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Coherent Raman spectroscopy was applied for an optical-rf double-resonance study eteykeF doped
with P*. The coherent nuclear spin Raman scattering was detected as a function of the applied rf frequency.
Exciting the resonance condition of thid,— 3P, transition of P#* (20 925 cmi?), only the La nuclei
surrounding the Bf ion were observed through their nuclear quadrupole reson@Wé®R). The double
resonance between the optical transition of the ion and the NQR transition of its neighboring nucleus is
theoretically described by analyzing the magnetic dipolar interaction that is affected by the optical excitation.
Under a certain restriction, which the present system fulfills, the intensity of the Raman heterodyne signal can
be described by an analytical function of the internuclear vector and the orientation of the electric-field gradient
(EFG) at the Pr and La nuclei. Five different neighboring La nuclei were observed. They are different from the
bulk La in both magnitude and orientation of the EFG. In addition, it was found that the laser frequency jitter
affects the relative signal intensity of the different La NQR transitions through the optical pumping of the La
spin levels[S0163-182M8)03145-2

[. INTRODUCTION properties of the spin system as well as the optical transition.
Although it may become complicated, analysis of the inter-
Optical-magnetic double-resonance spectroscopy hdaerence can relate the magnetic parameters of the spin system

been widely employed to detect magnetic dipole transitiond0 the optical transition dipole.
of impurities in condensed media. The impurities are opti- Following a series of coherent Raman spectroscopic stud-
cally selected by resonant excitation of their optical transiies of PF* in LaFs,?*°""%we had extended the study to the
tions. One of the most popular methods called optically delocal environments around the impurity by observing the
tected magnetic resonand®DMR) utilizes saturation of NQR transitions of La around the Prion.” The appearance
optical transition. When a magnetic transition between spirPf La NQR in resonance Raman scattering of Rras quali-
sublevels modifies the population distribution in the opticaltatively understood as due to the influence of the optical
process, the magnetic transition is optically detected as gxcitation on the magnetic dipolar interaction between the Pr
change of the saturation. While ODMR monitors population,and La nuclei. In the crystal the Prion is surrounded by six
there are techniques manipulating coherence of the systerfiequivalent neighboring La atoms. Although those six La
When the transverse relaxation of the optical transition i®toms are at about the same distance, only four La nuclei
long enough, magnetic transitions can be observed as \§ere observed. Quantitative investigation of the magnetic
change of the intensity of photon echo signal when the rescgdipolar interaction should explain the observation of four out
nant rf is applied between the optical pulses. This metho®f six. Motivated by this we have developed a theoretical
called photon echo nuclear double resonance observes opflescription of the Raman heterodyne signal. From the com-
cal coherence affected by population transfer of the spin Sysparison between the experiment and the calculation, the local
tem. In contrast, coherent Raman spectroscopy detects coh&avironments of neighboring La sites were found to be dif-
ent excitation of the spin system by means of Ramarferent from the bulk. In addition, the effect of the laser fre-
scattering. It was demonstrated with coherent excitation ofluency jitter on the Raman heterodyne signal intensity was
lattice vibrations and later applied to a nuclear spin investigated.
system?® Coherence of the spin system can be created by
continuous or pulse rf irradiation as well as by optical pulse
excitation. By combining with a probe laser field, the scat- Il. THE SAMPLE
tered field is detected as a heterodyne beat. The coherence of A. Crystal structure of LaF

the scattering field manifests itself in various kinds of inter-
ference. These include site and Zeeman interfefeR@nd There was a long controversy about the crystal structure

interference among different scattering pathwiygecause ©f LaFs since the x-ray study in 19?é'bUt ii has_beenlznlc;w
the scattering is a two-photon process involving magnetisettled that the structure of Laks twinnedD3,4 (P3cl).™

spin- and optical electronic transitions, the coherence reflects the D‘3‘d structure the site symmetry of the La siteGs.
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The generating operations for the twins are those symmetry VD , e
elements of Ghmm(Dyg) which are not contained inr8l ~ fliCs=c
(D3q). For example, rotation of 180° about an axis parallel 1 6 above
with ¢ generates the second domain from the first one. &' below 18140

2 :

¢ Cy=n=y

B. Spectroscopic properties of P¥* in LaF,

From a rich spectroscopic knowledge abouf'Pin /}/5“ 5' above %
LaF;,'* only the part necessary for our analysis will be pre- ¢ 4 below
sented here. The electronic ground state of' As 3H,. 2 Cy=n=y
When embedded in the crystal, the ninefold degeneracy of o _
FIG. 1. Left: The Lak crystal. Projection of rare-earth sites on

J=4 is completely lifted due to the crystal field &f, sym- i _ e
ﬁeplane perpendicular to the crystalaxis. A central La site is

metry. The lowest among the nine states is the ground sta " ;
in the crystal. Although this ground state is an electronicreplaCEd by P¥". Due to theC, site symmetry, the 12 nearest-

