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All-optical measurement of nuclear-spin relaxation
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Nuclear-spin relaxation rates are usually measured by pulsed radio frequency excitation of nuclear-spin
transitions. When the number of spins is too small for direct detection with conventional nuclear-magnetic-
resonance spectrometers, pulsed excitation may be combined with optical detection of the nuclear spins for
increased sensitivity. Here we demonstrate that such measurements can also be done purely optically, without
radio frequency fields. This is achieved by preparing nonthermal populations by optical hole-burning and
time-resolved probing of the populations as a function of the decay time. Measurements of the nuclear-spin
relaxation of *!Pr in the electronic ground state of°PrYAIO; show that the relaxation rates for the three
transitions differ by a factor of 3.
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[. INTRODUCTION terms of elementary relaxation processes. One approach to
obtain individual relaxation rates is to short circuit at least
When an intense narrow-band laser interacts with an io@ne of the rates by resonantly irradiating the corresponding
or molecule with multiple nondegenerate ground states, itransition with a radio frequency field:>** However, the
generally creates a nonthermal distribution of the populationghodification of the dynamics by the external field is non-
of these states. In an inhomogeneously broadened ensembi@vial and it may lead to unwanted effects, such as heating of
the redistributed populations can be probed with a secondhe sample by the applied rf field.
independently tunable laser beam. At frequencies where this In this paper we present an alternate method for measur-
probe laser interacts with states whose populations have bed# the nuclear-spin relaxation rates, which does not involve
reduced by the pump laser, its absorption is reduced. Thif irradiation. It uses a stabilized laser, whose frequency jitter
occurs, e.g., when the probe laser is at the same frequency iscomparable to the homogeneous optical linewidth and sig-
the pump laser. The reduced absorption is referred to as Rificantly smaller than the quadrupole coupling constants.
spectral hole and the resulting spectrum of the probe-lasdfole-burning spectra with this laser resolve all possible op-
beam is called a hole-burning spectriBesides the holes, tical transitions between the ground and excited states, al-
a hole-burning spectrum contains regions of increased aowing one to independently measure all spin populations in
sorption, where the probe laser interacts with levels whoséhe electronic ground state. Time-resolved measurements of
populations are higher than in thermal equilibrium. Thesethe decay of these populations can be fitted with the theoret-
features are called antiholes. ical time dependence to obtain individual relaxation rates.
The width of holes and antiholes can reach the homoge- The paper is structured as follows. In Sec. II, we summa-
neous widths of the optical transitions even in strongly inho-ize the principles of hole-burning spectroscopy and the re-
mogeneously broadened ensembles. Since the separation f@xation dynamics of the nuclear-spin system. Section I
tween holes and antiholes corresponds to differenceSummarizes the experimental setup. The experimental results
between energy levels of the atom or molecule being probedresented in Sec. IV allow us to measure the spin-relaxation
hole-burning spectra can be used to measure energies Gites in the electronic ground state of the rare-earth ion Pr in
atomic ground states with high resolution. This technique haBr*": YAIO 5. The paper concludes with a summary of the
been applied to the measurement of, e.g., low-temperatuf@ain results.
molecular dynamicsor of nuclear quadrupole coupling con-

stants in electronic ground states as well as in excited Il. THEORY
states' ™’

Nuclear-spin relaxation processes are typically studied by A. Energy levels
nuclear-magnetic-resonance spectroscylylR) or nuclear The P?#* ions substitute Y ions in the YAIQlattice. The

