to obtain a satisfactory S /N ratio.
Here, heterodyne detection enhances the signal in two
ways, by (i) detecting the heterodyne power P, =2|u | Py
rather than the Raman power Pg= |u | 2Py, and (ii) al-
lowing detection at a frequency window outside the laser-
amplitude noise spectrum, which in our case is from dc to
~1 MHz. Furthermore, the technique is not limited by
laser-frequency jitter, in first order, or the radiative life-
time of the third level.

VII. SUMMARY AND DISCUSSION

We have described the theory and experimental results
of Raman heterodyne detection, a new laser spectroscopic
technique for observing NMR. It is shown in theory and
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practice that the full range of cw or pulsed NMR can now
be explored in either ground or excited electronic states
with high precision and sensitivity. We have presented
new results on the hyperfine transitions in the *H, ground
or 'D, excited states of Pr’+:LaF;, allowing a comparison
with optical dephasing measurements and current or fu-
ture line-broadening theories. Anomalous line shapes and
homogeneous NMR linewidths should stimulate further
work in NMR line-broadening theory and in experimental
studies in this system and other impurity ion solids.

This technique can be extended in various ways. Its
high sensitivity should allow studies of dilute systems in
gases and solid state, and of weakly allowed transitions,
e.g., in parity-violation experiments.>® In principle, it is
applicable to microwave and infrared transitions. The
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possibility of nonresonant FM detection makes it more
versatile and offers the possibility of generating optical
FM sidebands at high frequencies (greater than 1 GHz).
It seems clear that this technique has many potential ap-
plications.
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