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Spectroscopic studies and the efficiency of optical coherent transient devices can be adversely affected by
interference arising from several distinct Rabi frequencies associated with crystallographically equivalent but
orientationally inequivalent crystal sites. General symmetry principles have been used to find light field direc-
tions that guarantee both optimum single-Rabi-frequency interaction and the most efficient coherent transient
generation in arbitrary crystals. This theoretical analysis has been applied experimentally to a wide range of
rare earth crystals, many of which are important for technological applications. Site interference in optical
nutation provides a simple illustration of this effect. Optimum single-Rabi-frequency nutation signal was
obtained for the’Hg(1) to 3H,(1) transition of 0.1% Tr": Y 3Al O, when the lightE vector is along special
crystal directiong111) or (001). Quantitative comparison of nutation frequencies for light polarized along
different directions allowed the determination of the optical transition dipole moment to be(@lb@gfor this
transition. The transition dipole moment derived from the nutation signal agrees within 15% with that obtained
from absorption experiments. Other applications of nutation measurements are discussed, including a proce-
dure for determining site occupancy in crystals with crystallographically inequivalent sites.

[. INTRODUCTION crystal will be driven in phase, and this provides a much
simpler coupling between the ions and the radiation field and
A variety of optical-electronic applications and spectro-a cleaner transient response.
scopic techniques are based on the coherent interaction of Natural and synthetic optical materials have a wide range
optical radiation fields with ion-doped or molecular crystalsof potential crystal lattice symmetri@aVithin these materi-
of various types; these interactions include optical cohererdls, active ions or molecules occupy crystal lattice sites that
transients, spectral hole burning, and spatial-spectral hologztan be cataloged into subsets, with members of each subset
raphy or time- and space-domain holograpi¥.Devices  having identical surroundings and having the same resonant
based on coherent transient concepts are useful in opticélequency for coupling to optical radiation; the members of
data storage, real-time optical signal processing, and opticalach subset are said to be crystallographically equivalent.
data routing and have applications including computersgach crystallographically equivalent subset of lattice sites,
communications networks, the internet and other networks,owever, may contain ions or molecules with a finite number
optical correlators, true time delays in radar, and numerougy gitferent spatial orientations, and these may be described
other applications. , o as orientationally inequivalent. The optical transitions of the
In this paper, we are concerned W'th optimizing the 9€MNons or molecules can be described by two energy levels and
>é\'transition dipole moment. In general, these transition di-

plalned in the next paragra}ph, coherent signals with SEVETdole moments can have different spatial orientations, accord-
time dependences are typically generated, and the interfef-

ence of these signals reduces the sensitivity and effectivene _to the d|ffere_nt or!entatlo_ns Of. the cry_stallographlcally
quivalent but orientationally inequivalent sites noted above.

of the spectroscopic technique and the efficiency and tim% larized liaht b ith inal ical ion di
resolution in device applications. All possible combinations” ©'arzed light beams, with a single optical propagation di-
ction, can have many different spatial relationships with

of space and point groups have been examined, and comB#

nations of light polarization and propagation directions havePtherwise identical ions or molecules. When resonant coher-
been identified that result in a simplifiedingle-Rabi- €ntinteractions occur, the interaction of the optical field and

frequencytemporal behavior. That is, for these special iden-the two-level systems can be characterized by the optical
tified single-Rabi-frequency directions, all active ions in theRabi frequency)=p-Ey/%, wherep is the electric dipole
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moment with components;=(1/p;|2) andlio is the optical gained in those other cases. Optical nutation was first ob-
electric field vectof. Similar expressions apply for magnetic Served experimentally by Hocker and Tang in 19@Bewer
dipoles and magnetic optical fields. The Rabi frequency i¢nd co-workers developed Stark switching and frequency
determined not only by the magnitudes of the transition di-SWitching techniqués® for observing a number of transient
pole moment and of the optical field, but also by the projecphenomena including optical nutation, free induction decay,
tion of one onto the other. Consequently, when arbitrarinDhOton echoes, and others. Interference effects in these tran-
polarized radiation is propagated through such materials witgient phenomena, caused by the simultaneous excitation of
transition dipoles pointing in different directions, the coher-many levels, have been observed. The interaction of an
ent interaction of the field and the crystalline matter will atomic system with magnetic sublevel degeneracy with co-
induce macroscopic polarization oscillations at several difherent light has been described theoretically by SHaned a
ferent optical Rabi frequencies rather than giving the desiredemonstration of this effect was given by Delsart and
single-Rabi-frequency response. In device applications, th&eller'? and later by Kastbergt al'® Here we demonstrate
presence of multiple optical Rabi frequencies generally rethe interference effect due to orientational inequivalence of
duces the effectiveness due both to consequent complex traghe transition from contributions of multiple differently ori-
sient material polarization behavior and to reduction of theanted sites.

