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Nuclear quadrupole resonance of an electronically excited state
from high-resolution hole-burning spectroscopy
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Hole-burning spectroscopy can eliminate inhomogeneous broadening and thereby resolve the fine structure
of optical transitions. In the case of rare-earth ions at low temperatures, the homogeneous linewidth is often
small compared to the splittings due to nuclear-spin interactions. Hole-burning spectra can then be used to
measure, e.g., nuclear quadrupole couplings. We have used this technique to study the hyperfine interaction of
Prin PP:YAIO, in the electronic ground state as well as in an electronically excited state. Using a stabilized
ring dye laser systerflinewidth <30 kHz), we obtained hole-burning spectra that clearly resolved the excited-
state interactions also. We show that the spectra depend sensitively on the relative orientation of the nuclear-
spin quantization axes of the two electronic states. This allows us to decide between different values for the
tensor orientation that have been published before.
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[. INTRODUCTION the quantization axes between ground and electronically
cited state is an important parameter for the calculation of t
Various nonlinear techniques have been developed to oltyperfine-resolved spectra.
tain optical spectra with a resolution that is not limited by the  Several authors have already attempted to measure
inhomogeneous linewidth. A relatively simple technique is(relative orientation of the principal-axis systems o
hole burning, where a pump-laser beam modifies the popuPr*:YAIO . Wokaunet al!* obtained an angle of 16.5°
lations of a subset of atoms or molecules that are in resdrom anticrossing experiments. Four years later Mitsuna
nance with the narrowband pumpA second laser beam, et al? measured an angle af12.8° by Raman spectroscopy
whose frequency can be tuned around the pump-laser fréStimulated photon echo experimerits® indicated an angle
quency, probes the modified atoms and measures deviation$ 40—60°, and coherent Raman beat experintéigad to a
from the thermal equilibrium absorption whenever the differ-value of 47 5°.
ence between pump- and probe laser frequency matches anThe paper is structured as follows. In Sec. Il, we calcule
internal energy difference; more precisely, the difference bethe hole-burning spectrum of Pr. YAIO ;. The experimental
tween pump and probe laser has to be equal to the sum gection summarizes the laser stabilization scheme require
difference of two internal energy differences of the sample.resolve the rather small excited-state interaction. The exp
This technique has been applied, e.g., to measure nucleanental results presented in Sec. IV allow us to measure
spin transitions in rare-earth crystaf$. The population coupling strengths in both the electronic states and to de
modifications introduced in this spectroscopic technique alsenine the relative orientation of the principal-axis systems
form a basis for applications of these materials in opticaboth the states. The paper concludes with a summary of
storag@ and signal processirfy. main results.
Experiments like these provide information about the
energy-level structure and the populations of nuclear spin
states. It is possible to measure the nuclear-spin-lattice relax- Il. THEORY
ation timeT.°> Recently, photongated hole burnfrizps been
observed in Pr:YAG and the mechanism was assigned to
selective photoionization, which can also be obtained from The orthorhombic unit cell of B :YAIO; contains two
photongated photoconductivityCone showet that hole- ~ inequivalent praseodymium sites with point symmetry, C
burning techniques in combination with the Raman spectrosThe electronic degeneracy of thiél, ground state is com-
copy can also be used to investigate defect sites and quadriletely removed by the crystal field; the separation betwe
pole splitting parameters of rare-earth compounds. the lowest statel(;) and the next-higher statd’¢) is E;
The resolution of the hole-burning spectra is limited by =51 cni!, corresponding to a temperature G, /kg
the stability of the laser sources. Commercial laser systems; 73 K. All transitions between levels of the sam&'4con-
which have linewidths of the order of 1 MHz, are thereforefiguration are weakly allowed for trivalent rare-earth ions |
not suitable for measuring splitting frequencies of the samé&1y, crystal fields;> and a long lifetime of the excited state
order of magnitude. We therefore added a laser frequencT;= 180 1s*'9 leads to narrow homogeneous optical line
stabilization, which reduced the linewidth t030 kHz. The  width of ~10 kHz at low temperatures. In this work, we
resulting spectra show very well-resolved resonance linesonsider the transition between tAel, ground state and the
that can be used to determine effective nuclear quadrupol&D, excited state, which is centered at a wavelength
coupling constants for both electronic states. Since the opt$10.69 nm.
cal transition matrix elements depend sensitively on the over- The interaction between the nuclear spin 3 of **Pr
lap of the nuclear-spin staté<? the relative orientation of and the electric-field gradient tensor, as well as the seco

