PHYSICAL REVIEW A 66, 043816 (2002
Magneto-optical and EPR transitions in Raman heterodyne spectroscopy

Marc Oliver Schweika-Kresimon, d@ Gutschank, and Dieter Suter
Universita Dortmund, Fachbereich Physik, 44221 Dortmund, Germany
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Laser and microwave fields can be mixed in paramagnetic samples in a coherent Raman process. The
radiation scattered in the forward direction contains frequency components at the sum and difference fre-
guency. We consider the details of this scattering process in a static magnetic field, where two types of signals
appear: magnetic-resonance transitions give rise to signals at fixed magnetic fields, independent of the laser
frequency. Another set of resonances is determined by the optical transition frequencies. These resonances are
particularly prominent in samples with narrow optical absorption lines. We derive a comprehensive theory that
describes both contributions and compare it with experimental data from lines of ruby.
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[. INTRODUCTION resonance lines can be distinguished. The first three lines
be assigned to EPR transitions, which occur at the same
Coherent Raman scattering can be driven by externadition as conventional EPR transitions. The resonance at
fields, such as alternating magnetic fields, whose frequenciek indicates that the field shifts the lowest ground-state ley
are in the MHz to GHz range. The Raman field generated innto resonance with the laser frequency, coupling it to tl
this process propagates parallel to the incident laser field. RA(E) excited state. The two resonances at 1.1 and 1.
both fields are incident on a quadratic detector, the beat siggccur when the laser frequency plus or minus one of the t
nal between them can be observed as a modulation with tHeaman sidebands become resonant with the same transi
same frequency as the driving radio frequency or microwave As we show below, these different transitions can be c
field. This combination of microwave-driven coherent Ra-scribed consistently with second-order perturbation theo
man scattering with optical heterodyne detection is known a3he analysis that we present in the following section giv
the Raman-heterodyne experimgdt-6]. It has been used not only a correct description of such optically detected EF
for the optical detection of nuclear spin transitighs-7] as
well as for electron spin transitio8—13]. The interaction
of the optical and microwave field with the medium cannot
only be described as a Raman process, it can also be consid-
ered as arising from a modulation of the absorption coeffi- T A =692.1 nm
. A . 2 _,
cient due to the magnetization precessing around the mag- 1 ECB)
netic field[12,10. The description is particularly well suited f
for comparison with different types ofstatio magneto- +3/2
optical effects. —
This description is rather intuitive and provides an excel-
lent basis for understanding the variation of optically de-
tected electron paramagnetic resonafiEER spectra with
the optical wavelengthl3,11,13, provided the optical line-
width is large compared to the microwave frequency. How-
ever, if the width of the optical transitions is of the same
order of magnitude as the microwave frequency or smaller,
the analysis of the relevant processes in terms of a time-
dependent absorption coefficient becomes invalid. To pro-
vide a better analysis of these cases, we describe the Raman
scattering process by a perturbation expansion of the density
operator. Comparing this analysis with experimental data ] -
from the R lines of ruby, (C#*:Al,O3) we find excellent
agreement for the vast majority of the observed features.
Figure 1 shows a typical Raman-heterodyne spectrum of
ruby, measured with a laser whose frequency was tuned

slightly higher than the resonance frequency forfaeran- FIG. 1. Energy diagram and Raman-heterodyne spectrum

sition. The setup measured the microwave-modulated “ghrtuby, detected with a laser tuned close to Betransition (solid

for left versus right circular polarization as a function of the jine, absorption phase; broken line, dispersion phalee absorp-

static magnetic field, at a constant microwave frequency tion differenceAA refers to the difference between the absorptic

of vyw=14 GHz. of left and right circularly polarized light. The arrows indicate th
As shown by the arrows in the figure, different types oftransitions that give rise to the different resonance lines.
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3 To derive an expression for the Raman field generated
the mixing of the two driving fields, we use second-ord
perturbation theory for the density matrix of the system,
close analogy to similar derivations in nonlinear opfit4].
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_ where vy, represents the relaxation rate of transitic
FIG. 2. Coherent Raman process in a three-level system. [Ny~ |M) (Yam= Ymn) andw,m=(Em— En)/% the transition
frequency.

