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Due to their narrow homogeneous linewidths, rare-earth ions in inorganic crystals at low temperatures have
recently been given considerable attention as test materials for experiments in coherent quantum optics. Be-
cause these narrow linewidth transitions have been buried in a wide inhomogeneous line, the scope of experi-
ments that could be carried out in these materials has been limited. However, here we present spectroscopic
techniques, based on spectral hole burning and optical pumping, which allow hyperfine transitions that are
initially buried within an inhomogeneously broadened absorption line to be studied with no background
absorption from other transitions. A sequence of hole-burning pulses is used to isolate selected transitions
between hyperfine levels, which makes it possible to directly study properties of the transitions, e.g., transition
strengths, and gives access to information that is difficult to obtain in standard hole-burning spectroscopy, such
as the ordering of hyperfine levels. The techniques introduced are applicable to absorbers in a solid with
long-lived sublevels in the ground state and where the homogeneous linewidth and sublevel separations are
smaller than the inhomogeneous broadening of the optical transition. In particular, this includes rare-earth ions
doped into inorganic crystals and in the present work the techniques are demonstrated in spectroséopy of Pr
in Y,SiOs. Information on the hyperfine structure and relative transition strengths oell—tjg}éD2 hyperfine
transitions in P¥*:Y ,SiOs has been obtained from frequency-resolved absorption measurements, in combina-
tion with coherent and incoherent driving of the transitions.
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I. INTRODUCTION such as hole burnintf,and for use in spectral hole-burnin

Optical hole burning is a powerful tool for spectroscopy PPlications. This is because, at liquid helium temperatu
of crystalline and amorphous materials, making it possible tgh® homogeneous widths of the absorption lines are m
overcome the resolution limit imposed by inhomogeneou®rders of magnitude smaller than the inhomogeneous br
broadening due to strains and imperfections. Effects that ca@ing of the transition. This means that a laser with su
be studied include dephasing processes, spectral diffusiofi€ntly narrow linewidth will only interact with a small sut
hyperfine and superhyperfine interactions, and Stark angét of the absorbing ions. The number of address:
Zeeman splitting$. The field of hole-burning spectroscopy frequency channels, given by the rafig, nom/I'nom can be
opened up with the introduction of frequency stabilized tu-as large as 16-1°.1*14The narrow homogeneous linewid
neable dye lasers and can continue to develop as lasers witlorresponds to a long optical phase membsyccording to
improved stability, as well as optical modulators enablingT,=(7T,m ™%, and consequently materials of this type ¢
fast frequency and amplitude modulation, become availableused in studies of optical coherent transient effects an
In this paper we describe how the technique of persistenthany applications utilizing coherent transiefifs:%.15-17
spectral hole burning can be extended to involve a complex Recently, rare-earth ion-doped materials have been |
sequence of burning pulses at several frequencies, which tain quantum optical experiments, such as in demonstratior
lors the inhomogeneous absorption profile to uncover inforslow light based on electromagnetically induced transy
mation that is inaccessible in a traditional hole-burning specency (EIT),! for the demonstration of single-photo
trum. self-interferenc¥ and in experiments aimed at using tl

In addition to being a spectroscopic technique, spectraflopant ions as quantum computer hardwéré. Several
hole burning has also been the basis for numerous proposedre-earth ion-doped materials exhibit long-lived hyperf
applications, where persistent spectral holes constitute ar Zeeman levels and in the applications mentioned ak
memory mechanism that can be used for processing or stothe spin transitions and the properties of the hyperfine le
age of information. The applications include frequency-are highly relevant. The lifetime of these hyperfine levels
domain data storagetime-domain data storagé, spectral-  often many orders of magnitude longer than the optical |
spatial correlatioft, temporal pattern recognitichoptical  time, e.g., a few minutes in Pr.Y,SiO; (Ref. 22 and sev-
data processing? radio-frequency spectrum analy8ignd  eral days in E&:Y ,Si0s.23
the use of spectral holes as frequency referettes. The work presented here is part of a project aimec