A. Energy-level structure
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FIG. 1. Relevant part of the energy-level scheme of
PrP*:YAIO,. The hyperfine structure of the ground and the elec-

tronically excited states contain three doubly degenerate nuclear

spin substates.
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order hyperfine interaction are best described as an effectivgited states as a function of the rotation angle between the p
quadrupole COUP“”Q_}Qat partially lifts the degeneracy of thejpal axes of both the states. Transitions between states with
nuclear-spin state$*° The relevant nuclear-spin Hamil- same nuclear-spin quantum numbers are numbered in the figur

tonian, written in the principal-axis system of the effective
quadrupole coupling, is

1)

The coupling constantd andE have been determined for
the ground state °H, (D/h=-3.5289 MHz, E/h=
—0.0118 MHz), as well as for the excited sta®, (D/h
= —0.4024 MHz,E/h=—0.0512 MHz)?°~?2Since quadru-

Ho=D[IZ-31(1+1)]+E(Z-15).

where |¢) describes the electronic part of the wave funt
tions. The overlap integral of the nuclear wave functiol
(Xg|Xe> depends on the relative orientation of the quadrupc
tensor axes of the ground vs the excited stakégure 2
shows the absolute squares of the overlap integrals for
nine transitions as a function of the rotation angle betwe
the two principal axis systems.

pole coupling is negative, the state with the magnetic quan-

tum number=5/2 is the lowest ground level. The resulting
hyperfine splittings between the three doubly degenerat

o B. Pump-laser field

pairs of substates are of the order 0.9, 1.6, and 2.5 MHz for We describe the effect of the pump-laser field on tt
the excited state and 7.1, 14.1, and 21.1 MHz for the groun@opulations with a generic model system that consists
state”® The relevant part of the energy-level scheme for thethree nuclear-spin states of the electronic ground state ar

transition betweerfH, and D, substates of Bf : YAIO; is
shown in Fig. 1.

The optical transition matrix elemenjsy. between the
ground statdg) and the excited statge) can be separated
into the electronic part, Which is the same for all optical
transitions, and the overlap integral of the nuclear wave func
tions | x):1°

:U*ge:<g>lu"E|e>:<¢g>M'E|¢e><Xg| Xe>:Mopt<Xg| Xe>(v2)

single substate of the electronically excited state. The pun
laser beam drives the transition from the ground sftheto
the excited statg4). The model neglects transfer of popula
tions between the nuclear-spin substates of the electronic
excited states, which is justified by the significantly longe
nuclear-spin relaxation times compared to the electronic lif
time of the excited state. It also neglects transfer of popu
tions into other excited or crystal field states. Since we
not consider coherent effects, a rate equation model is st
cient to describe the population dynamics:

P11 -1 0 0 1 P11
d| p2 (/-LoptE)2 0 0 0 P22
. =2 2 T
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The first term describes the transfer of population between . EXPERIMENTAL
states|1) and |4) by the laser field. The transfer rate is
proportional to the square of the optical Rabi frequency for
this transition and to the transverse relaxation tifgef the The praseodymium doped crystal with the dimensions
optical coherence, which was measured fot'PYAIO; as  X5X1 mn? was cooledd 5 K in ahelium flow cryostat.
78 us.2* The model neglects thus the effect of off-resonant¥Ve used a typical cw pump-probe configuration, with prol
irradiation. and pump beam crossing in the sample. Both linearly pol

The second term describes the effect of relaxation: thézed laser beamél mm diameterpropagated roughly along
first three rows and columns describe the spin relaxation behe crystallographie axis, intersecting at an angle of 5.7°
tween the nuclear-spin substates of the ground state, whilehe pump laser beam was blocked behind the samy
the fourth column is the spontaneous decay from the excitewhereas the probe beam was measured with a photodi
state. In the high-temperature approximation, the nucleartNew Focus 1804