spectra, but also (_:orrectly explains the dependence of these Starting in thermal equilibrium, we obtain for the first
spectra on the optical wavelength; to our knowledge no suclqer density operator elements

analysis has been attempted so far.

e—inWt
Il. COHERENT RAMAN SCATTERING pH=p* =(p{9-p) wgr

_ . w1t omwtiyi
The Raman-heterodyne experiment can be described as a

superposition of coherent Raman scattering processes. While n el omwt . (1a
the ruby system consists of eight electronic states, the per- w1~ 0w Y12]’
turbation theory can be developed in terms of three levels, as
shown in Fig. 2. Leveldl) and|2) are electronic ground cel Erg-iogt
states, while level3) is an electronically excited state. The p{D= oL :E(p(O)_p(O) M1z E L€
transition| 1)« |2) is driven by a microwave field with the oL g P P et o iy
frequencywyyy . The transition1)«|3) is excited by laser el 2% it
light with the frequencyw, . piz BT € (1b)
The Hamiltonian of the relevant three level system is w1z~ o iy’
Equation(1a describes the spin coherence of the transitic
Bi Vi) Vi) |1)«|2) induced by the microwave field. Equati¢hb) de-
H=H+V(t)=| Va() E; o |, scribes the optical coherence in transitjdn«|3) induced
Vay(t) 0 Es by the laser field. We will neglect optically antiresonar

terms such as the first term in the square brackets ofIHy.
hin the following calculation, but will keep terms that ar
antiresonant with respect to the microwave frequency.
In second-order perturbation the spin and optical coh
ences are partly transferred to the third transitidp—|3).
We obtain the Raman coherence

where ? is the Hamiltonian of the undisturbed system wit
the energies, , ; of the three states. The elemeMs,, of
the perturbation potentil(t) describe the interaction of the
microwave and laser field,

—— 5 3 (o ty t
Vip=—piy By omwi4glomwt), 2)_PR=g| =% .
P(zs)zfﬂtles' E'Te U Ao, —oyw)e

el 21 oty Er%pio .
V13:—M"133(E|'_e I |_t+E"’L‘eI Lt), +A123(wL,wMW)e'“'MWt], (2)

where V=V, and 3¢ and x5} are the magnetic and with the two-dimensional triple-Lorentzian line,,; de-

electric dipole moments of the two transitions. The electric-fined as
field vectorliﬁ is complex to allow inclusion of arbitrary
polarizations, while the microwave fieﬁ1 will be linearly 1

polarized and therefore described by a i@al In the follow- Asod oL, Ouw) = Wo3— W — Opwt 1 Va3
ing we will replace the product of the magnetic dipole mo-

; . . 0 0 0 0
ment and the microwave field by the real Rabi frequency % Pgs)_P(ll) n P(zz)_P(n)
wr=wTRB, /1. wiz—w Tiys @xu—oywtiva)
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waves. We writeE e' e "~ @)+ c.c. with a=L,S,AS for
the laser, Stokes, and anti-Stokes wave, respectively. -
wave vectorsiZAS’S of the Raman fields are functions of the
Raman frequencie®ass=w| * wyy. Since the sample is
small compared to the wavelength of the microwave, t
Raman wave is emitted in the forward direction. It remait
5 weak compared to the laser field, allowing us to use t
linear expansion

0
(4 3-0pw)/Y

o)y 2 .
(021-opw)/Y . ielug.
FIG. 3. Microwave and laser frequency dependence of @ 2k, ¥
A123( W ,wa) in arbitrary Units (W|th Y= Y12= Y13~ V23 and
equal population differencgsOnly the real part is shown. wherelL is the optical path length in the crystal. Using Eq