associated optical signal amplitudes radiated by the material. The direct measurement of the Rabi frequency, and thus
Such mterfe_rence can in turn limit the optlc_al-electronlc SYSthe pulse area in a transient experiment, provides a way of
tem bandwidth and hence the response time and data hafeasuring the oscillator strength of an optical transition, in-
dling capability. The interference may also reduce the Opt'cabependent of an absorption experim&htnterpretation of

d:cl;fir?ctlon .eff|C|er?((:jy, €., the s?na: je:ectlczzrtlég; detfleclnon absorption experiments requires the number density of active
eticiency In such devices as optical data ro optica ions, and that often cannot be known accurately. In some

communications networks and wavelength-division mum'crystals, there might be multiple crystallographically in-

plexing systems. In fundamental studies of material proper- Livalent sites for the same ion. and there is no easy wav to
ties, the confusing optical beating complicates determinatioﬁq th t fd i N . h site b fy h y d
of transition dipole moments and comparison of various tran- how the percentage of dopant lons In €ach site betorehand.

ptical nutation provides an independent way of measuring

sitions. Here we show that both fundamental studies and dé? . e )
vice applications benefit from specific choices of light polar-the oscillator strength and allows determination qf site occu-
ization relative to the crystal lattice structure. pancy. For example, we have measured the optical nutation
To avoid the deleterious effects of this multiple-frequency©n the ®H,-'D, transition in P#*:Y,SiOs for PP ions in
interference, while still being able to optimize other systemboth Y** lattice sites. Combining the nutation experiment
parameters, it is necessary to be able to obtain single-RabWith an absorption experiment has allowed us to show that
frequency behavior through a choice of experimental condithe two crystallographic sites have very differémtore than
tions. The small group of materials that have only a singlden times different occupancy by the Bf ions, probably
site orientation can readily exhibit single-Rabi-frequency be-due to the large ionic radius mismatch betweef"Pand
havior. Here, we show that any low-symmetry material alsoY®" and the specific site properties in the crystal. Details of
can exhibit single-Rabi-frequency behavior. To be able tdhat experiment will be discussed in a subsequent paper.
use a low-symmetry material that has otherwise ideal prop- In many systems, the direction of the transition dipole
erties in these applications will be a great advantage. may not be known relative to the local axes, and it is not
We consider, in this paper, the dynamics of two-level sys-easy to measure traditionally. Optical nutation provides a
tems under coherent excitation that involves orientational insimple way to find this direction, as we show here for the
equivalence, i.e., the transitions correspond to the same cry§Hg(1)«— 3H,(1) transition in Tm*:Y3;Al;0;, (YAG).
tallographic site and have the same transition frequency, but We first give a simple introduction to nutation theory and
the transition dipoles are oriented differently in the crystal.the functional form for the nutation signal in the ideal situa-
Specifically, we study the interference effect of these dipolesion of a Gaussian beam. In systems with multiple site ori-
in optical nutation and provide special light polarization di- entations, the nutation signal arises from a sum over all the
rections onto which all active transition dipoles project iden-sites with different Rabi frequencies. We then describe a
tically. In some materials this is relatively simple and may beprocedure for finding the symmetry direction for light polar-
achieved for all active ions. For the remaining class of maization in an arbitrary crystal, so that there will be only one
terials, it is possible to achieve the simple single-Rabi-Rabi frequency. The results for all combinations of space
frequency behavior for only a subset of ions, but it is still groups and point groups have been tabulated. The derived
possible to achieve the desired behavior by simultaneouslyehavior has been observed in a wide range of rare earth
turning off coupling to the remaining gro(g of active ions.  crystal systems. As an illustration, we present our optical
In summary, single-Rabi-frequency behavior can benutation experiment on théHg(1)« 3H,(1) transition of
achieved for all crystal classes either by making all dipole€.1% Tnt*:Y3Als0;,, Where we have varied the light po-
project along the optical field in the same way or by makinglarization in the crystal and measured the optical nutation
some of them project the same while others are perpendicwith six interfering Rabi frequencies. In the discussion of
lar to the light field and do not participate in the transition. this experiment, we show that all of the nutation signals for
To illustrate one of our solutions, optical nutation wascompletely arbitrary polarizations can be simulated by mul-
used to directly measure the Rabi frequency. Optical nutatiotiple site interference, and when the polarization is aligned
was chosen as a simple prototype for a broad range of opticalong the predicted symmetry directions single-Rabi-
coherent transients, and similar advantages are obviousfyequency behavior results. From these measurements, we
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also have determined the direction of the transition dipoldude and a simple wave form when all Rabi frequené€igs
moment. are the same. Since the nutation frequency for an individual
ion is determined by the scalar product of its transition di-