Rare-earth ions doped into crystalline hosts are particupreparing rare-earth ions in inorganic crystals for use
larly suited for study using nonlinear spectroscopic methodgjuantum computer hardwat®?425As the idea is to use hy
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perfine levels in the optical ground state as qubit states, thand an optically excited state with hyperfine splittin§js &5,
ability to access and manipulate the ions on specific hyperetc. Since the inhomogeneous broadening is usually
fine transitions, as is demonstrated in the present work, is afompared to the hyperfine splittings, different subsets of
great importance. Related results, demonstrating robust quisbrbers will have different transition frequencies betwe
manipulation and qubit distillation in Pr.Y,SiOs, will be  ground and excited state levels. Any laser frequency in:
presented separatély.The present work relates the use of the inhomogeneous line will be resonant with all possi
the developed techniques for spectroscopy. optical transitions, but for different subsets of absorbers
Section Il contains a discussion of the principles ofcan be assumed that for a sufficiently long or intense pt
spectral hole burning and its extensions, including the prepaeven weak transitions can be saturated. It is also often
ration of nonabsorbing spectral regions and isolated spesumed that the absorbers relax through several com
trally narrow structures. Some comments are made on theutes and have some probability of ending up in any of
design of hole-burning sequences. Section Il concerns aground state hyperfine levels. Thus, by applying a burr
explicit example of a pumping sequence that prepares thpulse much longer than the excited state lifetime, or sev
inhomogeneous absorption profile of tﬁd4—lD2 transition  pulses separated by more than the lifetime, most of the at
in Prr*:Y,SiOs to reveal a group of ions absorbing on spe-absorbing at a particular frequency can be pumped to o
cific hyperfine transitions. In Sec. IV the experimental setupground state hyperfine levels. In addition to the main hole
is described. The results from absorption measurementshe burning frequency, this creates a pattern of sideholes
which directly yield the relative strengths of the transitionsto transitions from the ground state levels with deple
between different hyperfine levels as well as level separapopulation to each of the excited state levels. Antiholes,
tions and ordering, are given in Sec. V. In Sec. VI it is shownincreased absorption, will occur at frequencies correspon
how coherent driving of the different transitions yields addi-to transitions from the ground state levels to where the
tional information, such as absolute Rabi frequencies. Theorbers have been pumped. If the sideholes and antihole:
experimental results in Secs. V and VI are compared wittbe resolved, their positions directly give the hyperfine le

previous spectroscopic work in PrY ,Si0g.2227-29 separations in the ground and excited states. In principle
relative amplitudes of the holes can give information ab

Il. HOLE-BURNING TECHNIQUES the Strength of the transitions between different hyper1