(2) and(3), the two Raman waves become
The first factor describes the resonant behavior of the Raman
wave with respect to transitiof2)« |3): It reaches a maxi- i L Nwow?
mum when the frequencypsas= w + wyy Of the Raman Ea:u(ﬁg'l. EL)uSAS{ o, * omw),
field matches that of the transition frequency. The fractions 20K e
in brackets describe the resonances of the laser and micro-, S . . .
. - Where the plus sign is for the anti-Stokes field and the min
wave with the transitiongl)«|3) and |1)«|2), respec- or the Stokes field
tively. Figures 3 and 4 depict the dependence off '
A9 @ ,omw) ON the microwave and laser frequencies. The
magnetic resonances§,— wyw=0) and optical resonances

(w13~ 0 =0) appear on lines parallel to the frequency axes The optical fields at the end of the crystal contain comp

of the plot, while the Raman resonance appears along thgents with frequenciess;, and o, *wyy. The Raman
diagonalwys— w — wpmw=0. ) _ waves are polarized alongg; and w55, while the laser field
The density operator elemepﬁf corresponds to an opti- . . - . .
g is polarized alongk, . When the signal is detected on
cal polarization . L . X
quadratic detector, it includes, besides a dominant dc cc

ponent, components oscillating at the microwave frequer

IIl. HETERODYNE SIGNAL

P@A=N(pZ ush+ pDus: and its second harmonic. The first harmonic arises from be
- o between the laser field and each of the Raman sidebal
=(Pae'®asTead) +c.c)+ (Pgelks sV +c.c), while the second harmonic is due to the beat between the

3) sidebands. The spatial components of the Raman field car
detected separately by projecting t{Reaman plus lasgfield

with Kygs=k_ =Ky and N the number density. Since the onto a direction determined by a polarizer. Writig§” for
rotating-wave approximation does not hold for the EPR tranthe fields behind the polarizer, the heterodyne signal at
sitions, we have to include Stokes as well as anti-Stokesicrowave frequency becomes

components. The polarizatidB) is the source of the Raman

le,eq . o
Re(Aq23) ()P = Re{4 ,; OefleWt(E(APS).Eer(P)
IM(Aqpg) s o

+EZ P, E(LP))}

i2LNwgrw ) ey
:Re{ e (U )

X (s EP* ) Adod o, opmw) — (155 EY)

-10 -I5 0 5 10 X(u357-EP) A pd o, — opw)} |, 4

Wo1-Opw)/ N
(®p1-Onw)/Y where the approximatiom,s=ws=w_ was made for the

FIG. 4. Microwave frequency dependence/of,; at a normal- ~ amplitudes.

ized optical detuning ¢3—w )/y=5. The resonance aivy; Experimental considerations often make it desirable
—oyw)/y=-5 is the Raman resonance running diagonallymeasure the difference between two signals. One way to
through Fig. 3. The resonance @$,=0 is the EPR transition. so is by modulating the polarization of the light incident o

043816-3
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TABLE |. The difference of the dot product u€}-E,
(SR E(P*) divided by the square of the amplitude of the elec- MCD I
trical field of the laser IlghE2 calculated for some combinations of

polarizations of the laser light and kinds of polarizing filtéFor
linearly polarized light, the angle between the direction of the mag- % @

v

netic fieldx and the linear polarization of the laser light is given in MLD
parentheseks.

v

A

Polarization of laser light

Filter Linear ,y) Circular (+,—) MCB % @ f—) I

None 2(apost mazd) . 2 (Raias— taapzd)
(0°) a(art pa)(Bost 2)  2(mar— mad) (Mot 129
o 1 - - 1 — -

(90°) Z(:U«;l_ //«31)(//«;3_ H23) Z(,Uv;l"' #31) (o3~ M2+3)

45° 1+ - -+ Lo — N4 — MLB %I
(45°) F(i gt g (Moz—ip2) a(ipma— pan) (i o= 129

. 1 _ . . _ 1 P —
Circ. T(a—ipg)(imost o) 7(partipg) (ipsst 1od)