qguadrupole resonance. In samples with small numbers dbw site symmetry C;;) leads to a quenching of the angular
spins, the low sensitivity of NMR compared to other spec-momentum and completely lifts the degeneracy of the elec-
troscopic techniques often does not allow measurements witionic states. The nuclear-spin state degeneracy*®#ir is
conventional NMR spectrometers. Optical techniques campartly lifted in zero field by an effective quadrupole
sometimes be used to circumvent this problem. In particulainteraction>'® As shown in Fig. 1, each electronic state
double-resonance techniques have been $ig€d. splits therefore into three sets of double degenerate hyperfine
The different transitions of spins with>1 usually decay states that can be labelédpproximately with the nuclear-
with different rates. Depending on the detection scheme bespin quantum numbenms,=+3, +3 and=*3.
ing used in an experiment, one often measures a linear com- The coupling constant varies with the electronic state; the
bination of multiexponential decays, which makes it hard toresulting splittings are 7.1, 14.1, and 21.2 MHz in tfé,
extract individual rate constants, which can be analyzed ielectronic ground state and 0.9, 1.6, and 2.5 MHz in the
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Since the inhomogeneous width of the optical transitions
(5 GHz in our crystalis much larger than the ground-state
splittings, the pump laser interacts with all of the nine pos-
sible transitions for some set of ions. Since the probe laser
also can interact with each of these transitions, one can dis-
tinguish 81 different pump-probe combinations, which result
in 49 distinct resonance line positions in the hole-burning
spectrun.

1D, T T 092MHz
-~ 1.57 MHz

e | 4:1/2. >

i 7.06 MHz Figure 2 represents the resulting hole-burning spectrum.

3H4 +3/2> The upper trace shows the experimental spectrum, while the
= . stick spectra below indicate the resonance line positions for
14.11 MHz the main pump configurations displayed schematically on the

' left. In each subspectrum, the leftmost group of lines mea-

+5/2> sures the population of tha,= + ; state, the second group

FIG. 1. Relevant part of the energy-level scheme oflaround—14 MHz in Fig. 2a)] the population ofm,=+3
Pr*:YAIO ;. Each electronic state consists of three doubly degenstate, and the group at the highest frequency rthe + 3
erate nuclear-spin substates. state. The seven lines correspond to different excited-state
sublevels to which pump and probe lasers couple. The dif-
electronically excited'D, state. Since all optical transitions ferent amplitudes of the linetsee experimental trageare
between levels of the samef™ configuration are weakly due to different populations depending on the transition to
allowed;” nine optical transitions are possible. The long life- which the pump laser couples as well as to different transi-
time of the excited stateT = 180 us)'®*°leads to a narrow  tion strengths of the probe transitions.
homogeneous optical linewidth of approximately 10 kHz at  \while some of the resonance lines represent the popula-
low temperatures. tion change of a single nuclear-spin state of the electronic
ground state, others are weighted averages of all ground
states. Obviously, monitoring the nuclear-spin populations by

Since the linewidth of the laser-(20 kHz) is small com- optical spectroscopy is only possible if the frequency resolu-

pared to the separation between the hyperfine levels, it inteflOn Of the laser is significantly better than the energy sepa-
acts at most with one optical transition of each ion. For thos&ation between the nuclear-spin states. In this system, the
ions that are resonant, the laser redistributes the populatictnallest splittings are in the electronically excited state.
from the resonant hyperfine state to the nonresonant states. |f the pump-laser field is switched off, the modified

A probe-laser beam, whose frequency is scanned over clear-spin population relaxes towards thermal equilibrium,
frequency range that includes the pump-laser frequencygorresponding to equal populations in all ground states. The
monitors the changes of the ground-state populations: If thBole-burning spectrum provides a possible way of monitor-
populations of the resonant states have been reduced by tiwg this decay: Fig. 3 shows several spectra obtained for
pump laser, the absorption of the probe laser decreases aitreasing time delays between the pump- and a probe-laser
vice versa: The spectral positions of reduced absorptions areulses. The decay of the resonance lines with the delay
referred to as spectral holes and the positions of increasedearly shows how the nuclear-spin system returns to thermal
absorption as antiholes. equilibrium.