A. Setup

spin relaxation rates are symmetric,, =T;;i,j=1...3. Pump and probe beams were derived from the same t
The optical decay rateE,; are determined by the overlap able, actively stabilized ring dye laséCoherent 899 21).

integral The frequencies of the two laser beams were shifted inc
pendently with two acousto-optic modulatgsOM’s) by a

[(xalxg)|? retroreflection setup. The frequency of the pump beam w
1ﬂ4,g(g:173):-r—1 (4)  fixed while the probe laser frequency was swept linearky

ing a direct digital synthesizeiby +46 MHz around the
and therefore depend on the relative orientation of the twgump-laser frequency within 25 ms.

principal-axis systems. The intensity of the pump and probe laser was 127 W/
and 63 W/, respectively. At this temperature and pumy
C. Hole spectrum laser intensity, the spectral holes are close to their maxir

values; a further increase of the pump power mainly resu

A probe laser field with frequency,, which is scanned in line broadening. While the probe laser intensity was n
through the absorption line, detects the modified populationg, |1 smaller tha% that of the F;))ump laser, it did n):)t signi

through the change in op_ti_cal _absor_ption._ A change Occyrﬁantly affect the populations, since it was scanned rapi
when the resonance condition is fulfilled, i.e., when the d|f-and therefore did not interact with any subset of atoms Io

ference _(uz—wl) between the pump and the probe Iaserenough to change their populations.
frequencies matches a sum or difference between two

nuclear-spin transition frequenciéscluding zerg. o
The absorption changdA(w,— ;) can be approxi- B. Laser stabilization

mated by The width of the resonance lines in the hole-burning spe
tra is determined by the natural width of the optical res
AA(wz— 1) =|(xerlxg)|*(Pgrg —3)L(A®).  (5)  nance lines and by the frequency stability of the laser: r
only the frequency jumps of the pump-laser beam cat
wider holes, the probe laser frequency jitter also adds to |
observed hole width. If hole-burning spectra are measul

The statesg’) and|e’) are coupled by the probe laser beam,
and oy is the resonance frequency of the transition
|g’)«|e’). The lineshape functioh(Aw) turned out to be
well approximated by a Lorentzian. o0l
The hole-burning spectrum is obtained by calculating the

equilibrium populationg 4, for each of the nine pump con-
figurations @, e=1 ... 3) andthen letting the probe laser
measure the deviations from the thermal equilibrium accord-—
ing to Eq. 5. Figure 3 shows, as an example, one such subs
spectrum, calculated for the pump configuration, shown in%
the inset, where the pump-laser beam drives the transitiors
from the lowest ground state to the lowest excited state. The | _

0.92 MHz
1.67 MHz

holes neaw,= w; correspond to those transitions where the E - ) -
probe laser connects the excited states to the lowest groun< I pump
state(whose population is reducgdvhile the antiholes near
—14 and—21 MHz correspond to the probe laser coupling oo | T 317 i -
the +3/2 and=+ 1/2 ground states to the excited-state sublev-
els. 1 A l A 1 A l A l
: H 20 10 0 10 20
For each pump configuration, the probe laser can be reso vyvy ME]

nant with nine different transitions, resulting in a total of 81
distinguishable ways of coupling the two laser fields to the FiG. 3. Theoretical hole-burning spectrum for one of the nir
atomic system. Since the frequencies of several transitionsump configurations in Pf:YAIO; at 5 K. The pump-laser beam
coincide(e.qg., nine configurations whete; = w,), the hole  drives the transition from the lowest ground state to the lowe
spectrum contains 49 distinguishable resonance lines. excited state as shown in the inset.
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with the commercial laser stabilizatiospecified jitter o
~500 kHz), the broadening of the hole spectra is too large
to resolve the excited-state quadrupole coupling. The width
of the resonance lines is of the order of 1 MHz in this case
[Fig. 5(e)].

To resolve the full structure of the spectrum, we locked
the laser to a high-finesse optical cavitinewidth 1 MH2)
using the Pound Drever locking schefieAn intracavity Zar .o
electro-optic modulatofEOM) reduced the fast components
of the frequency jitter. Under typical operating conditions,
this stabilization setup reduced the laser jittert80 kHz.