PD

the sample in combination with phase sensitive detection. FIG. 5. Schematic optical setup for the detection of differe
Here we will discuss two types of experiments. The first kindmagneto-optical effectsLP, polarization of the laser lightS
is the excitation with linearly polarized light. This provides a Sample:P, polarizing filter 45°, PD, photo diode
signal that is the difference of the intensitiggo)*Y for
linearly polarized light oriented parallék) and perpendicu- A. Ground state
lar (y) to the external magnetic field. The second kind is the  The spin Hamiltonian for the ground state of ruby can
excitation with circularly polarized light. This results |n a written as[24]
signal, which is the difference of the intensitigsoyy) ©
for left (+) and right (—) circularly polarized light. Addi- 1
tionally, it is possible to place polarizing filters between thg Hy=0ymsBSc+ D{ S§_§S(S+ 1)],
sample and the photodetector. For these cases, the resulting
signal is easily calculated from the general expression for a
single polarization in Eq(4). The possible signals are sum- With g,ugB,={, the Larmor frequency an the zero- f|eld
marized in Table | for the cases of linear and circular polarsplitting. In the basis ¢4.,(n=1,2,3 A IME=
ization of the incident light and for five different analyzer |[M%=—3),|M%=3),|M5=3), the correspondmg matrix
settings. A circular basis was chosen for this summary. representation is
Several of these optical setugahich are not linearly
independentcan be seen as analog of standard magneto-

optical experiments, such as magnetic circular dichroism D \/—59 0 0
(MCD) [15-18, magnetic circular birefringencdCB, the 2 %

dispersive aspect of the Faraday effet®—21]), magnetic /3

linear dichroism(MLD) [22], and magnetic linear birefrin- —0, -D Q, 0
gence (MLB, the dispersive aspect of the Cotton-Mouton B 2

effect [23,19-2]). In contrast to classical magneto-optical Hg= J3
experiments here the magneto-optical effects are not induced 0 Qy -D 79)(

by a static magnetization but by a magnetization oscillating
at the microwave frequency. Typical experiments are the
measurement of thescillatingMCD, MCB, MLD, or MLB. -
The corresponding polarizations of the incident laser beam

and the setting of the polarization analyzer are summarizeqlhe eigenvalues are
in Fig. 5.

IV. ENERGIES AND TRANSITION-MATRIX ELEMENTS 1 > >
Ei3=— 50F VQ+ D+ Q,D,
As a specific example, we consider the signal that is ob- 2
tained when the laser is tuned close to Riées of ruby. We
choose the direction of propagation of the light parallel to the 1
¢ axis to avoid effects fror_n _blrefrlngence. We choose a co- Eru=s O\ F \/QiJrDTQXD

ordinate system whoseaxis is parallel to the axis of the 2

crystal, while thex axis lies along the static magnetic field.

The magnetic component of the microwave field is alsoWe define the matriMy whose columns are the eigenvec
along thez axis. tors

043816-4
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a; a az with Q=g ugBosin(g) and 0{=g{*?ugBocosE),
1l b b, b, b whereg(};?) are the splitting factors of the excited state and
1 2 3 4 ' . . .
My= (g1 g2, Vg3, Uga)=—= ,  the separation between the tilines. The corresponding
9 9; 9; 9; 9 —b b —b b . _
2 1 D2 3 D4 eigenstates,., (n=5,6,7,8) are
—-a; a, —az a
with Mez(lpe;Sv’pe;&’peﬂyd/e;s)
al®» a® o0 0
- V30, 1| -a® a® o 0
" \30f+4(E-D)? "2l 0o 0 a® a®|
0 0 —a?® a®
2(E;—D)

V3Q2+4(E-D)?

We use this matrix to obtain, e.g., the matrix representation _
of S, 4 andﬂé,mag in the eigenbase of the Hamiltonian as a0 \/1( . Qg)

oz 02

2
The corresponding energié&s, are

g 9=0,usMg-S] 4 My,

wheresgig is the corresponding operator in tig., basis.

. 1
B. Excited states Ese= E(Rl)IE /_(_Tﬂxl 2+Qz(152!