. ’ ) neighbor La atoms around the*Prion are classified into six pairs
singlet, since there are nonzero matrix elementdlodtween .
the states in théH, manifold, the second-order effect of the of quuvalent atoms and they are labeled 1 ahﬂmand.z ’.and S0
. 4 ’ . ) on. Right: Relation between tHg»} axes and the principdkyz
coupling between the electronic and magnetlc angulaLy o of the pr nucleay and EFG tensors.
momenta enhances the nuclear magnetic mofteithe
enhancement over the bare nuclear mom@msl kHz/Q When the Pt ion is doped into Lafcrystal, it replaces
is large and anisotropic; the principal values of thea La ion substitutionally in the lattice. A mixed crystal can
effective nuclear ~ moment are g{,9,,9,)B8/h be made at any concentration. The crystal structure of iBrF
=[4.994),2.533),10.16(3) kHz/G.*® The principal axes also the twinnedD?%, (Ref. 1§ and the lattice parameters
of the nuclearg tensor were found to coincide with those of differ by 1.5% from Lak,'! so that the lattice distortion
the electric-field gradienEFGC) tensor. They axis is parallel  caused by doping is expected to be little. Therefore, we will
to theC, symmetry axis of the crystal field. Contrary to the yse the parameters of LaRself. The cell dimensions of the
ground state, there is no enhancement of the nuclear momegfystal are a=7.185(1) A and c=7.351(1) A'® The
in the excited®P, state ofJ=0. Upon the optical excitation atomic parameters of La ape=0.659§1),y=0,z=1/41
the nuclear moment reduces, and consequently so does tifere are six La sites in the unit cell at(x,0,1/4;0x,1/4;
magnetic dipolar interaction with the neighboring nuclei. — —x —x 1/4). The lattice made by rare-earth sites resembles
The zero-field quadrupole splittings in the ground statehe hexagonal close-packéatp structure wherg=2/3 and
are 8.47 and 16.68 MHz. The parameters of the quadrupolg/a =2/3,(8/3)=1.089. Thus, Pf has 12 nearest-neighbor
Hamiltonian, La atoms. Because of the site symmetry@f, the 12 La
atoms are classified into six pairs of equivalent atoms. In Fig.
1 the six pairs are denoted by 1 and 2 and 2, and so on.
In the figure they axis is the twofold symmetry axis of the
Pr" site, the{ axis is parallel to the threefold crystalaxis,
were most accurately determined in the coherent Raman end the& completes the orthogonal set {#»(}. To have a
periment as|P|=4181.9(13) kHz andp=0.1083).2 The simple expression of the dipolar interaction, we will use the
quadrupole splittings in the excitéP, were observed as the principal axis systenfxyz which is common to the Ry and
envelope modulation of the photon-echo sigharhe split-  EFG tensors. The relation between g} and{xyZ axes
tings were 0.73 and 1.12 MHz, from which the quadrupoleis shown in the right-hand side of Fig. 1. Tieaxis is par-
parameters were determined to he|=293kHz andy  allel to the » axis and thex and z axes are on the plane
=0.516. As in the case of the nuclear moment, the quadruPerpendicular to it. The axis makes an angle of 81.4° with
pole interaction is enhanced in the ground state but it is nofhe ¢ axis'® Depending upon the domain, the sign of this
in the excited state. From the depth of the modulation, Chergngle will be either positive or negative. Here we will fix it
Chiang, and Hartmarthtried to determine the orientation of t0 be positive, i.e., théinl} axes are transformed into the
the excited state EFG tensor with respect to that in thdXyZ axes by rotation defined by Euler angles af<y
ground state. However, partly due to the fact that the ground=0, 8= +81.4°). In Table | the internuclear vectors of site
state EFG tensor is nearly axial, it was difficult to determinel—6 are represented by the distamcand the polar angles
the orientation uniquely. (¢,60) on the{xyZ system. Combined with the La nuclear
moment(0.605 kHz/GQ and the principak value of the Pr
nuclear moment(10.16 kHz/G the internuclear distance
gives the scale of the magnetic dipolar interaction between
As we will investigate closely, it is the magnetic dipolar the two nuclei. The calculated factor for each La site is listed
interaction between the Pr and neighboring La nuclei thain the last column of the table.
gives rise to the Raman heterodyne signal of the La NQR. To investigate the local magnetic environments of the
Knowing the crystal structure and the magnetic parameterseighboring La nuclei, we will start with the orientation of
of P, the analysis of the interaction will, in principle, give the principal{XYZ axes of the EFG tensor of the bulk La.
information about local magnetic environments of the neigh-The Y axis is along theC, symmetry axis of the site and the
boring La atoms. To prepare for the quantitative analysis, th& axis makes an angle of 53.6° with teeaxis?® However,
internuclear vector will be calculated in this section. this will not give a unique orientation of the tensor. The

1 7
HQ=P|§—§|(|+1)+§(|§—|§) , (1)

C. Geometry of La around Pri*
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TABLE I. Internuclear vector between Prand six nearest-neighbor La’s represented on thg &nd
EFG principal axis systerfxyz. The last column gives prefactor of the Pr-La dipolar interacfee Eq.
(16)], whereg,(Pr)=10.16 kHz/G andy(La)=0.605 kHz/G.

) 2 g,(Png(La
La site r (&) ¢ (degrees 0 (degreep %Mg() (kHz)
& r
1 4.106 —84.86 59.36 0.589
2 4.234 85.07 60.37 0.537
3 4,106 173.14 171.34 0.589
4 4.414 162.81 110.47 0.474
5 4.414 20.23 126.78 0.474
6 4.334 —-147.71 82.71 0.500

twinning of the crystal causes complications. The macroin addition a cw laser field drives the optical transition be-
scopic observation of the La sites comprises contributionsween Il and lll. The magnetic-optical two-photon process
from two domains. As in the case of the Pr principal axescreates the second-order polarization between | and I,
the angle ofZ from thec axis is positive in one domain and which emits the Raman field. Because the frequency of the
it is negative in the other domain. Since the relation betweemagnetic transition is far smaller than the optical frequency,
the angle and the domain is not established, orientation of thihe phase matching condition makes the Raman field propa-
La tensor cannot be specified in tfieyZ system. In other gate in the same direction as the incident optical field. Since
words, in the domain where the angle for Pr#i81.4°, we the Raman field is superposed on the transmitted laser field,
do not know whether the angle for La #553.6° or—53.6°.  the coherent Raman fiels is detected as a heterodyne beat
If it is +53.6°, the Euler angles transforming the/Z axes  of the transmitted light by a fast photodio@&ee right-hand

to the{XYZ axes ard+132.9°,+108.0°,—64.29 for La 1,  side of Fig. 2. The beat frequency is the difference between
2, 3,4, and 5, and they af@°, —27.8°, 09 for La 6. Ifitis  the two optical fields, which is equal to the frequency of the
—53.6°, the Euler angles afe-127.1°,+60.9°,—78.69 for  applied rf. The amplitude and phase of the beat are expressed