levels, but this requires information or assumptions ab

A. Conventional hole burning branching ratios and about the relaxation rates betweer

In spectral hole-burning measurements, a laser selective§round state hyperfine levels. Figure 1 illustrates a sin
excites a narrow portion of an inhomogeneous absorptiofase of hyperfine hole burning.
line. The absorption is bleached as absorbers are removed
from the ground state and this can be seen by monitoring , )
transmission, fluorescence, or light diffracted off the spectral B Bréaking the symmetry in the spectrum of the pumped
hole}3®while scanning the frequency through the originally hyperfine transitions
excited frequency. The spectral resolution is determined by An important feature of the spectral holeburning tec
the linewidth of the laser and by using frequency stabilizechiques described in this work is that they employ opti
lasers very narrow spectral structures can be studied directfpumping at a selected combination of frequencies within
in the frequency domaift3? If all excited absorbers relax inhomogeneous absorption profile. As an example, cons
back to the ground state, i.e., in a closed two-level systenthe advantages of using pumping light at two frequencies
the method is a type of saturation spectroscopy and the hoke hole-burning spectrum created using a single burn
will decay with the lifetime of the excited state. Persistentquency, the spectral positions of sideholes and antiholes
spectral hole burning occurs if some absorlgeranore gen- symmetric and it is not possible to determine the ordering
erally, some absorber +host systgrage transferred to other hyperfine levels(corresponding to the signs of hyperfir
states, with lifetimes considerably longer than that of thecoupling constanjsfrom this. However, by burning at tw
excited state. There exist several mechanisms for persistefrtequencies, with a separation equal to one of the separal
hole burning, e.g., photoionization and photochemical reacbetween the ground state hyperfine levels, some absol
tions, which were used in the first demonstrations of thecan be pumped away from two of the hyperfine levels. T
phenomenoi®3* The mechanism that will be considered breaks the symmetry, as antiholes at specific positions
here is due to population redistribution between long-livedincrease in size when the population in the corresponc
sublevels in the electronic ground state. In rare-earth-dopelyperfine levels increases. Comparing the resulting hi
solids these sublevels can be due to e.g., hyperfine, superhlyurning spectrum with hole patterns created using a sir
perfine, or Zeeman interactioiisand in the following the burn frequency directly yields the ordering of the grou
term “hyperfine levels” will be used. The experiments de-state levels.
scribed in this work utilizes hole burning due to optical In general, the sequences described below involve bi
pumping®3%of the long-lived hyperfine levels in a rare-earth ing at three or more frequencies chosen such that, for a
ion-doped inorganic crystal, as was demonstrated in Ref. 3&et of absorbers at a specific frequency within the inhor

In the general discussion in this section we assume algeneous line, these frequencies correspond to excitation
sorbers with long-lived ground state hyperfine levels witheach of the ground state hyperfine levels. Absorbers not
energy separation, 83, etc.(starting from the lowest state longing to this subset, although resonant with at least on
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pumping. The minimum obtainable absorption is determil
T ¢ 8, by the spectral purity of the light and by the relaxation r:
4

of the pumped levels compared to the pumping rate. °

spectral purity is important because any energy outside

Voum pumped spectral region can be absorbed. Light outside
pit may also excite other transitions, thus pumping absort

back into the emptied region. Relaxation may be limiting

5., the lifetime of the hyperfine levels is not several orders
magnitude longer than that of the optically excited state u
in the pumping process, since it will be necessary to cy
the optical transition many times before the pit is emf
«— unless coherent population transfer techniques are used
One question that may be considered is how wide a s
tral interval can be emptied. This is relevant because it
termines whether it is possible to study several transition
different frequencies inside a single pit, as is demonstre

=

—_

1
o

=

Absorption / A, iia

o PR, below, and because it determines the maximum bandw
3, that can be used in an experiment without affecting “spe
0 Vlburn tor absorbers” outside the pit. It is clear that the empt
region can never be broader than the total energy separ

(b) Frequency

between the ground state hyperfine level§,= 8+ 83+,
FIG. 1. Principles of spectral hole burning through optical Since this is the maximum frequency distance the absor
pumping and redistribution of absorbers between sublevels in thdue to a particular absorber can be shifted, by moving
ground state. The example assumes absorbers with two sublevelsabsorber between hyperfine levels. Put differently, if a sr
both ground and excited states and that the splitting of the grountral interval smaller thans), is repeatedly excited, the at
state is larger than that of the excited std#.Due to inhomoge- sorbers may eventually decay to a hyperfine level where 1
neous broadening, different subsets of absorbers will have transgnly absorb outside this interval. This will be the case, e.g
tions between different sublevels shifted into resonance with they|| excited state hyperfine splittings are larger than the t
applied light. The figure shows the energy levels of four differentsp"tting of the ground Statestgot< (5? 5; ...). Another case is
subsets, all resonant with the burning laser, but on different transiyhen the total splitting of the excited staf, is smaller than
tions. (b) Absorption spectrum after burning at frequengy The  the total splitting in the ground state. In this case, a pit w
position of side holes and antiholes directly give the separations, \idth approachingé?ot— é(teot) can be created. The analys