The g tensor of the excited state is highly anisotropic.
Here we assume that the crystal is oriented at an adgle
between the axis and the axis of the laboratory coordinate

system. In the basis of the statég.se= |°E,u,,—3), 1\/—(m
5, : = F= + :
I2E,u_,3) and ¢e76=|?E,u_,—3),|%E,u  ,3) the Hamil- E7e=E(Re) ¥V +
tonian is
The magnetic transition matripZ ™29 for the excited states
is
-x—0V  o® 0 0
1l o®  —x+al® 0 0 :
=2l o 0o A0 o |’ s =M MM,
0 0 0@ A+0f) with the matrix
gPcog )  —g{Psin(6) 0 0
N gMsin(6)  gPcog 6) 0 0
T 0 0 gPcog6) —gPsin(0)
0 0 —gPsin(9)  gMcog 6)
|
C. Transition-matrix elements elements for circularly polarized light are

The transition matrix elements for the optical excitation of
the R lines were calculated by Sugano and Tangtg and
by Henderson and Imbus¢B6]. In the eigenbase the matrix with

= (el gy =MIp =My,

043816-5
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2
0 = 0 0
3 692.25
2
0 0 0 — \/;
W= (el dg)=C* N , 9220
0O 0 —— 0 E
3 =
0 0 2 0 692.15
3
\F 0o 0 o0 692.10 \
V3 ! — . .
2 0.5 1.0 1.5 2.
0 0 ~3 0 B(T)
Mmoo :<¢e|lf| ¢g>: c 2 FIG. 6. Density plot of the absorption component of the Ramar
0 __ 0O O heterodyne signal as a function of the magnetic-field strength al
3 the laser frequency in the vicinity of tHe, line.
V2
0 ~ 3 0 0 To apply these results to a multilevel system like ruby, w
sum over all three-level subsystems of the eight-level sy

The prefactorsC* are functions of the energy splitting be- tem.

tween the state$E and “T,, the transition strength of thg
band and the single-electron spin-orbit matrix elemes. VI. SPECTRA

The experimental setup used to obtain these spectra |
been described elsewhdf27]. The experimental data were
We consider first the Raman-heterodyne experimenebtained from a ruby crystalconcentration of CrAl 5

where the polarization of the incident light is modulated be-X10™%) of a cylindrical shape(5 mm diameterx2 mm
tween left and right circular and no analyzer is used befordhick), which was kept in liquid helium at a temperature of
detection. An expression for the Signa| is given by E@ 1.8 K. The power of the laser |ight was about 5 mW, while

V. SIGNAL IN MCD CONFIGURATION

and the difference expressions from Table |, the microwave power was 150 mW at a frequency of 13.
GHz. The spectra were taken by scanning the magnetic fie
MCD iLNE3wrw, e ae s and keeping the wavelength of the laser fixed. 32 spectra f
S :T'[{(Mn Moz~ 13 H23) the R, line and 28 for ther, line were recorded at different
wavelengths, and a simultaneous fit of all spectra yielded
X AT 0L ,omw) = {(wiatos’ — Misttas) consistent set of parametefEables Il and 1V.
XA oL, —oww}], 5 A Overview

where the frequency and magnetic-field dependence is eX- Figure 6 shows an overview of the calculated absorptior
pressed by the triple-Lorentzian lines;, . The prefactors phase component of the Raman-heterodyne signal as a fu
are proportional to the producis;zu;; of the optical and  tion of the magnetic field and the laser frequency close to tr
magnetic transition-matrix elements. In E§) only the op- R, line. This representation clearly shows the different cor
tical transition-matrix eIement,aﬁ contain complex expres- tributions to the signal: the magnetic resonance transitiol
sions in the proportionality factolG . For the trigonal field occur at constant magnetic fields, independent of the las
of ruby the absolute valu¢€*|=|C~|=C are equal, there- frequency. In this two-dimensional representation, they a

fore we can write the product pear as vertical stripes at 0.3 T, 0.4 T, and 0.7 T. The optic
- . e s and magneto-optical resonance lines follow the splitting c
Maattos = M1z Hoz=|Cl MMy, the Zeeman levels of the ground state because the splitting