La 1-5, and they ar€d°, —135.0°, 0j for La 6. by a second-order susceptibility. Apart from the frequency-
dependgnt denominator, the Raman fiElgis expressed as
lll. THEORY follows:
This section is structured as follows. After a qualitative Es=An, ;{1 g 1NN gl 1), 2

explanation of appearance of the La NQR ifPRaman \yhareAn represents the population differenge; and ug

scattering, several approximations will be introduced t04enote the magnetic and the electronic transition moment
make the treatment simple. Then, behavior of the coupledyerators, respectively. When the wave functions are sepa-

half-integer spin system of Ld € 7/2) and Pr(=5/2) will 13464 into the electronic and the nuclear spin functions, the
be investigated in detail. Finally the analytical expressiongigna| is represented by

will be derived to describe how the signal depends on the
internuclear vector and the orientation of the EFG tensors of Es=ANap| sopd*ran(blc){c|a), )

the two nuclei. . . .
where|a) and |b) are the nuclear-spin functions in the elec-

tronic ground state anjd) is the nuclear-spin function in the
electronic excited state. The optical transition moment is rep-
The process of coherent Raman scattering is illustrated ifesented byu,, and magnetic transition moment between
Fig. 2. In our experiments continuous rf irradiation coher-spin statesa) and|b) is represented by,,. Because we fix
ently drives the magnetic transition between states | and Iithe optical condition in resonant with the*Prtransition and
measure NQR spectra as a function of rf frequency, we will

A. Appearance of La spin coherence in P¥* Raman scattering

ns focus our attention on the nuclear-spin part of the second-
() le) order susceptibility which will be denoted by,
WOygser =
+ 0 =P B
Dygser Diase o N XZ_AnabMab<b|C><C|a>' (4)
I 15) heterodyne beat
Wy o Orf Because the nuclear-spin system consists of weakly

D la) coupled Pr and La spins, the two spins can be treated sepa-
FIG. 2. Principle of heterodyne detection of coherent Ramarf@tely in qualitative consideration. Since it is La NQR that is
scattering. Continuous rf and laser irradiation drive the magnetidfiven by rf, the Pr spin state is common to stagsand|b).
transition I—Il and the optical transition H-Ill. Because of the 1€ Prspin part in the overlapping factd]c)(c|a) is sim-
phase matching condition the Raman fiéttbtted arrow propa-  Ply the overlap between the ground and excited Pr spin func-
gates collinearly with the transmitted laser fi¢tblid arrow. The  tions. For the La spin, it stays basically the same when the
Raman field is detected as a heterodyne beat of the transmitted Iigﬁ’tlyr ion is optically excited. The La spin state |t} is very
by a fast photodiode. close to that irjb) so that the overlagb|c) is close to unity.
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Pr(I=5/2) La(I=7/2) of the Pr spin. When the contributions from all the three
pathways are summed up, we find
s 1.1 MHz le2)
Py [/ rreeene le1>
07 MHz Z Angpran(blc)(cla) = Anapuan( Prki(2]e;)
laser
x| > |Pr*;|><Pr*;I|)
e e |
S — X (e 1)|Prik)
FIG. 3. Nuclear-spin levels of Pr and La associated with the =Angppan(2|e)(el1).

Pt 3H,— 3P, transition. The arrow in the figure represents one of

the scattering pathways for a La NQR transition bf— |2). Since the Pr spin part i, gives unity for the La NQR

transition, the nuclear-spin part of the susceptibilty is

However, since the Pr-La magnetic dipolar interaction in the€Presented as

excited state is smaller than the ground-state interaction, the _

La state in|c) is slightly different from that in|b). This X2=AniA 1Ml 2)(2lei) el 1), ©)
makes|c) carry a small character dé) so that the overlap where?{,; denotes the rf transition moment operator for the
(cla) becomes nonzero. Thus, the change of the magnetica spin. Now they, is represented only by the La spin
interaction upon excitation is essential for observation of theunctions. Note, however, that the La spin states 1 and 2
Raman heterodyne signal. If the interaction was not affectedepend on the ground-state Pr spin function through the
by the excitation, the orthogonality betweér) and |[a)  ground-state dipolar interaction.

would makey, zero. To put it in a simple way, the neigh-

boring La nuclear spin feels the optical excitation of Pr C. Raman heterodyne susceptibility and NQR frequency
through magnetic dipolar interaction with the Pr nucleus, be- ] o o
cause the Pr nuclear moment decreases upon the optical tran-A coherent Raman scattering pathway indicated in Fig. 3

sition. involves the La NQR transition dfl)— |2) and optical tran-
sition of |2)—|e;). The x, for this pathway is written as
B. Approximations follows:
As is discussed in the previous section the influence of the X2=An1 1| Hy| 2)(2]e1)(e]1). (7)

dipolar interaction on the Pr spin contributes little to the ith slightly diff | ¢ . h
overlapping factor compared with the essential contribution’/!th slightly different laser frequencies, other resonant scat-

from the La spin. Therefore we will ignore the effect of the (€1iNg pathways like the one involving optical transition of
dipolar interaction on the Pr spin staté&pproximation ). |2) to |e,) will be activated also. The relation between the

As a result, the nuclear-spin stata |b), and|c) are written Ia}ser frequency jitter and .the co_herent Raman signals will be
as a product of Pr and La spin functions discussed latefsee the Discussignin calculating the tran-

sition moment, the La spin functions can be approximated as

|a)=|Prk)|1), (53 eigenfunctions of La quadrupole Hamiltonian denoted by
lio),
|b)=[Prik)|2), (5b)
(1| Hesl 2)= (10| Hn|20)- tS)
cy=[PreiD)[er). (50) Because of Approximation IIl the La spin functions in the

|Pr:k) and |Pr;1) are the eigenfunctions of Pr quadrupole €xcited state are the eigenfunctions, ife;)=[1o) and
Hamiltonian in the ground and in the excited state, respeci€2) =|20). Since the Pr-La dipolar interaction is on the or-
tively. |1) and [2) are the La spin functions in the ground der of kHz and is fgr smaller than the quacjrupole splitting on
state ande;) is the La spin function in the excited state. the order of MHz, it can be treated as a first-order perturba-
Because of the dipolar interaction they are linear combination. On the first order of the dipolar interaction, the over-
tions of the eigenfunctions of La quadrupole Hamiltonian.!2pping factor is approximated as
The nuclear-spin states of the Pr-La system associated with
the PP* 3H,— 3P, transition are represented in Fig. 3. (2leq)(eq|1)=(2]e1)=(2|10)=(20| Hel Lo)/Nvo,