[l. NUTATION THEORY pole moment and the electrical field vectg of the light,

A two-level system driven by a resonant, monochromaticthis requirement can be met by ChOOSiDgé&flSUCh that all
field exhibits optical nutation as the ions are coherentlyexcited dipoles project identically onto it. _ _
driven between the ground and excited states. The nutation Through exhaustive consideration of all possible combi-
frequency exactly on resonance@=p- o/, wherep is  Nations of the 32 point groups and the 230 space growes,
the transition dipole moment ari, is the amplitude of the have shown that a solution exists for all physically allowed

electric field. For off-resonance ions, the nutation frequencygombinations. For uniaxial crystals, tHg direction can be

is given by A2+ Q2)Y2whereA is the detuning. Due to the chosen to be the unique axis. For biaxial crystals i_t can be
presence of inhomogeneous broadening, the nutation tak&é§0sen to be the optical normal, although other directions
the form of Q2J,(€2t) from the averaging effect of all ions May also serve this purpose, especially if the transition di-
under the inhomogeneous line shape, even with monochrdole |s_perpend|cular to the above mentioned direction. For
matic excitation® In an experiment using a Gaussian beam,@n arbitrary crystal symmetry, the general procedure de-
averaging over the whole transverse beam profile makes thribed below has been developed for finding a suitable di-
nutation behave a§)2J;(Qt)/Qt, so that the “Rabi fre- rection. First, one finds a light polarization directifg with
quency” of the nutation is still determined by the intensity in equal projections on a subseof the m different local dipole

the center of the beam. The phase relaxation of the systerfirections i<m). This direction has to be perpendicular to
and spontaneous emission make it impossible for an analytthe remaining n—n) dipoles. Second, one propagates the
cal form of the nutation to be obtained, but we can take intdight beam perpendicular to the polarization direction cho-
account the inhomogeneous dephasing of the system by wrisen. While it may not be obvious that this is possible for all

ing cases, we have considered each in turn and have tabulated
the results of this analysis in Table | for linearly polarized
_yT 2 91(21) light. For limited combinations of space and point groups,
e 20 ot @) special characters of circularly polarized transitions can also

be considered. Circularly polarized transitions can occur

where T3 is an inhomogeneous dephasing time determine@nly in uniaxial or cubic crystals. For those cases, the tran-
by material coherence properties and laser excitation bandition dipole can be thought of as rotatiagpunda particular
width. In an experiment with high optical density, the aver-axis, left or right handed. In uniaxial crystals, that axis can
aging effect along the optical path in the sample can als@nly be the unique optical axis, and circularly polarized light
alter the nutation pattern since the light intensity decreasegith proper handedness should be propagated along this axis
along the path. Depending on the relative amplitude$f to achieve a single Rabi frequency. In cubic crystals, the axis
and 1L}, we may or may not be able to observe the nutatiorcan only be along th€100) and/or(111) axes. If the axis is
signal. That problem did not arise in the experiments dealong (100, circularly polarized light with proper handed-
scribed here. ness propagating along any of tf{@¢00 axes induces a