between the sublevels. will be more complex if several close-laying pits are creat

the burn frequencies, are pumped to levels where they are
not affected by subsequent laser pulses. Similar techniques D. Creating an isolated peak
have been used implicitly in experiments concerning EIT and  another key technique is the method of creating a sp
slow light;'®= where the process involves excitation from trajly narrow peak of absorbers in a pit, i.e., in a region t
two of the ground state hyperfine levels and an additionahas peen emptied of all other absorbgfy. 2b)]. Fluores-
field is used to repump absorbers from the third level. Unlesgence measurements can then be made on zero backg!
similar schemes are followed, any experiment involving ex-and as long as the peak is narrower than the splitting betv
citation on specific hyperfine transitions hidden by a largenyperfine levels, different transitions will appear as absc
inhomogeneous optical broadening will be complicated bying peaks at different frequencies, which can be direc
the fact that each laser field will also excite other transitiongompared. Perhaps more importantly, as was demonsti
for subsets of absorbers that have the appropriate transitiqfy, prydeet al,3? it is possible to apply “hard” optical pulse:
frequenciegct. Fig. 1). i.e., pulses with a specific pulse area, to a narrow and s
trally isolated absorptive feature. This makes it possible
use(multiple pulsg coherent transient techniques frequen
An important part of the techniques used in this work isused in nuclear magnetic resonafi€evhich can provide a
the ability to completely remove all absorbers from an inter-wealth of structural and dynamical information.
val within an inhomogeneous absorption lifiEig. 2a)]. Two methods for creating a spectrally isolated peak h
This is done by repeatedly scanning the frequency of th@ppeared in literature. The first method relies on the ability
burning field across the spectral region, thus burning a widexcite absorbers in the surrounding interval, leaving a cer
hole or “pit” in the absorption profile. Within the pit, there is group of absorbers in the ground state. Some of the exc
essentially no absorption or fluorescence, so if a set of ababsorbers will relax to other states and if the procedur
sorbers is prepared at a specific frequency within the pitfepeated many times an isolated absorbing peak will rem
measurements can be made on zero background. Prydeet al. achieved this by using phase modulated pulse
The amount of absorbers within a spectral interval can b@chieve spectrally selective excitatighf! The principle is
reduced to a fraction of a percent by repeated or continuousimilar to that demonstrated by Kikas and Sildés/ho used

C. Creating a spectral pit
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FIG. 2. Spectral hole burning in the inhomogeneously broadélﬁ@éDo transition in EG*:YAIO 5. The amount of E%f ions absorbing
at a particular frequency has been monitored by recording laser induced fluores@ntel2 MHz wide spectral interval has bee
completely emptied of absorbing ions. At laser frequencies inside the pit, the signal is constant and less than 1% of the fluoresce
before burning(b) An ensemble of ions has been moved back into the pit by shifting the laser frequency 69 MHz from the center o
and thus burning on an auxiliary hyperfine level in the ground state. The resolution of the spectral features in this experiment was |
laser jitter of the order of 2 MHz.