When three La spin functions in the scattering process ar@here H, represents the ground-state dipolar interaction

fixed, there remains the freedom of Pr spin to be associategith the Pr spin and, is defined by the energy of statg 2
with; three in the ground state and three in the excited statneasured from ¢,

Since we do not know the EFG orientation in the excited

state, we will average contributions from different scattering hvo=E(29)—E(1p). 9
pathways via the three excited-state Pr spin stgpproxi- ,

mation 11). In addition, since the dipolar interaction is about AS & result thex; is represented as follows:

8 times smaller in the excited state, we will ignore the dipo- AN

lar interaction in the excited statépproximation I1). Then, Yo=—2 (Lol Hul 20)( 20| Hal 1o).- (10)
the excited-state La spin functige;) becomes independent hvg
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Ho H g
Pr L
ley) ——— Pr La i g
|e ) tmg Hmp+1) e i|msl;i('m,|+1)
! . E Vo+Av
"""" s F{pm | +1)
laser
v
2 0 Vo—Av
of
I il E— gt |
B i FIG. 5. The line shape of the Raman heterodyne signal. Left:
: g Fm |

When the phase of the detection is in absorptive mode, the super-
FIG. 4. The La NQR transition of the La-Pr spin system in the position of the constituent absorption curydstted line$ results in
electronic ground state. The dipolar interactidg partially lifts the & curve like dispersion. Right: When the phase is in dispersive
fourfold degeneracy of the states. The two solid arrows are thénode, the superposition of the constituent dispersion curves results
allowed La NQR transitions whereas the two dotted arrows are th# @ curve like a second derivative.
forbidden transitions.
the truncated dipolar Hamiltonian of E@.2) this is only the
The diagonal matrix element of the dipolar interaction givescase with|m|=1/2, because the ladder operators connect
the first-order energy shift of La spin states. The NQR fretwo states ofAm,= = 1. Therefore, within the present level
guencyv is represented as of approximation, and except fgm,|=1/2, the transition
between the fourfold degenerate states can be treated as four
1 independent transitions. When the first-order expression of
v=|vot & ((20Hg|20) = (Lol Ha| L0))| - (11 the preceding section is applied, the NQR frequency ghift
and the nuclear-spin part of the second-order susceptibility

) ) ) of the coherent Raman procegs, become
D. Dipolar coupled half-integer spins;

La (I=7/2) and Pr (1=5/2) v p
Av=v—|vg|=+—= |mg = (14)
Let us now construct the La spin functions in the ground L PR
state by taking account of the dipolar interaction with the Pr
spin. In order to make the system as simple as possible, we CAng, .
will make two additional approximations; to assume axial X2~ ! g Mg {I(1+1) = [my|(|my[+1)}Im(gs*),
symmetry for the ground-state Pr ER@pproximation V) (15)
and to assume axial symmetry for the La EFG tengq- o
proximation \). Approximation IV may be a good one be- Where the upper sign is for the two states whexgandm,
cause the asymmetry parameteiis 0.108. However, Ap- have the same sig(paralle), and the Iower sign is fpr the
proximation V is not as good as IV, since the asymmetryWO States wherens andm; have the opposite sigfantipar-
parameter of La ranges from 0.54 to 0(84e Table Il). The allel). Note that in the absence of external magnetic fjgld
validity and limitations of this approximation will be dis- IS Pure imaginary. This is consistent with the result of gen-
cussed latefsee the Discussion eral consideration on tr_\e symmetry of the susceptibility with
Because of these approximations the La and Pr spins af€SPect to the magnetic-field rever8alyhere the coherent
quantized along the symmetry axis of their EFG tensor. T(NMR Raman susceptibility® was shown to have the re-
make use of the diagonal representation in the azimuthdftion, o‘¥(—B)=—[o®(B)]*. Figure 5 summarizes the
projection, the Pr and La spin operators are projected alontgsult with the line shape of the signal. The four degenerate
their EFG principal axes, i.e., th&,y,2 axes for Pr spin transitions split into two doubly degenerate transitions.
denoted by, and the(X,Y,2 axes for La spin denoted Hy These two transitions have the same amplitude of the signal,
Since the influence of the dipolar interaction on the Pr spin i®ut their phase is opposite to each other. Since the separation
ignored(Approximation ), terms containing ladder operators between the two transitions is smaller than the inhomoge-
of Pr spin are discarded froy. The truncated dipolar Nneous broadening of the individual transitiofsee the Dis-
interaction and the rf transition moment take the followingCussion, the two transitions will not be resolved but overlap

forms: to give a single resonance line. The original expressiogp,of
of Eq. (6) tells that the Raman heterodyne signal is basically
Hq=S,(plz+ql,+qg*1_), (12 the La NQR weighted with the overlapping integrals. When
the phase of the detection of the heterodyne beat is adjusted
Hi=rlz+sl +s*1_. (13)  to absorptive mode, the resultant signal will look as if it was

dispersion(see left-hand side of Fig.)5When it is adjusted
Let us consider the La NQR transition from|m,| to  to the dispersive mode, the signal will look like a second
= (]Jm|+1) (see Fig. & When associated with a degeneratederivative (right-hand side of Fig. b The resultant signal
Pr level of =|mg|, the upper and lower levels have fourfold depends on both the amplitude of the two componépis
degeneracy in the absence of dipolar interaction. If there iand the separation between thém.
dipolar interaction among the degenerate states, tkd 4 Incidentally, the Raman heterodyne signal does not de-
matrix of the degenerate manifold must be diagonalized. Fopend on the sign of the quadrupole coupling consiRnA
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FIG. 6. La EFG tensor, internuclear vector between Pa and La,

and rf field described on the Pr principal axis systewyg. The La
EFG tensor is assumed to have axial symmetry. The angiewl 8
define the symmetry axis of the tensor. The polar angfeg) and
(®,0) define the direction of the internuclear vector and the rf field,
respectively.

positive coupling constant is assumed in the energy diagram

of Fig. 4. There the larger then,|, the higher the energy.
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Iz=cos,8lz—§sin,8(l++l,),
. .. [cosB+1 ) cos—1 (18
[==e™'® — e tsinBlzt ———13,

we find the Hamiltonians of Eqg12) and (13) are now
represented as

~ oB? gAPng(La)

When the coupling constant is negative, the energy diagram

is reversed. By the definition ofy [see Eq(9)], v, changes
its sign, and botlAv and y, change their sign. Thus, the sign

of the coupling constant has no influence on the line shape of

the signal.