_ _ . . the excited states is much smaller; they can be seen as di
in terms of the real matrix elements;; . With this notation,  onal lines in Fig. 6.

the signal becomes If the laser wavelength is close to the optical transitiol
frequency, the different signal contributions overlap. A

:iLN|C|2E(2JwLwR larger detunings, i.e., for wavelengths>692.225 nm on

MCD O
S f (M 3Mag— My gMyg) <692.125 nm, the magnetic resonances are separated fr
. the optical and magneto-optical resonances, as can be s

X{Ad o, —onw) ~ Ald oL, onw)}- by the examples of the spectrum at 692.081 nm in Fig.

043816-6
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NAhPROWOWONDN
Q0 .00~ 00 ~] 00~
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P

o, W M e, e,
Forare - o,
0 . e A — -~ St

B (M

FIG. 7. An example of a fitted experimental spectrum at
692.081 nm(simulated spectrum, dashed line; experimental spec-
trum, straight ling.

While the EPR transitions are at 0.3, 0.4, and 0.7 T, the
optical transitiony, < ¢, g appears at 1.4 T, with the corre-
sponding magneto-optical transitions at 1.1 T and 1.7 T.

The dependence of the Raman-heterodyne spectra on the
optical wavelengthn has been shown previously to provide
very useful information on the orientation of optical transi-
tion moments in anisotropic biological systerfs3]. The
wavelength dependence is also correctly explained by the
theory presented here. Figure 8 depicts the signal amplitudes FIG. 9. Contributions of the different three-level subsystems
for the magnetic resonance at 0.3 T as an example. Th&e absorptioritop) and dispersioribottom) phase of the spectrum
agreement is better with the experimental data folRhéne  at 692.081 nm. Solid line, measured spectrukyl,(n), contribu-
then forR;. tion of the subsystem of the three statis ¢, and ¥, to the fit.

In order to demonstrate how much the separate three-levdhe inset shows the main contributions of the dispersion ph:
subsystems contribute to the overall signal, Fig. 9 showgetween 0.25 T and 0.5 T.
these contributions for the spectrum at a wavelength of
692.081 nm. The main contributions at this wavelength arehat the separate contributions can cancel pag|g8—31.
due to the subsystemg i, 47 and 1,45, Which best ful-  Figure 10 depicts the contributions of the Stokes and ar
fill the optical resonance condition at this wavelength. TheStokes-Raman waves to the spectrum at 692.081 nm. In
subsystems), 3147 g and 31444 give rise to the two EPR  magneto-optical part of the spectrum, each wave contribu
lines at 0.4 T and 0.3 T, respectively. They are farther fromo the center resonance and to one of the two sidebands
optical resonance but fulfill the magnetic resonance condithe EPR part of the spectrum, the Stokes and anti-Sto
tion. TheV-type subsysteny, g reduces the amplitude of waves contribute to all resonances of the dispersion sig
the Stokes magneto-optical line at 1.1 T and increases theith different sign and similar amplitude. The resultant an
amplitude of the optical line and the anti-Stokes magnetoplitude of the magnetic resonance lines is therefore sign
optical line at 1.4 T and 1.7 T, respectively, if the splitting cantly smaller than its two Raman contributions. To increa
factorsggl’z) are chosen as they are given in the literature. the signal of the magnetic resonances it might be advar

Stokes and anti-Stokes fields contribute to the Raman siggeous to detect Stokes- and anti-Stokes contributions se
nal with different phase and amplitude and it has been showrately [7].

B (T)

8 fit abs. M
fitdisp_ ................ :::‘%'5:;) . .
4 Lexpt. abs. - P
expt. disp. - i FIG. 8. Wavelength depen-

dence of the magnetic resonanci
at 0.3 T. Experimental amplitudes
are shown as circles, fits as lines
(solid line, circle: absorption; dot-
ted line, open circle: dispersian

692.1 692.2 A (nm) 693.6 693.7
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TABLE Ill. Results of fit parameters.