one laser to excite a broad spectral interval and a secorzkro background, inside the inhomogeneously broadenec
laser to deexcite a narrow region in the center of this intervalsorption line. These atoms can then be used for spectrost
This method of generation of a narrow absorptive feature hastudies, as below, or for experiments within quantum op
also been explored by de Sézeal, using chirped pulses in  or quantum information processiRg?!26
the regime of rapid adiabatic passdg&he minimum attain- A typical burn sequence will start with a series of puls
able width of a peak created by repeated burning on théhat, to the extent possible, removes subsets of atoms
surrounding spectral interval is determined by laser jitter durabsorb on other hyperfine transitions than those sele
ing the pulse sequence. The method does not select atomsfiom the spectral region that will be used. Then a(pits)
a specific hyperfine state or absorbing on a specific transare burned around the frequen@sequencieswhere the se-
tion. lected subset of atoms are to absorb on specific transition
In the other method, introduced in Ref. 20, a spectrathe process of emptying the pits, these absorbers are m
interval is first completely emptied of absorbers using re-to an auxiliary state. Finally, pulses resonant with transiti
peated pulses chirped over the frequency interval. The fregoing from this auxiliary state pump the selected subse
quency is then shifted by an amount equal to one of thebsorbers back into the emptied spectral region. Additic
ground state hyperfine level separatioffs and absorbers tailoring pulses may be needed in order to completely sy
within a narrow frequency interval are excited. Some of thetrally isolate the selected absorbers. Figure 3 illustrate
absorbers will decay into the previously emptied hyperfinebasic hole-burning sequence, preparing an isolated set o
level and will now absorb in the center of the emptied specsorbers in a specific ground state sublevel.
tral region, on transitions going from a single hyperfine level. Considering that a single frequency burn pulse, applie
If the relevant relaxation branching ratio is sufficiently large,a sample with three sublevels in both ground and exc
this “burning back” into the pit need only be repeated one ostate, changes the absorption at 48 other freque@isile-
a few times in order to create a significant peak. Thus théoles and 42 antiholgsthe frequencies at which to bur
width of the peak, created using this method, is only limitedmust be chosen with some care. In general there will
by the short-term frequency stability of the laser source. Théestrictions on what transitions should be used, how I
width of the created peak may also be increased by inhomdPits can be created, etc, imposed by coincidences betv
geneous broadening of the hyperfine level separation. In thigansitions for different subsets of absorbers and by the |
case, it is possible to optically probe inside an inhomogelinewidth. Fortunately, with knowledge about the hyperfi
neously broadened spin transition, directly in the frequencyevel separations obtained using standard hole burning,
domain, or to apply additional burning pulses to narrow thePossible to simulate the burning kinetics and to predict wh
peak. As hyperfine level separations are usually isotope ddhe different subsets of atoms will absorb after the appli
pendant, an absorbing peak created using this method will biéon of a sequence of burning pulses. Such simulations v
due to only one isotope, even though all isotope shifts aréised in developing the burn sequences described below

usually buried by the optical inhomogeneous broadening. lIl. HOLE-BURNING SEQUENCES FOR ISOLATING
E. Hole-burning sequences TRANSITIONS IN Pr 3*:Y ,SiOg
The techniques described above are combined to prepare We now turn to the burn sequences used to reveal spe
groups of atoms, absorbing on specific transitions and ohyperfine transitions of th%H4-1D2 transition of P#* doped
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tion with nuclear magnetic moments in the host, occur ¢
rate of abouf100 9. The lifetime of the excited stafB, is
164 us and the time required to saturate the transition v
laser radiation is typically 1—10p0s, which means that thou
sands of burning cycles can be performed before hyper
relaxation becomes significant.

In the Appendix we give, as an explicit example, the
tails for a sequence of burning pulses that prepares a g
of ions in the +1/2 level in the ground state +1¢2 such
that their absorption to each of the excited state hyper
levels occurs within an otherwise empty spectral region
frequencyuyy is selected within the inhomogeneous abso
tion line and burning is mainly done around the frequenc
v (y+10.2 MH2 and (vy+27.5 MH2, which for the se-
lected subset of ions correspond to transitions (@2
-1/2(e), 3/2(g)-1/2(e), and 5/2g)—1/2(e), respectively.
The first pulses remove other subsets of ions, to the ex