In a crystalline system with many crystallographic sites,single Rabi frequency. For the specialized case of the axis
transition dipoles for the same optical transition frequencyalong (111), no single-Rabi-frequency direction can be
can have different spatial orientations. These different sitefound to propagate the light due to the nonorthogonality of
usually have different nutation frequencie3; & 5i . Eo) due these axes. o _
to the different projections ofo along the local dipoles on In Tab_le [, at least one solution is listed for all possible
orientationally inequivalent sites. The total nutation signalcombinations of crystal host systerfgpace groupsand lo-
can be expressed as the addition of the original electric fiel§@! crystal sitespoint groups. For a small fraction of the
and the polarizations of all the sites. A first-order approxi-c2Ses, with a combination of high crystal symmetry and very
mation assuming small material polarizatiétompared to Io_w site symmetry, a solution exists only .vvheln thg transition
the external field intensilygives the intensity of the nutation diPoles are aligned along some specific directions in the

signal as crystal. For example, at the end of Table I, we have listed the
combination of crystal systems with,, symmetry and local
J(Q) sites with C; symmetry. A single dipole direction can be
|°<00n3t+2i (Qi)zﬂ—ite T2, (2)  found only when the dipoles are aligned alofig or C5; a

general solution is not available when the dipoles are along
The resulting signal normally has a complicated irregularan arbitrary direction. . . .
temporal shape. Similar effects have been observed in atomic For birefringent crystals, considerations were limited to

beam systems with magnetic substate degenéracy. the major polarization axes and planes. Other arbitrary po-
larizations were not considered because the change in polar-
IIl. GENERAL SOLUTION EOR ization state during propagation would invalidate such
SINGLE-RABI-FREQUENCY BEHAVIOR choices.

The rare-earth-doped crystals that have been used in all
The interference of the different terms in E) will be  demonstrations of coherent transient applications have gen-
constructive, giving a nutation signal with maximum ampli- eral solutions. We have experimentally tested the cases of
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TABLE I. All the single-Rabi-frequency directions for all crystal symmetries and for every possible site symmetry for each crystal
symmetry. When there are several possibilities for the same symmetry label, the@3hetsl C} were also used in addition 6,, and
04,0, are used for the vertical mirror planes in the convention of Kostel. (Ref. 27).

Crystal classes Possible site symmetries Conditions Single-Rabi-frequency directions
Triclinic
Ci Ci all (all directions work
Ci Ci all
C, all
Monoclinic
C, C, all
C, | andL C, and a plane that bisects the dipoles
Cs(Cyp) Ci o andLo
Cs all
Con Ci1, G, G o, [IC,
C,, Cyy, all
Orthorhombic
D, C., C, 3C,’s
D, all
C,, Cq, Cy, Cq 3Cy's
C,, all
D,y C,, Cy, Cq, Ci, Cyy 3Cy's
Cs,» Dy, Dy all
Tetragonal
C, C,, Cy [C,, 4 directionsL C, and 45° from each other
C, all
S, C,, Cy | S4, 4 directionsL C, and 45° from each other
Sy all
Cun C,, C,, Cq, Cyp |C,, 4 directionsL C, and 45° from each other
Cay S4, Cap all
Dy C., Cy C, axis
D,, C}, C) C4,C5,Ch
Cy4, Dy all
Ca, C., Cy C, axis
C,,, Cs C, axis andLC, in o4 and o,
Cs4, Cyy all
Doy C., Cy S, axis
D,, Cy,, Cs, C; S,,C; axes and 2 directions S, in oy
S4, Doy all
Dup C4, Cy, G, Cq C, axis
D2, Can, Cyy, Cp, C7, C4.C5,C}
Ce(oq,0,)
S4, C4, Cyn, Dy, Cyyy Doy, Dapy all
Trigonal
Cs C, [C5 and 3 directions. C5 (120° apait
Cs all
Cyi C,, G [C5 and 3 directions. C5 (120° apaix
Cs, Cy; all
Ds Cy ICs
C, if | C, 1 to bothC, andC,4
if L C, C, andC; axes
Cs, Dy all
Csy Cy ICs
Cs if Lo, 3 direction. C3 in o,

ifin o, Czand Ll o,(3)
Cs, Cy, all
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TABLE I. (Continued.