B. Hole-burning spectra

FIG. 2. The upper trace shows
the experimental hole-burning
spectrum of the 610.69-nm transi-
tion at 3 K as a function of the
frequency differencev,— v, be-
tween the probe- and the pump-
laser frequencies. The level
schemes on the left-hand side
show three pump configurations,
and the stick spectra in the lower
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part of the figure represent the
corresponding partial hole-
burning spectra. For clarity the
main hole atv,=v; has been
truncated in the experimental
spectrum.
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FIG. 3. Hole-burning spectra for the antiholes arogsd—21.2 MHz and(b) + 7.1 MHz for different time delays between the pump-
and the probe-laser pulses. As the delay between pump and probe pulses is increased, the nuclear-spin state populations approach thei
equilibrium values and the hole spectrum decays. The insets indicate the relevant energy scheme and the optical transitions to which the
pump and the probe beams couple.

C. Nuclear-spin relaxation

To calculate the time dependence of the nuclear-spin populations after the end of the pump pulse, we only have to consider
the ground-state sublevels; the excited-state populations are small and decay rapidly at the end of the pump pulse. We consider
three ground states, which are doubly degenerate. Since the energy separation between the nuclear-spin substates is sma
compared to the thermal excitation enekgy, we assume that the equilibrium populations are equal and the relaxation rates

are symmetricl';;=I'; ;i,j=1,...,3. Therelevant equation of motion is then
q P1 —(I2+ Ty P I3 Py
gt P2 | = ISP} — (2T I3 P2 |, (1)
P3 I3 [P —(I'13t T2 P3

were p; . 3 describe the populations of the three ground-to which the pump laser couples, it drives the system towards

state sublevels anHl;; the nuclear-spin relaxation rates for a new quasiequilibrium.Taking into account the different

the three possible transitions. transitions to which the probe laser couples, the absorption
The eigenvalue&a and eigenvectorg are thus changeA can be written as

N=0, Npo=—(I'pt izt =*r,
9 3

1
[+ Togtr Alt,vo—vy)= 21 g;l |<Xe|Xg>|2( Py, (1) — 5) L(Av).
&=1, &L.=| TpT+r |, 2 (4)
T P
with The first sum runs over all pump configurations, while the
second sum is over the probe configuratiofds.|xq)|* is
F= 2,4 T34+ 15— 1ol 15— Tl o3~ Tigls the strength of the transition to which the probe laser

couples,v; and v, are the frequencies of the pump- and
The time evolution of the nuclear-spin populations iSprobe-|a3er beams, respectively, anflA») describes the
therefore shape of the resonance lines. In the spectra discussed here, it
turned out to be well approximated by a Lorentzian.
p=> a & et &) While the transition strengths are knO\_X/E,q.(4) depends
i on 30 unknown parametef®7 initial spin populations, 3
nuclear-spin relaxation ratgeswhich we wish to determine
The initial nuclear-spin population valupét=0) depend from the experiment. Since we assume that the sum of the
on the pump configuration: Depending on the ground-stat¢hree nuclear ground-state spin populations in each ensemble
sublevel and to a lesser degree on the excited-state sublevslconstant, 21 independent variables have to be fitted.
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FIG. 4. Timing of the pump and the probe beams. After the ¢ < |
pump pulse with a duration of 600 ms and a variable delathe -16 -4 MH -12
probe beam is turned on for 10 ms and scanned. Between SCar o po--------\serereersopm®oernnnioanass v MHe]
probe and pump beams are switched off for 2.5 s, so that the popu . . | . | .
lations can relax to thermal equilibrium. o o1 02 03 04
Delay T [s]

IIl. EXPERIMENTAL SETUP FIG. 5. Calculated decay of the antihole-at4.1 MHz at 5.5 K

The individual ground-state populations can only be mea(_f“” curve) and experimental hqle-burning spectra_ at different
sured if the width of the resonance lines in the hole-burnindimes: The nonmonotonic decay is a result of the differences be-
spectrum is small compared to the separation between thea‘r‘{.vee“ the relaxation rates. The insets show sections of the experi-
We therefore had to improve the frequency stability of theMental hole-burning spectra arourdl4.1 MHz with positive and
dye laser(Coherent 899-21used for these experiments. We negative amplitudes of the antihole.