E. Dependence on the geometry and symmetry considerations

The next step is to describe the Hamiltonidiig and H,
in terms of the internuclear vector, orientation of the EFG

tensors, and the rf field. Figure 6 illustrates the relations of

these angular quantities on the Pr principal axis sygte/m.

The direction of the internuclear vector and the rf field are

represented by the polar anglég,6) and (9,0), respec-
tively. The Euler angle$a,3,0) define the translation from
the{xyZ axes to the La principal ax¢XYZ. The third angle

v is fixed to zero, because the La EFG tensor is assumed to

have axial symmetry. On thixyz system, truncated dipolar
interaction and interaction with the rf field are represented a
follows:

_ oB? g(Prg(La)
47 3

Hqg
;

X

(1—3cogo)l,— 2

sin 20(I*ei¢’+le“¢’)],

(16)

Hy= g(La)ﬁBrf( cos Ol ,+ 5

sin@(1 e P+ ‘e”q’)],
(17

wherel,, | ", 1~ denote components of La spin operators in
the {xyZ system. Note that in the present level of approxi-
mation only the largest component of thegensor,g,(Pr),
appears in the dipolar Hamiltonian. The baensor is iso-
tropic because L has an electronic closed-shell configura-
tion. Using the following relation betweem,( 1 *,17) in the
{xyz system andl(z, 1. ,1_) in the {XYZ system,

M= 5 S+ 4T 1), (19
He=9g(La) BB4(Tl,+3l . +T*I_), (20
where
3 .
P=(1—3 cogh)cos B— 5 Sin 20 cod ¢~ a)sin 3,
(219
1
E]=—§(1—SCO§«9)sin,8
3 . -
— 4 sin 20{coq ¢p—a)cosB—i sin(dp—a)},
(21b
T=cos0® cosB+sin® cog®—a)sinB, (210
.1 .
s=—§ cosO sin B
1
+§sin O{cog®—a)cosB—i sin(d—a)}.
(219

S Before finishing simply with substitution of the angular

parameters int.v andy,, let us consider some of the sym-
metry properties of the Raman heterodyne signal. For a pair
of equivalent La nuclei around ®r, the second site is gen-
erated from the first one by 180° rotation around the twofold
y axis. Instead of rotating the La atom around th& Ron it

is easier to rotate the external rf field and keep the orientation
of the atoms. This leavesiy intact and we only need to
consider the rf direction ift{,;. Recalling thatH,; is a mag-
netic transition moment proportional ®8-1, one sees that
upon theC,, operation on the rf field} is symmetric for
Bly and it is antisymmetric foBLy. Since the direction

of the rf field affectsy, through®,; [see Eq(6)], the pattern

of the Raman heterodyne signal behaves in the same manner
asH,, that is, upon the exchange of the equivalent La sites,
the signal is symmetric foBlly and it is antisymmetric for
B,LYy. This is one of those examples of site interference that
can be understood by geometrical symmétAnother sym-
metry relation is about the twinning. The twin is generated
by 180° rotation around an axis parallel with tleaxis.
Again, instead of rotating the crystal structure, rotation of the
rf field will tell the relation between the signals of the two
domains. Upon the exchange of the two domains the Raman
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TABLE Il. Symmetry relations of the Raman heterodyne NQR

signal of La around Bt in LaF,.

rf field C, equivalent sites Twinning
direction Site i < sitei’ Domain A« domainB
Bylly Even Odd
Bl Odd Odd
Byllc Odd Even

heterodyne signal is symmetric f@&llc and it is antisym-

metric for B,:L c. The results of the symmetry relations are

summarized in Table Il

Unless the external magnetic field is applied, the signalgeterodyne signal at 1.5 K. ThéH,— 3P,
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FIG. 7. NQR of La around BF in LaF; observed as a Raman
transition of P¥* at

from the two equivalent sites overlap with each other. Frompg 955 crvt was excited by a cw single-mode dye laser. The fre-

the symmetry relations only the rf field along tlyeaxis

qguency jitter of the laser was about 3 MHz. The signals are assigned

produces nonzero Raman signal. Therefore, we will fix theg four neighboring La atomsy through 8.

direction of the rf field to be parallel with thg axis and set

®=0=7/2. By using the expressions pfq, ands of Eq.
(21), the NQR frequency shithv and the susceptibility, of
Egs.(14) and(15) are represented as

F vy moB? 9(Png(La) |mg|
Av=

vl 4mh r3 2
X{(1+ 3 cos D)cos B+ 3 sin 20 cog ¢— a)sin B},
(22)

i :“0182 gz(Pr)g(La)zBrflly

X2= =1

327h vor3
XAnggmg{I(1+ 1) = [m|(|m|+ 1)} X1, (23
where

l,=(1+3cos ¥)cosa sin B—3 sin 20 cos ¢ cosB.
(24)

tected by a photoreceiver with a bandwidth of 125 MHz
(New Focus 1801-AL The rf beat signal from the photodi-
ode was sent to the network analyzer. The network analyzer
detects the amplitude and phase of the signal with respect to
the applied rf. The total electric length and the frequency-
dependent phase delay at the coil were corrected to get a
proper phase of the spectra. The signal was averaged over
6000-9000 scans.

The laser frequency was stabilized by locking it to a

home-built 25 cm confocal etalon (FSR00 MHz,
finesse=30) using the method of Hsch and Couillaud?
The error signal was sent to the commercial electronic con-
trol box of the ring laser. The laser frequency jitter was mea-
sured with a temperature-stabilized scanning confocal etalon
(burleigh CFT-500-VIS, FSR150 MHz, finesse 100).