Crystal classes Possible site symmetries Conditions Single-Rabi-frequency directions
Dyqy C, C; axis
C,, Cy,, Cq if |C, 1 to Cg in the mirror planes
if L C, C; axis and 3 directions alon@,
D3, Cs,, Dag all
Hexagonal
Cs Cs, Cq all
Ci, Cy Ce axis, and 3 directions to Cg
Can Cs, Cap all
Ci, Cq C; axis, and 3 directions to C,
Coh Cs. Can, C3, Cen, Cy; all
C., Ci, Cy, Cq, Cyy, Ce axis, and 3 directiong to Cg
D3 Cs, Can, Csy, D3, Dy all
C,,, Cy, Cq C3; and 3C,’s or C5 and 3 directions. to C, andCjy
C, C; axis
Cev Cs, Csy, Cs, Coy all
Cyy, Ci(og,0,) Cgandl oy, orLo,
C., Cy Cg axis
Dg Cs, D3, Dg all
D,, C;, C} Cg axis andC; or C}
Cy, G, Cs
Den Cs, Cu, Cg,, Cyi, D3, Cg, all
Dsn, D3ds Cey s Cens Ds
D,, Dy, Cy,, Cy, C5, Cg andCj or Cj
Cyp (C, axis of Cy, L Cg axis) Ci(oy,0,)
C1, G, Cs, Cy, Cyp Cs axis
Cubic
T Ci, Cy if |C, C, andC; axes
C; C, axes
D, Cz; andC, axes
T all
T, T, T, all
Cs, Cy Cs
Doy, Dy, Cy, C, andCs
C4, G, Cq, Cy, Cyy if |C, C,, C3 and L C, in mirror plane
Ty T,Ty all
Cs.Cy, Sy
Doy, S4 S;, Cg, andL S, in mirror plane
D2.Cy $4,Cs
Cq, Cy, Cq If |S, S,,Cs
or Loy
@) T,0 all
Cs, D3 C,
D4, C4 C4,C3, C;
D, C4.C3
Cq., Gy if [C, C,4,C3,C)
if ||C5 C4.C3
o T, Th, Tq, O, Oy all
C3,Csi,Cs,,D3,D3g Cs4
D4, C4,, Dyg, Dan, C4, Ss, Cup C, andC; andC,
D2, C, Do C, andCgy
C,, C,, Cq, Ci, Cyp if [C, C, andC3 andC;,

if ||C5 C, andCy
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FIG. 1. Orientations of the six orientationally inequivalent sites
of the Y3* ion in the yttrium aluminum garnet crystal latti¢Ref.
26). Each lozenge-shaped parallelepiped represents the Ibgcal
symmetry for a subset of sites. They, andz axes are the local
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cation, if the electric field vector of the light beam makes
unequal angles with each of the six classes of dipoles, un-
equal transition intensities will result for different sites and
consequently different nutation frequenci€s [Eq. (1)].
From the general solution given in Table I, we find that when
the polarization is alon@111], [001], and their equivalents,

the electric field vectoE (light polarization will have the
same angles relative to a group of the transition dipoles,
resulting in identical Rabi frequencies and contributions to
the transition intensity, while the remaining dipoles are per-
pendicular tol?o and are not excited. Details are given in
Sec. VI where the orientation of the dipoles for this transition
is deduced.

The 0.1% Tm™:Y;AlsO;, crystal was grown at Scien-
tific Materials Corp. and cut and polished withl10 and
(111) faces, 3.6 mm along thel 10] direction and 5.3 mm
along the[111] direction. The crystal was immersed in liquid

axes for site 1. Experiments were carried out with the light passinqielium at 1.4 K. The*Hg(1)« 3H,(1) transition(793.156

along the[lTO] axis and the light polarization was rotated from
[110] to [001]. « is the angle betweelle0 and[110].

PRT:Y,Si0s, Tm* :YAG, the EP' #l541)< *l1341)
transition in EFT:YAIO3, EFT:LINbO;, EF*:CawQ,,
EFr*T:SIWQ,, EFP":Y,0;, EPT:Y3AI0;,, and
Er*:Y,SiOs. Single-Rabi-frequency directions have been
confirmed for each of them. Here we present optical nutatio
measurements for TH1:YAG as an illustration of the
broader range of results.

IV. EXPERIMENT

nm) has an inhomogeneous linewidth of 20 GHz and a peak
absorption coefficient of 1.5 cnt. The total absorption
strengthf ado is 1.6 cm 2.