used the Pound Drever schetheo lock our laser to a high L . .
finesse confocal Fabry Perot resonator. Under typical opera{[Orn this signal a dataset that was obtained under otherwise

ing conditions, this setup reduces the laser jittert25 kHz identical conditions, but with the pump laser switched off.
for 1 h. After each measurement, both laser beams were switched off

The pump- and probe-laser beams were derived from thif" @ fixed duration of 2.5 s, so that the system could relax to

same laser. The frequency of the ring dye laser was set to tH ermal equilibrium. To increase the signal-to-noise ratio, we
center of the inhomogeneous absorption line at 610.7 nma}veraged over 80 scans.
The two laser beams were shifted independently in fre-
qguency with two acousto-optic modulators in a retroreflec- IV. RESULTS AND DISCUSSION
tion setup. These modulators were also used for gating the
laser beams. The frequency of the pump beam was fixed
while the probe-laser frequency was swept linearly by Figure 3 shows for two sections of the hole-burning spec-
+52 MHz around the pump frequency within 10 ms, using atra how the resonance lines decay after the end of the pump
voltage controlled oscillator. pulse. The antiholes of Fig.(8& were burned by a pump-
The experiments were performed on & PIYAIO; crys-  laser coupling to them=|=5/2) states of the electronic
tal with the dimensions 5% 1 mnt, cooled in a helium ground state, while the test laser monitors the ground-state
flow cryostat at 3—7 K. The pump- and probe-laser beamsublevelm=|+1/2). The central line at-21.2 MHz arises
were both linearly polarized, with a diameter of 1 mm. Thefrom those three pump-probe configurations where both la-
pump-laser intensity was 254 W#nand that of the probe sers couple to the same excited-state sublevel. The other six
laser 64 W/M. Since the probe frequency was swept, itsresonance lines arise from the six remaining pump-probe
effect on the nuclear-spin populations could be neglected;onfigurations, each monitoring the decay of a single
although its intensity was only a factor of 4 smaller than thatground-state sublevel via different probe transitions and
of the pump laser. The two laser beams propagated along ttsarting from different initial conditions.
crystallographia axis through the sample, intersecting at an  To determine the rate constants from the time dependence
angle of 5.7°. Behind the sample, the pump-laser beam wasf the spectra, we fitted the amplitude and the offset of each
blocked, whereas the probe beam was measured by a photwsle and antihole with a Lorenzian curve with constant
diode (New Focus 1801 width, which was derived from the first spectrum=(0).
Figure 4 illustrates the timing of the pump- and probe-Using Eq.(3), we calculated the hole-burning spectra nu-
laser beams for the time-resolved hole-burning spectra. Unmerically and fitted them to the experimental spectra by ad-
der these conditions, the populations of the nuclear-spijusting the initial populationgg ,(0) (27 parametejsand
states reached a nonthermal equilibrium state withirthe relaxation rate§;; (3 parametens
~600 ms. This was checked by increasing the pump-laser Figure 5 shows a decay curve measured at a temperature
intensity or the pulse duration and verifying that the signalof 5.5 K. The solid curve represents the calculated time de-
remained unchanged. After the end of the pump pulse, thpendence of the antihole at14.1 MHz, using the fitted rate
spin polarization was allowed to decay for a timevithout ~ constants I'sj.3,=10.15s?, Tg,.1,=595s! and
any laser irradiation before it was measured with a scan oF 5;,..1,=3.09 s 1. Note that the curve crosses through zero,
the probe laser. To remove background effects, we subtractezearly indicating that the relaxation rates are not equal in

A. Time dependence
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FIG. 6. Decay of the main hole at various temperatures. The FIG. 7. Nuclear-spin relaxation rates oPrYAlO; as a func-

solid curve represents the result of the fit. tion of temperature. The symbols represent the experimental data
points and the solid curves the numerical fit described in the text.