V. RESULTS AND DISCUSSION
A. Observation of the La NQR around Prit
Figure 7 shows the NQR signals of La around'Pde-

Table | gives the internuclear vector and the scalar prefactdiected by coherent Raman scattering at 1.5 K. The laser was
in the expression ofAv for six nearest-neighbor La atoms operated with the commercial stabilization system and the
around P¥'. As long as the approximations are good frequency jitter was about 3 MHz on the time scale of 0.1 s.
enough, the perturbation approach has an advantage to dés shown in the theoretical derivation, the second-order sus-
scribe the signal analytically as a function of the unknownceptibility of the coherent Raman process is pure imaginary.
parameter of the orientation of the La EFG tensor. This means that when the phase correction is properly made
over the entire frequency range, all the peaks should appear

IV. EXPERIMENT

The output from a cw single-mode ring dye lag€oher-
ent 899-29, dye: Coumarin 1p2t 20 925.4 cm' was fo-
cused on the crystal to a diameter of about 108 with a

either in dispersive or absorptive shape, as is the case with
Fig. 7. Because of th€, site symmetry only the rf field
parallel with the twofoldy axis produces nonzero Raman
signal. According to symmetry relation about the twinning of
the crystal, this nonzero Raman signal is opposite in phase in

power of 1-5 mW. The propagation direction of the laserthe two domaingsee Table Il. In accordance with this sym-
field was parallel with the crystal axis and the rf field was metry property, when the laser spot was scanned over the
applied perpendicular to it. The LaErystal doped with 0.1 crystal, once in a while all the signals simultaneously change
at. % PP (Optovag is 5 mm thick along thec axis. The their phase byr, which means the laser beam crossed from
crystal was immersed in a liquid-He bath which was kept aibne domain to the other. There are also regions where signals
1.5 K. To perform the phase-sensitive detection of the rfare very weak, which means the volume of the two domains
signal, a network analyzeihp 87520 was used for an rf that the laser beam probes is almost equal. The behavior is

source and detection. After amplified 620 dBm, the rf

similar to that observed in the Raman heterodyne signal of

was applied to the crystal through a 10 turn coil. The inducthe Pr NQR transitiof.

tance of the coil is about &H. The heterodyne beat between

As shown in Fig. 7 the signals were assigned to four

the coherent Raman and the transmitted laser fields was ddifferent neighboring Lag through8.1° Three signals above
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The optical pumping effect can be qualitatively explained
. in the following way. Out of the inhomogeneously distrib-
laser jitter u uted ensemble of atoms, let us focus our attention on a par-
3 MHz ticular set that have the same optical transition energy as the
one depicted in Fig. 3, where the laser is in resonance with
the optical transition fronf2) to |e,). If the laser frequency
shifts slightly higher, the laser will be resonant with the tran-
u sitions from|1) to |e;) and|2) to|e,). Since the excited-state
1.5 MHz ' La spin functionde;) and|e,) are very close to the ground-
s U}\ le / Uu state functiong1) and |2), respectively, these two optical
’8| [ 7] ) transitions have much higher transition probability than the
—_——— |2)—|e;) transition. The pair of these allowed optical tran-
2.5 3.0 3.5 sitions will contribute to the optical pumping effect through
RF frequency (MHz) |Am|#0 relaxation. Direct radiative relaxation to the
ground state witHAm,|#0 is as forbidden as the optical
gbsorption of the forbiddejym|# 0 transitions, but there is

FIG. 8. Influence of the laser frequency jitter on the Raman

heterodyne signals. Comparison of the spectra between jitter of . o . : :
MHz (top) and 1.5 MHz(middle). The expanded spectrum with & considerable contribution of indirect multistep relaxation

jitter of 1.5 MHz (bottom) shows several reproducible weaker tran- throggh intermediat_e States'_AbOUt half 9f the emissSiogsfrom
sitions; One at 3013 kHz is assigned to the 1/2—3/2 transition of L&N€ “Po state is to intermediate states liRels and °F,.

y. Three transitions at 2152, 2277, and 3605 kHz are assigned to theiNCe these intermediate states have the hyperfine coupling
fifth La, e. with the electronic angular momentum, the probability of the

|Am|#0 transition would be larger than the direct

4.5 MHz tumned out to be forbidden transitions &, = 2. proces<® Therefore, when the atoms are excited through the
Since their frequency is the sum of the frequency of twoP@lr of the allowed optical transitions, the optical pumping
allowed transitions, assignment of the signals of three L&Vill €qualize the population of the La spin levéls and|2).
sites, e, B, andy was unequivocal. A forbidden transition of When the laser excites the pair of the allowed transitions,
the fourth La,s, was not observed. The transition frequen-the Raman signal is a superposition of simultaneous excita-
cies of the bulk La at 88 KRef. 23 are indicated in the tion of two scattering pathways, one involves the rf transition
figure for reference. from |1) to |2) and the|2)—|e,) excitation, the other in-

As for the magnetic transition moment, which the normalVolves the rf transition from2) to 1) and the|1)—[e,)
NQR detects, the intensity distribution among the allowed€*citation. The susceptibilities for the two pathways are ex-
transitions ofAm,= =1 is such that the larger tHen | the ~ Pressed as follows:

weaker the intensity. In the Raman heterodyne signal, the 128.)= An.o1 2V(2 1
energy denominator of, in the expression of, also adds X2(1282) = AniL 1Ml 2)(2] )l 1),
to this tendency, because the transition frequehgy is x2(21e1) = Anyy( 2| Hyl 1)(1|e;)(eq|2).