An argon ion laser pumped single-frequency cw Ti:sap-
phire laser(Coherent 899-21with 1 MHz frequency jitter
was used in this experiment. A liquid crystal laser power
controller (Cambridge LPE was used to maintain laser

ower on the crystal constant within 1% in different experi-

ental conditions. Two acousto-optic modulators in tandem
were used to generate square optical pulses Wit0 us
duration. The laser was focused into the modulators to pro-
duce pulses with a fast rise time of 50 ns. Because of the
long lifetime of the intermediatéF, metastable level, the
experiment was carried out at a 20 Hz repetition rate to allow

To illustrate the collective oscillation and the interferencethe excited state popu|ation to relax back to the ground state
of the oscillations of all the sites in a Crystal, we chose dhetween pu|ses_ An aperture was used to clean up the edge of
two-level system: théH,(1) to *Hg(1) electronic transition  the collimated laser beam after the acousto-optic modulators.
of 0.1% Tm*:Y3AlsOy,. This transition occurs at 793.156 The laser beam passed through\& retarder and then a
nm and is electric dlpole allowed. This system has been StUCG|an-Tay|or po|arizing prism that was used to control the
ied spectroscopically™*® and used for the demonstration |aser polarization. The polarizer was rotated to the desired
of several applications utilizing coherent transientpolarization direction and then the2 retarder was rotated to
techniques?~**The excited statéH,(1) has a long sponta- achieve maximum light output through the polarizer. An
neous decay timeT(;~800 us) and a long dephasing time =7.5 cm lens was used to focus the laser onto the crystal
(T>~110us) at 1.4 K. The ¥AlsO;;, crystal has cubic wijth an wy=14 um waist radius. The crystal was oriented

symmetry with space-grou@;(la3d) and eight formula so that the laser propagated along either[th#0] or [111]
units per unit celf** The Y** ions occupy six crystallo-  girection. The transmitted light was measured by an EG&G
graphically equivalent but orientationally inequivalent sitespnp-100 photodiode and averaged using a Tektronix
with dodecahedral point symmetr¢ point group. As the  TpsgE20A digitizing oscilloscope.

optically active ions are doped into the garnet, they normally

substitute for the ¥* ions and experience the saig sym-
metry. The site symmetry is shown schematically in Fig. 1
wherex, y, andz are labels for the local orthogon@l, axes
for the D, symmetry of site £° The D, point group sym-
metry has four one-dimensional irreducible representations As expected from Table |, the optical nutation signal for
Iy, I'y, I's, andI',, and the transition dipoles necessarily light polarized along111] and[001] exhibits single-Rabi-

lie along eitherx, y, orz, depending on the electronic states, frequency behavior. The optical nutation signal;;, was
according to the selection rules for electric and magneticecorded as a function of laser intensity to verify that the
dipole transitions inD, symmetry?’ Since the locak,y,z  signal was nutation, not some artifact of the experimental
axes of the six sites are oriented differently from each othersetup. The laser intensity dependence of the signals and fre-
the six sets of dipolegarising from the six sets of ¥ siteg quency of the nutation are shown in Fig. 2. The laser inten-
will also be oriented differently, even though the sites aresity was adjusted from 1.1 W/cnto 2.8x 10° W/cn? at the
crystallographically equivalent. In a coherent transient applifocus. As expected, the nutation frequencies were propor-

V. OBSERVED POLARIZATION DEPENDENCE
OF OPTICAL NUTATION
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FIG. 2. Laser intensity dependence of the nutation signal and

nutation frequency. The incident laser intensity was varied over 3.5 FIG. 3. Observed nutation signal of tRel (1)« 3H,(1) tran-

decades. The signal changes linearly with the intensity while th&ition of 0.1% Tni*:Y;Al;O,, for a laser propagating along the

frequency changes with the square root of the intensity. [110] direction and polarized alorig.11]. The incident power was
~26.3 Wicnf. The solid line through the data was a simulation

tional to the laser electric field and the nutation signals weré'sing Eq.(1).
proportional to the laser intensity, confirming the first-order
approximation of Eqs(l) and(2). In Fig. 3, we present the
nutation of this transition with the laser intensity at
26.3 W/cnt along with a fit of the signal to Eqd) (solid For the localD, symmetry of the Trii" ions, we expect
line), and we can see that the simple model describes thihe transition dipole for théHg(1) to 3H,(1) transition to
nutation quite well. In Fig. 4, we present the nutation signalfoe along thex, y, or z axis of local symmetry as shown in
observed in this crystal at the light intensity of 1.76 Fig. 1. In our conventiony andy are along thé110) axes of
x 10° Wicn?, with the light propagating along thel 10] the crystal, whilezis along thg(001) axis. First, consider the
direction and the light polarization rotated in the plane per-35€ where t.h|s dlpole IS alo.ng one of {10 d|rect!on§,
pendicular to it fron{110] to [001] in steps of~5° as illus- e.g., they axis of site 1 in Fig. 1. When the electric field