this system. The relevant parts of the experimental hole-
burning spectra are also shown for two different delays three relaxation rates from 3 to 7 K. The experimental points
They clearly show the change from positive to negative amare fitted with the function
plitude of the peak at-14.1 MHz, indicated by the arrow. B -
The antihole at- 14.1 MHz monitors the population of level Lij=Aij +By T, (5)
|3/2). The initial population i3(0)>1/3. The relaxation of assuming that two distinct relaxation mechanisms dominate
this level is dominated by the fast exchange with 16&2),  in this temperature range: At low temperatures, spin diffu-
which has a populatiop,;(0)<1/3. As a result, the popula- sion transports the polarization from the ions that were po-
tion of level|3/2) becomes smaller than the thermal value forlarized by the laser to nonresonant ions in their neighbor-
times7>40 ms and only decays to its equilibrium value on ahood. This process is independent of temperature. At higher
longer time scale. A similar mechanism can also lead taemperature, thermally activated Raman processes become
negative antiholes in the hole-burning spectrum while themore important, which typically depend on temperature as
pump laser is on. Examples are visible in the inset of Fig. 577 19,22
and in the upper trace of Fig. 2 at15.0, —12.5, and The parameters obtained from fitting the temperature de-
+12.5 MHz. pendence are summarized in Table | and are in agreement

The rate constants found in these measurements are comith  earlier measurements with  double-resonance
parable to those found in similar systeMg! but an order of  techniqueg? As the relaxation rates increase and the signal-
magnitude faster than in Pr:LaF; at the same doping to-noise ratio decreases for higher temperatures, the decay of
concentratiof. We also observe the relaxation betweenexperimental hole-burning spectra could not be analyzed for
| =3/2)«+| = 5/2) to be the fastest, whereas i*PrLaF; itis  temperatures>7 K.
the relaxation betweeht 3/2)«| = 1/2).

V. CONCLUSION

B. Temperature dependence As we have shown, nuclear-spin relaxation can be mea-

Since the relaxation rates depend strongly on temperatursured purely optically, without applying radio frequency
we measured the hole-burning spectra over the temperatufields to the nuclear-spin transitions. The hole-burning spec-
range of 3.3—7 K. As an example of the temperature depertra used in our experiment require a highly stabilized laser,
dence, which includes the initial values as well as the ratavhich can resolve all possible transitions between ground
constants, we show the decay of the main hole,at v, for ~ and electronic states.
temperatures from 3.3 to 6.5 K in Fig. 6. To analyze the observed decay curves, we used a simple

Figure 7 summarizes the temperature dependence of thmodel of the nuclear-spin relaxation, which only takes three

TABLE |. Parameters for the temperature dependence of the nuclear-spin relaxation rates for the elec-
tronically ground statéH, of PP*:YAIO ;.

lg)g) Aii(s™) B, (10755 1K)
E T ES ) 0.79+0.05 3.4:0.1
E T E) 0.39+0.06 1.8-0.1
ELNED) 1.0+0.1 5.1+0.3
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(double degeneratestates of the electronic ground state into  The procedure should be generally applicable to systems
account. This approach gave a satisfactory agreement b#iat produce well-resolved hole-burning spectra. While we
tween the theoretical and experimental hole-burning spectrdnave applied this experimental approach to an electronic
although some of the initial amplitudes were off by ground state, it should also be possible to measure relaxation
10-20 %. These differences may be due to the limitations ofates in electronically excited states. Compared to the present
the model, which does not include, e.g., the effect of addiexperiments, a procedure optimized for excited-state mea-
tional electronic states, which participate in the deexcitatiorsurements would include a shorter preparation time that
process. transports significant population into one of the electroni-
The relaxation behavior of thé&**Pr nuclear-spin polar- cally excited states.
ization in YAIO; is similar to the behavior in related systems
such as Lag>'? At temperatures belo 4 K the spin-
relaxation behavior was found to be temperature indepen-
dent. In contrast to P¥ :LaF;, where OrbacH processes are This work was supported by DFG Grant No. Su 192/4-3.
dominant at higher temperatures, Raman scatt&ribg- The laser stabilization, which was essential for this work,
comes more important in Pr:YAIO; and the relaxation was developed with extensive help from Matt SellgkdlU
rates increase-T'. Canberra
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