Laser amplitude fluctuations and intensity changes from
the frequency-dependent efficiency of the AOM’s that shift
the laser frequency, cause significant deteriorations of the
signal. We therefore added an intensity stabilization that kep
the probe beam intensity incident on the sample constant.

Hole-burning spectra were obtained by subtracting the .
probe signal in the presence of the pump beam from an oth| Ze: -~
erwise identical scan without pump laser. To further increasg
the signal to noise ratio, we summed over 1000 scans. _ _ _ o _ _

Figure 5 shows the hole-burning spectrum obtained with FIG. 4. Possple orientations of prllnC|paI axis systems in tl
the homebuilt stabilizatiofFig. 5a)] and compares it to the 9round stateZg; (i=1,2) and the excited statég; for the two
spectrum obtained with the commercial systEfig. 5e)]. nonequivalent lattice site@, 11) and the crystal axis systena,(b,

Obviously the improved stabilization allows one to clearly ©). _Thex aX'S.Of the q“’?‘df”PO'e tensor for .the ground ar.'d L
resolve the hyperfine structure. excited states in both lattice sites coincide with the crystakis.

Two assignments of the ground vs excited-state axes with differ
relative rotation angles indicated layy and a4 are possible.

Xllc

Mirror plane

IV. RESULTS AND DISCUSSION

A. Theoretical spectra nuclear wave functions. Earlier experiméhtsave shown

Our approach to the calculation of the spectra is describeH1at theZ axis of the pr|nC|paI-aX|s_system lies in tieb
plane of the crystal, for the electronic ground state as well

in Sec. Il B. A number of material parameters enter the cal-t lectronicall ited state. In th d state. th
culation, most of which have been measured independently, < S'€ctTonically excited state. In the groun OS ate, e an
etween th&pas and the crystab axis is=56.4°, and in the

The relaxation rates have been measured by Blasherthe : g ]
relevant temperature of 5 K, they af&, .q,=5.93 s 1, e_IectronlcaIIy exute_d sta‘get 81.6°. Dependlng on _the as-
T 1p=1.42 st Tap..1/0=3.02 s The lineshape of signment of twq _o_rl_entat|ons to the tW(_) Iattl_ce sites, th
the holes and antiholes depends not only on parameters {ﬁ:_ave_s two possmmtles for the relative onentatl_on of the tw
the crystaf® but also on the spectral properties of the laserPrincipal axis systems of the ground and excited states,
The experimental spectra show consistently wider lines foSnoWn in Fig. 4. In the first assignment, shown in the upr
the antiholes than for the holes. This is consistent with thd1alf of the figure, the angle between the t&aaxes isag
assumption that they include an additional contribution from=42° and for the second assignment, it becomes
the inhomogeneous width of the ground-state nuclear-spir?25-2°-_ ) ) ) _

transitions, which is of the order of 30—50 kHz, HWHH. As discussed in the introduction, different values ha
The widths of the resonance lines in the experimental sped2€en published in the literature for the orientation of tf
trum were determined by fitting them with the Lorentzian PAS. We therefore calculated trl‘le correspgndlng spgcltara
lines. For the holes the linewidths were 63 kfWHH) and ~ the published values of-16.57,° =12.8°" 40-60°,"
for the antiholes between 120 and 160 kHz. Since the tw@nd *(47%5)°."" Figures §b)—-5(d) compare theoretical
laser fields couple to different ground-state levels when measPectra for small rotation angles-(3°, +25°) and for a
suring antiholes, their widths include a contribution from thelarge rotation angle£42°) with the experimental spectrurr
inhomogeneously broadened nuclear-spin transitions in thig. 5@]. While the spectrum calculated for a relative ori
electronic ground state. For the optical dipole moment, weentation of 42° agrees quite well with the experimental spe

used the value of I0** Cm, determined by the stimulated trum, the 13° spectrum is clearly incompatible with the e:
photon echo envelope modulati®h. perimental data. The main difference is that at small angl

the number of transitions with significant amplitude de
creases; in the limit of identical orientation, only a sing|
hole and six antiholes would remain. The dashed line in F

An important parameter for the calculation of the spectreb indicates the position of an antihole that corresponds to
is the relative orientation of the principal-axis systeff8S)  optical transition 3/2)«|3/2). As Fig. 2 shows, a small ma-
in the ground and excited states, which enters the opticatix element for this transition is a clear indication that th
transition matrix elements via the overlap integral of therotation angle must be between 40° and 55°.