8t R1 R2
|C|(107%°Cm) 1.075 1.162
fs 1.461 1.318
E fo 1.538 1.253
247 Y"29(10° s71) 1.868 2.165
. g{)-exet 0.1335 0.0394
.,
0 P— I, wave power clearly shows that this is due to saturation.
. While the theoretical spectra were calculated with the Bolt-
expt. —— zmann distribution of the ground-state populations, which
4l anti-g{gﬁgg — corresponds to population differences of the order of 10%,

saturation reduces these population differences. As in con-
ventional EPR, saturation effects are stronger in the absorp-
tion signal than in the dispersion compongB2)].

We take these effects into account in the theoretical spec-
tra by setting the population difference in the ground states
(p9—p{9) to zero for the absorption component. The dis-
persion component was multiplied by a scaling factor
and a saturation contribution was added to the width of the

105 AA

- - - EPR line.
0 0.5 1 1.5 2 From the theoretical analysis, we expect that the optical
B(T) transition and the two magneto-optical transitions should

have the same line shape. Experimentally, we find that the
r?’nagnetooptical lines are significantly broader. We take this
into account in the simulated spectrum by scaling the
dephasing rate of the Raman transition with a fagtorwith

these modifications, the triple-Lorentzian line-shape function
is (for numerical values of the fit parameters see Tables llI

FIG. 10. Contributions of the Stokes and anti-Stokes-Rama
waves to the absorptioftop) and dispersioribottom) phases of the
spectrum at 692.081 nm. The inset shows the main contributions
the absorption phase between 0.25 T and 0.75 T.

B. Line shapes

. . . ) and V),
The dispersion part of the magnetic resonance signal is
well represented by the theoretical expression, but the ex- 1

perimental absorption signal is significantly smaller than the Arzd oL, opmw) = wy3— 0 — owtiTpY2s
theoretical value. The dependence of the signal on the micro-

0 0
P(33)_P(11)

TABLE Il. Literature values of the splitting factors, energies, w13~ @, +i Y13

and zero-field splitting.

0 0
o (P(zz)_ p(ll))((")Zl_ onw)

Parameter Experimental value Thedry
> (021 opw) (720

9.(*A,) 1.9867+0.0006 1.9890 2L MW 2

g, 1.9840+0.0006" 1.9789 .

5=2D 038 cnilh (~)0.16 cnm'? C. Splitting factors

£ —11.447 GHz) The literature values of the splitting factors, energies, and
gV <0.06° 0.004 zero-field splitting are listed in Table Il. The results of the
@ <054 0.04 fitted parameters are summarized in Tables Il and IV. These
g® 2 44+ 0.08¢ 2.59 parameter values have been used to calculate the signal. In

g 1.48+0.08¢ 1.23 our experiments the crystal has not been perfectly oriented

E(R,) 14418 cm?t® 14588 cm't o o .,

E(R,) 14447 et e 14626 ot TABLE IV. Optical linewidth vy, in units of 1 s™1.
®Referencd 34]. mm L 2 3 4
PReference 33]. 5 16.473 10.244 17.690 56.972
‘Referencd35]. (The sign convention of the splitting factogs of 6 13.263 11.046 17.040 5.244
the excited states differs here from the cited literajure. 7 15.973 10.961 15.111 9.614
“Reference 36]. 8 11.376 5.525 15.535 23.370
®Referencd 37].

043816-8



MAGNETO-OPTICAL AND EPR TRANSITIONS . . . PHYSICAL REVIEW A 66, 043816 (2002

expt. ——
i —
| 200 r
w4 L
PerTTe H jp— . “«
0 it "t i
0 0.5 1 15 5

B(T)

FIG. 11. Contributions of V- and\-type configurations to the
absorption phase of the spectrum at 692.081 nm. The inset depicts
the detail between 0.25 T and 0.75 T.

(0=4.93°). Thus the strong anisotropy of théensor of the

excited states causes a slightly bigger splitting than expected
in perfect orientation,

g)((l),eXDtNO.li

g eP,04.