larger for a largetm,|. Thus, the 5/2—7/2 transitions at high-
est frequency around 3.5 MHz are expected to be the weakhen the overlapping factors are calculated using the first-
est among the allowed transitions. However, they are th@rder perturbation in the same way as in Et0), we will
strongest observed. find the susceptibilities of the two pathways are complex
One of the factors we have not taken into account is th&€onjugate of each othery,(12e;) = x,(21e;)*. Recalling
population. Although the effect is indirect, the continuousthat the susceptibility in the zero magnetic field is pure
pumping of the optical transition of Pr may cause the imaginary[see Eq(15) and Ref. 2], the superposition of the
neighboring La spin to deviate from thermal equilibrium. No Simultaneously excited two pathways will result in complete
measurements were made on the spin-lattice relaxation of tHeancellation.
neighboring La, but we could assume a similar relaxation In summary, the Raman heterodyne signal is generated by
time to the Pr spin, which is on the order of *sSince the  exciting the forbidden optical transition. When the laser fre-
laser frequency fluctuates 3 MHz on a comparable time scal@uency shifts to excite the pair of the allowed optical transi-
with the relaxation time, the La NQR transitions lower than 3tions, the excitation will not produce coherent Raman signal,
MHz may be affected by the optical pumping effect. Thebut will contribute to the optical pumping of the La spin

frequency jitter was reduced to 1.5 MHz to investigate theléVels to equalize the population of the level$ and |2).
effect of the laser jitter on the relative signal intensity of When the laser frequency shifts back and forth between the

different transitions. allowed and the forbidden transitions within the time scale of
the spin-lattice relaxation, the excitation of the forbidden
transition will create the coherent Raman signal, but with a
smaller amplitude due to the reduced population factor
Figure 8 compares the Raman heterodyne spectra at diftn;,. The same argument applies to the excitation of the
ferent laser frequency jitters. When the jitter was reducedther forbidden transition frori) to |e,).
from 3 to 1.5 MHz, the 3/2-5/2 transitions around 2.2 MHz  In the spectrum taken with a reduced laser jitter, the 5/2—
became stronger with respect to the strongest 5/2—7/2 trai/2 transitions are still the strongest. Probably the reduction
sitions around 3.5 MHz. Evidently, the frequency jitter of cw of laser jitter is not sufficient to suppress the optical pumping
laser irradiation affects the population of La spin levels.  effect completely. Another possibility is the incomplete

B. Influence of the laser frequency jitter
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TABLE lIl. Quadrupole parameters of La around®Pin LaF, m=5/2 <372 3/2 &1/2 712 < 5/2
at 1.5 K. The parameters of the bulk La in |sa#re also included v, = 2349 kHz 3010 kHz 3563 kHz
for reference.

La (1=7/2) |P| (kHz) 7 perturbation |II | "
a? 609.04) 0.6501) l‘ |’ I
B2 613.54) 0.7651)
v2 641.84) 0.8353) | h_l I I
52 643.64) 0.7032) ' o '”'7 I | Aty Ay |
&P 619.79) 0.54Q5) diagonalization |
Bulk at 88 K° 610.04) 0.784510) R B e I
-3 0 3 -3 0 3 -6 -3 0 3 6
8Reference 10. Av (kHz) Av (kHz) Av (kHz)

bPresent work.

‘Reference 23. FIG. 9. Calculation of the coherent Raman signal of the La

NQR transitions. Comparison between the perturbation and the di-

. . agonalization of the ground-state dipolar interaction. The calcula-
treatment of the excited state because of the lack of informaon yses the quadrupole parameters of £and the internuclear

tion on the orientation of the excited-state Pr EFG tensor. yector of site 6. Th& axis is chosen to be-53.6° from the crystal
With the increased sensitivity at lower frequencies, sevzt axis, which is one of the two possible EFG orientations of the
eral weak signals were found to be reproducible. One apylk La.
30139) kHz is assigned to the 1/2—-3/2 transition of ha
predicted at 3010 kHZ Two signals at 21542 and same for all the three transitions, while the fac{®3/4
227711) kHz, together with a signal at 36 kHz which  —|m,|(|m|+ 1)}/v, determines the intensity of the pattern
was already evident in the spectrum taken with a larger lasesf each La transition. The transitions wiftAm,|>1 or
jitter, fit to the quadrupole splitting pattern of spin-7/2 sys-|Amg|+0 are indicated by dotted line in Fig. 4. Because of
tem. The parameter$P|=619.7 kHz and7=0.540 give the axial symmetry of the EFG and the first-order treatment,
transitions at 2151, 2278, and 3605 kHz. They can be ashose transitions are strictly forbidden and do not appear in
signed to the fifth neighboring L&, as indicated in Fig. 8. the perturbation. In the result of the diagonalization, how-

The parameters of La—s are summarized in Table III. ever, they have finite intensity in the periphery of the pat-
terns(see lower part of Fig. 9 In nonaxial quadrupole in-
C. Validity of the perturbation calculation teraction the mixing of thém,) basis functions is stronger in

B ion | . ) a lower |m,| state. Furthermore, as mentioned during the
Although the Pr™ ion is surrounded by six inequivalent yerjyation, the nondegenerate perturbation is not applicable
nearest-neighbor La atoms, only four La atoms contribute thg, ne lowesim,|=1/2 states. As a consequence the pertur-
major signals to the coherent Raman scattering. Since thgaiion gives the best result in the 5/2—7/2 transition. The

distance is about the same for the six neighbors, the intensity, e argument applies to theg| of the Pr spin. When we
reflects the orientation of the EFG at individual La sites. The, into the details of thdmg manifold of the 5/2—7/2

relation between the orientation and the signal was given bYransition, we find that the smaller theng, the larger the

t_he perturbation approach desc_ribeq in the _theoretical. Se%ﬁscrepancy. However, because it is the influence of the
tion. However, one should keep in mind that five approxima-,