B. Orientation of principal-axis systems
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T " T " T " T " T TABLE I. Absolute square of the relative matrix elements fc

: the optical transitions connecting ttfél, ground state to théD,
electronically excited state without external fields for a rotatic
angle of £42°.

experimental homebuilt stabilization

= . g\ e |£3) 1=3) |+3)
=

< |=5) 0.469 0.319 0.212
& © 2

g - |3 0.417 0.003 0.549
E » |= 1) 0.114 0.647 0.239
£ |o

g

= 13°

The amplitude®\.,,,; and the linewidthss,,, were deter-
mined by Lorentzian fits.
. The curve shows a clear minimum af42=1°. Table |
lists the nuclear-spin contribution to the optical transitic
matrix elements calculated for this orientation. These valt
| . | . | . | . LT were used to calculate the theoretical spectrum=fd2° in
-20 -10 0 10 20 Fig. 5b).
vo-vy [MHz] This angle is in good agreement with the value obtain
by Mitsunaga through the modulation of stimulated phott
FIG. 5. Comparison of the experimental hole-burning spectrumechost® Their numerical simulations of the modulation be
of the 610.69-nm transition at 5 K, measured with the homebuilthavior were consistent with angles between 40° and 6
and the commercial frequency stabilization, with theoretical spectr&8lasberg measured the coherent Raman bratsd found
for rotation angles of 42°, 25°, and 13°. The dashed line emphathe best agreement for angles of 478°. The smaller
sizes the position of an antihole that belongs to [B&)«|3/2)  angles of +12.8°, however, which were suggested b
transition. For clarity the main hole at 0 MHz has been truncated injitsunagd on the basis of the coherent Raman measu
the spectra. ments or+ 16.5° proposed by Wokathon the basis of an-
_ . ) ticrossing experiments, are clearly excluded by these rest
Figure 6 shows a quantitative comparison of the experiThese |atter measurements used setups in which the si
mental and theoretical hole-burning spectra as a function O(flepends only on a single state, either the ground or the
the orientation of the PAS. The area of the experimental andiiaq state. They are therefore only sensitive to the orien
theoretical spectra has been normalized to one. The curyg, of the individual tensors, not to thelative orientation
displays the rms deviatiog between the experimental and of the two tensors, which remains ambiguous. In contrast
theoretical spectra as a function of the rotation angle betweegp,ose measurements, the present setup relies on the ove
principal-axis systems of the ground and excited states:  of the nuclear state functions, which is an excellent meas

of the relative orientation, although it does not provide tt
absolute orientations. Our results are also in agreement v
low-field nuclear quadrupole resonan@QR) data® where
the principal-axis system was determined by measuring
NQR spectra as a function of the orientation of a weak me
netic field. In these experiments, the absolute orientation
both the PAS wasdetermined independently; however,
ambiguity remained for the assignment of the principal-ax
systems to nuclear sites. As a result, two possible valt
were obtained for the relative orientation. The valuetaf2°
obtained from this study agrees well with the larger of tho
values and excludes the smaller. Taking these results
gether, we arrive at the orientation shown in the upper part
Fig. 4.

commercial stabilization

experimental

#lines

§: 21 (Aexpt.j - Atheor. i ) 2 5§xpt.j . (6)

0.07

0.06

2
[

Deviation € [a.u.]
°
®

e
2

0.02

V. CONCLUSION

In this paper we have demonstrated that the hig
resolution hole-burning spectroscopy allows one to meas
FIG. 6. Deviation of the calculated from the experimental spec-nuclear-spin energies in the electronically excited state
trum as a function of the rotation angle between the quadrupolevell as in the electronic ground state. Compared to otk
tensor axis of the ground and the excited states. The figure showstachniques, the hole-burning approach is especially sensii
minimum at 42°. to therelative orientation of the principal-axis systems in th

Rotation angle [deg.]
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