While most of the signal is due ta-type three-level sub-
systems, the optical and magneto-optical resonance lines also I
include contributions from V-type configurations. Figure 11 c i
compares the two types of contributions. The amplitude of 5_ 0
the V-type configurations depends on the splitting factors ©

(12)which determine the magnetic transition-matrix ele- -
ments of the excited states. The contribution is relatively
small for theR,-line spectra, but is significant for the shape
of the R;-line spectra. It is experimentally quite difficult to
measure the sign of the splitting factors of excited states with 0 0'2
other techniques, but their absolute value has been measured |
precisely(Table ).

04 06 08 1
B(T)

FIG. 12. Comparison of spectr@ispersion phases at 692.2(

D. Optical configurations nm) taken with MCD, MLD, and MCB configurations.
The biggest Raman signals are obtained with the MCD-
optical configuration discussed above. The other possible E. Additional resonances

configurations, which are listed in Table |, yield signals ) ) o )

whose information is complementary to that obtained with While the signal contributions discussed up to now e
the MCD configuration. The spectra depicted in Fig. 12 havé?lain most of the features of the experimental spectra, !
been taken with an MCD, MLD, and MCB configuration found some additional resonance lines under specific exp:
according to Fig. 5. mental conditions.

In contrast to the MCD spectra, the MLD spectra depend The first kind of additional lines are absorption type line
on the relative phase of the produ@$C * andC C**. appearing at 0.28 T, 0.35 T, 0.55 T, and 0.84 T. The lines
Good agreement between the simulated and experiment@l28 T and 0.84 T are small and only observable in a narri
spectra is achieved with the relati@¥C *=—-C " C**.In  range of experimental parameters. The lines at 0.35 T ¢
principle, the spectra measured in an MCB configuratiorD.55 T appear at almost any wavelength where the sig
should provide the absolute phase®@f andC~, because amplitude close to these lines is sufficiently high. As di
these spectra have contributions from both the MLD con-picted in Fig. 13 these lines can be assigned to double qu
figuration scaling withC*C™* andC~C** and the MCD tum transitions AE=2Aw),) between the ground-state
configuration scaling witt|C|2. However, the MCD part of components. Double quantum transitions are not excited
the signal is much larger than the MLD part, so that thesecond-order perturbation theory, since the matrix eleme
resulting uncertainties for the phase®f are quite large.  of the magnetic dipole operator vanish for these transitiol
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20

Energy/h (GHz)

10° AA

H

10° AA
A o

10% AA

-40 692,220 nm

0 0.2 04 0.6 0.8 1 , . s .
BM 0 0.2 0.4 0.6 0.8 1

FIG. 13. Appearance of double quantum transition resonances B (T)

demonstrated by spectra at 692.220 fabsorption(top) and dis- ]
persion(bottom phasé. FIG. 14. Narrow lines at the EPR resonances at 693.578 |

[absorption(top) and dispersioribotton) phasé.
However, they can be described in an analogous manner by

extending the perturbation expansion to higher order. of the laser frequency, while the second signal contribution

The second kind of additional lines are very narrow andassociated witlfmagnetojoptical transitions and shifts with
appear under EPR—resc_)nanqe cqndmons at wavelengths clogg |aser frequency. Depending on the width of the optic
to 693.580 nm, as depicted in Fig. 14. At other wavelengthsesonance lines and the laser frequency detuning, one or
just small deformations in the dispersion line shape hint thaginer of these contributions may dominate the spectrum.
additional lines with smaller line width contribute to the sig-  goth signal contributions can be described quantitative
nal. A possible explanation for the appearance of these IinQ§y second-order perturbation theory. Using the we

is that they are due to Cr ion paif88,39. For such pairs, characterize lines of ruby as a test system, we have ol

ticularly for the absorption component, and the linewidth  compared to other treatmeri—7,13, the theory yields
would be reduced. The energies of the optically excitedne signal for arbitrary optical configurations. It is applicabl

cal resonance condition for these ion pairs is therefore difnarrow optical resonance lines.

ferent from those of the isolated ions and the signal maxi-
mum appears at a different wavelength.
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