X i . o neighbor spin on the La transition, and because the Pr EFG is
tions were mf[rodl_Jced in the course of t_he derivation. Espes,re axial, the discrepancy is not crucial.
cially Approximation V that assumes axial symmetry of the
La EFG is a poor one. Therefore, the validity and limitations
of the approximations must be evaluated before applying the
results. To that end thg, andAv were calculated by diago- From the comparison of the stick diagrams in Fig. 9, the
nalizing the ground-state dipolar interaction. The treatmenperturbation expression seems applicable to the 5/2—7/2 tran-
of the ground state is exact and the remaining approximasition. To estimate the observed signal intensity, the pertur-
tions are those concerning the excited state, to average thwation and the diagonalization must be compared in a reso-
contributions from the scattering pathways through the thre@ance line averaged over the dipolar broadening due to the
excited-state Pr spin statéSpproximation I)), and to ignore  surrounding F nuclei. Since the nuclear magnetic moment
the dipolar interaction in the excited stat&pproximation  roughly scales with the dipolar broadening, the dipolar width
1. can be estimated from the linewidth of the Pr NQR transition
Figure 9 compares the results of the perturbation and thef 160 kHz2 From the ratio of the nuclear moments between
diagonalization of Lay which has the largest asymmetry g,(Pr)=10.16 andg(La)=0.605 kHz/G, the dipolar width
parameterp=0.835. In the perturbation treatment, a singledue to La-F interaction is estimated to be 9 kHz. The value
La transition offm;|<=|m,| + 1 consists of three pairs of tran- agrees with the linewidth of the La NQR transitions of about
sitions corresponding to Pr spin statesnof=+1/2, £3/2, 10 kHz, since additional broadening due to the La-Pr inter-
and =5/2. Because bothhv and y, are proportional tgmg| action is expected to be small. To get an absorptive line
[see Egs(14) and (15)], the three La transitions have the shape the components must be convoluted with the disper-
same pattern of three paifsee upper part of Fig.)9Since  sion curve(see Fig. 5. As for the stick diagram of the di-
Av is independent ofm,|, the width of the pattern is the agonalization all the components of the 5/2—7/2 transition

D. Calculation of intensity of the 5/2-7/2 transition
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were convoluted with the dispersion curve of linewidth of 9 Calculated Raman signal of the 5/2 — 7/2 transition
kHz. As for the perturbation, we took a simple process by
approximating the dispersion curve to be linear within the £(Zc) = +53.6° £(Zc) = -53.6°

region of Av. Since Eq.(22) estimates the maximuy of

(
2.9 kHz, the approximation becomes poor whenis large. ‘_cé; ‘:,‘:; I
However, the advantage is that the peak height of the resos B
nance curve becomes proportional to the product of the shifi€ g1 = | ;
Av and the susceptibility,. The product oAv andy, was 3 3 TR
calculated for 12 different sets of parameters, i.e., two pos-*ﬂ,3 2
sible EFG orientations of the bulk La at each of six La sites, © = . 2 3 4 5 &

and the intensity distribution over the 12 products was com- ' 2 3 4 5 6 .
pared with the proper convolution of the result of diagonal- La site La site

ization. Despite the simplifications, the pattern obtained by [, 10. calculated intensity of the Raman heterodyne signal of
the product ofA» and x, agrees with the convolution of the he 5/2-7/2 transition as a function of the position of the neighbor-
stick diagram of diagonalization. The difference is within 3%ing La (site 1-6 and the orientation of the La EFG tensor. Thin
of the largest signal. lines indicate the maximum possible signal amplitude at each site.
In conclusion the geometrical dependence of the intensityhick bars are the intensity calculated for the two possible EFG
of the Raman heterodyne signal is represented by the produetientations of the bulk La. The two possible angles ofZraxis of
of Av andy,. The expression is given as follows: the tensor are-53.6° from thec axis (left-hand sid¢ and —53.6°
1 (right-hand sidg The z axis of the Pr EFG tensor i$81.4° from
| nu 5/2—712) % y A ox - XS, (25) the crystalc axis.
r

site 3. Site 1 and 2 are smaller than the others. The sites
S=B—C sin 2a—B cos 2¢+ (A sin a+D cosa)sin 28 giving major signals oty, 8, v, and 5 are most probably site

3,4,5, and 6.
+(3B+C sin 2o+ B cos 2v)cos 28, (26)
where VI. CONCLUSION
A=9sirf26 sin 2¢, (273 NQR transitions of La around Prin LaF; were observed

as coherent Raman scattering resonant with the optical tran-

B=3(1+ 3 cos ¥)sin 26 cos ¢, (27b sition of PP*. The signal arises from the magnetic interac-
tion between the Pr and La nuclei. This superhyperfine effect

C=3(1+3cos d)sin 26 sin ¢, (270 had already been observed as sidebands of ODMR signals of

Pr NQR by Macfarlane and Shelb§.However, the line-

D=18sirf2¢ cos¢p—2(1+3cos ¥)2.  (27d  width of these sidebands is too broad to resolve the quadru-
pole splitting of neighboring La nuclei. The linewidth is de-
termined by the Pr dipolar width of 160 kHz. On the other
) i ) hand, the linewidth of the coherent Raman NQR is the in-

The spectra of neighboring La NQR are the most interesttyinsic La dipolar width of 10 kHz. The intensity of the NQR
ing from the viewpoint of the local environment around the Raman signal of La is about 600 times smaller than that of
PrP* ion. As is obvious from the NQR frequency the local pr10 However, as in the first application of the Raman het-
electric-field gradient(EFG) is clearly different from the erodyne technique to the superhyperfine spectra of Al around
bulk. What about its orientation? Let us compare the obseres+ i ruby?’ the high sensitivity of the technique made it
vation with what is expected for the environment of the bU|k-possibIe to identify five different environments. From the
Using the Eqgs(25)—(27) the signal intensity of the 5/2—7/2 gpservation the quadrupole parameters of the local La atoms
transition is calculated for the six La sites. The result isgre determined. As for the orientation of the local EFG, ex-
shown by thick bars in Fig. 10. As is mentioned earlier, thereyeriments in an external magnetic field would bring detailed
are two possible EFG orientations of the bulk La. In thejnformation. Further experiments are planned in that direc-
experimenta}l spectra, the four 5/2—7/2 trans_itions around 3.8on. We hope that the present work demonstrates the poten-
MHz are all in the same phase. The calculation shows that Lgg| of the technique to study weak interaction and local en-

site 3 gives the largest signal amplitude, but it is opposite iR;ironments in solids and that the technique will be employed
phase to the next strongest ones. Both of the two orientationg studies of other systems.

of the bulk La cannot reproduce the observation. The dis-

crepancy indicates that the EFG tensors of the neighboring ACKNOWLEDGMENTS

La atoms are rotated away from the orientation of the bulk.
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E. Local La environments around Pr*
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