trated in Fig. 1. Especially interesting are the directions ofvector of the Ia_ser is _along any of the_threefold Sy”lme”y
[111] (C; axis and[001] (C, axi9 since those are the di- axes([111] and its equivalenjsthe laser induces transitions

rections where simple single-dipole nutation behavior is ex At identical Rabi frequencies for three of the six sites3,

pected and observed. As we can see from this graph, even d 5 in Fig. 3 and has no interaction with the remaining

misalignment of a few degrees can make a dramatic differthree. When the electric field vector of the laser is along any

ence in the temporal behavior of the nutation signal. TheOf the fourfold symmetry axeq001] and its equivalenjs

nutation signals are all calculated in Sec. VI with only thethe laser induces transitions at identical Rabi frequencies for

: o ; four of the six sites(3, 4, 5, and 6 in Fig. land has no
3?22?5?;39;)2}??5%;5? fitting the spe¢il 1] and[001] interaction with the remaining twél and 2 in Fig. 1L We

. . . . = expect the Rabi frequencies to be different in these two
The optical nutation for light propagating wikhalong the . = .
[111] direction was also studied Aéo was rotated, the nu- cases. The Rabi frequency wiliy|[111] is expected to be

tation signal was recorded. None of the measured nutation@Ster than that OE,[[001] by a ratio of cos 35.3°/cos 45°
has the special single-Rabi-frequency behavior sliyg:will = \4/3. Second, 'conIS|der the case that th!s dlpole.|s along
. : o ) - one of the(001) directions, e.g., the axis of site 1 in Fig. 1.
not have identical projections on all the dipoles for @&y  \when the electric field vector of the laser is along any of the
direction in the(111) plane. We also observedL as expectedihreefold symmetry axe§111] and its equivalenjsthe laser
that the nutation traces repeated themselveE@a®/as ro-  induces transitions at all six sites with identical Rabi fre-
tated by 60°, due to the threefold symmetry around fid]  quencies. When the electric field vector of the laser is along
axis. any of the fourfold symmetry axe§001] and its equiva-

VI. ORIENTATION AND MAGNITUDE
OF TRANSITION DIPOLES
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— r T L the same laser intensity, the expected nutation Rabi fre-

K % " quency is~2.91 MHz if p||Eo.
. With the knowledge of the direction of the dipole, we can
\ 87 87 calculate the expected nutation signal due to all sites partici-
82 8 pating in the transition for all polarization directions in our
\ 7 77 experimental geometry. If the transition dipole for site 1 is
7 along[110] in Fig. 1 (similar arguments follow if it is along

&7 pe [110]), when the polarization is rotated in the (@)1plane,
- = there is a contribution to the nutation from site 1, site 2 does
~ not participate in the transition, site 3 and site 5 contribute
equally, and site 4 and site 6 contribute equally. If we call

e : g the angle the polarization makes with f1el0] direction «,

i

1! B then we have
" ‘ 42

A“ 5 “‘ 35 Ql:QO COS«, (3)

g 32 ‘: _

k - 1 V 27 Q3=05=0(cosal2+sinal\2), (4)

i 2 2 0,=0¢=Qy|cosal2—sinal 2|, (5)
17 17
" ” where(}, is due to site 1Q);=() 5 are due to sites 3 and 5,

! 0,=0Q¢ are due to sites 4 and 6, alit}y denotes the Rabi
4 frequency wher|3||I§O. The total nutation signal is a combi-

A nation of the three according to E®) so that
le(Qlt)

J1(Qat J1(Qgt
‘ Sxconst 0] —5— 1€t 21 4).
1

+203 Ot +202 ot

(6)

From earlier discussions, we know the nutation Rabi fre-
quency should be 2.91 MHz whey||p in our conditions.

This value was used to calculate the nutation signalséfpr

polarized along all of the directions in Fig. 4. As shown in
FIG. 4. On the left side are the observed optical nutation signal§ig- 4, there is very good agreement between the experiment

for the 3Hg(1)« 3H,(1) transition of 0.1% Tr*:Y 3Al50;, with and the simulation, confirming our explanation of the com-

the laser propagating along th&10] direction. The laser intensity ~plicated nutation behavior foE, along an arbitrary direc-

on the crystal was 1.2610° W/c?. The number above each trace tion. In the following calculation of the dipole moment and

is the anglea betweenE, and [110]. On the right side are the thus the oscillator strength, we use the standard Lorentz-

calculated nutation curves for the same angles according t(@Eq. Lorenz local field correction for the field interacting with the

The calculation used experimental parameters fitted only for thelipole. The conversion is=(c/87)[9n/(n?+ 2)?]|Eq|2. n

1 2 3 4 5 1 2 3 4 5
Time (ps)

two directionsEq|[111] (a=35.3°) andE,|[001] (a=90°). Al =1.822 at 793 nm for YAG. Thus,r8(n*+2)?=0.58. For
other nutation signals were calculated according to(Bpwithout  the laser intensity (1.7610° W/cn¥?) and the nutation fre-
further fitting. guency(2.91 MH2), we calculateEg to be 3.83 statvolts/cm

and the dipole moment to be 5.030 2! esu cm. This cor-

lents, the laser induces transitions at identical Rabi frequenl€Sponds to an oscillator strength of 8.¥0 ®. From our
cies for two of the six site§l and 2 in Fig. 1and has no absorption experiment, this transition hagdo =1.6 cm *.
interaction with the remaining four sites. We again expect!he 0.1% Tri* doping corresponds to 1.890' ions per
the Rabi frequencies to be different in these two cases an@fm- The calculated oscillator strength is X &0~° from the

the Rabi frequency WItHE I[001] is expected to be faster absorption spectrum with the same local field correction. The
0 results from the two independent measurements are in very

than that ofEq[[111] by a ratio of 1/cos 54.7= \/§ _ good agreement. In cases when the number density is not
As shown in Fig. 4, for the 35.3([111]) nutation signal, \ye|| determined, optical nutation provides an independent

itis quite obvious that there is only one Rabi frequency. Th&yay 1o measure the oscillator strength. It is also useful to
same can be said about the nutation signal @t | aqojve site occupancy issubs.

=90° ([001]). From a fit of Eq.(1) to the nutation data
taken in the directions dfl11] and[001], we found that the
Rabi frequency is 2.34 MHz alonfl11] and 2.05 MHz
along[001]. The ratio between the two frequencies is 1.165, In conclusion, for all possible combinations of space
very close to the expected value ¢#/3=1.155 when the group and point groups, a combination of propagation and
transition dipole is along th¢110) direction. This implies polarization directions exists that provides single-Rabi-
that the transition dipole is along tlj&10) direction; and for  frequency behavior for coherent light-matter interactions.

VII. SUMMARY
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This provides optimum coupling, signal strength, and tranproperties under coherent illumination. For other polariza-
sient response for spectroscopy and for device applicationsions, complicated irregular optical nutation signals were ob-
In particular, this eliminates the deleterious effects ofserved due to the interference of the different frequency
multiple-Rabi-frequency interference, allowing use of low- components from several sites in the crystal, which was
symmetry materials with otherwise ideal properties thatquantitatively explained. The transition dipole moment has
would have been rejected until now on account of this sitdbeen measured from both optical nutation and optical ab-
interference. sorption and the results agree to within 15%. The dipole

Single-Rabi-frequency optical nutation, illustrating the ef- orientation is also determined from the optical nutation mea-
ficacy of this strategy, has been observed forsurement with different light polarizations and is oriented
PPT:Y,Si0;, TM®":YAG, and the Et"%,54(1) along the(110) direction. Determination of site occupancy
—%341) transition in EF*:YAIO3;, EPT:LINbO;,  in multisite materials was also discussed.

Er*:CawQ,, EFPT:SIWQ,, EF":Y,0;, EF':Y;Al0;,,
and EPT:Y,Si0s.

Detailed results were presented for ¥mY;Al50;,.
Two special light polarization direction§111) and (001) Research at Montana State University was supported in
were found where the transition dipoles of all sites excitedpart by Scientific Materials Corporation, Bozeman, Montana,
by the light field project equally onto the field vector. The AFOSR (Grant Nos. F49620-98-1-0171 and F49620-94-1-
optical nutation signals exhibited the desired cooperativéd465, NASA EPSCoR, and NSF EPSCoR.
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