FIG. 3. Simplified hole-burning sequence, assuming absorberpossible. Then a wide pit is burned around frequeneige:

with three sublevels in the ground state and a single excited statand(vy+10.2 MH2, which leaves the selected subset of ic
Energy level diagram is shown for a selected subset of absorbers @i the +5/2 hyperfine level of the ground state. Finally, ic
a specific position within the inhomogeneous absorption lige.  are excited on the +5(8)-+5/2(e) transition and relax bacl
Burning at frequenciesy, (vo+83), and (vo+ 57+ 53) removes ab-  intg the +1/2 state, where they form a narrow absorb
sorbers for which these frequencies correspond to other transitiongatyre. The sequence consists of more than 500 pulses
than for the selected subséb) Burning at frequenciesy and (v, durations between 20 and 2@, spread out during approxi
+89) creates two wide spectral pits and collects the selected SUbS?ﬁately 0.5 s. Between experiments the hyperfine level pc
of absorbers in an auxiliary statéc) Absorbers within a narrow lations c.an t;e scrambled by repeated burning on a wide
spectral interval agv+ 53+ 5)) are excited from the auxiliary state, terval, which creates an equilibriumlike state that is taker
from where they relax to form a narrow peak, absorbing from aa Star’ting point for repeated experiments
lected d stat blevel. - . ) .
selected ground state stbleve Figures %b)-5(d) show the relative number of Prions
absorbing on each of the nine possible transitions at ¢
gptical frequency, _after the purning sequence in the App
ix has been applied. The figures are the result of a sim

Y ,SiOs;. The Pr ions can enter the crystal in two crystallo-
graphically inequivalent sites and here we only consider ion

In site |, absorbing at 606 nm. Praseodymium has a singl ion of the burning dynamics assuming initial equilibriur

naturally occurring isotopet P with a nuclear spin with equally many ions in each ground state hyperfine le
=5/2. Each electronic state is split into three doubly degen-, qually y grou yp

. . It has been assumed that all transitions can be saturatec
erate states by second order hyperfine interaction and electr,

| . .
quadrupole interactiol? The hyperfine level separations, {Kat relaxation to each of the ground state levels is equ

shown i Fig. 4, are belvieen 4.6 and 275 Wz and EI00A0le EVen 1S 1oy Scly e, e sl o
states are conventionally labeled +1/2, +3/2, and +5/2 y b gp

that the surrounding spectral interval may be complet

However, the nuclear wave functions are mixed due to the . . - .
emptied with sufficient burning.

low site symmetry and the states are not strictly spin™ . .
. 28 e . Figure %a) shows the results of applying the burn s
eigenstate$??® As a result, transitions between any pair of . .
guence experimentally, where readout is performed by m

hyperfine levels are alloweql to some degree. At cryogeni?oring the transmission of a frequency chirped pulse. -
temperatures~4 K), relaxation between ground state hy- :

perfine levels, due to phonon assisted processes or inter

8., = 4.8 MHz

+5/2

— 15/2

a

droup of ions prepared in the +1(@ state will give rise to
peaks of absorption at frequencies corresponding to the f
sitions to each of the excited state hyperfine levels. The r

APH(D-'Dy (1)) | 605977 nm 8, =46 MHz —— 11 'D, tive transition strengths of the transitions can be directly s
r 970 Hz, and the properties of the transitions and hyperfine levels
hom . . o
- ooH T be further studied by applying additional pulses to the pe:
inhom ~ z
T 164 us 494.7 THz
! ! IV. EXPERIMENTAL SETUP
T 152 us 1112 l ) . A
— $.=10.2 MHz The experimental setup is shown in Fig. 6. A Nd:YY/(
Ty (Hole lifetime) ~100 s 82 . .
hf —_— 52 3 . laser (Coherent Verdi pumped a ring dye lasgiCoherent
o ~20 e’} 851 =17.3 MHz 699-2) using Rhodamine 6G to give-300 mW output

power at\=606 nm. The dye laser was actively stabilize

FIG. 4. Energy level diagram and relaxation data for theusing an intracavity electro-optic modulatofGsanger

®H,-'D, transition of site IP¥ ions in Y,SiOs. Ty, T,, andly are

given according to Ref. 27.

PM25), and was frequency locked to a stable reference ¢
ity, which reduced frequency jitter te<30 kHz. The laser
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> [Liipg s
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(b) 0 FIG. 6. Setup used in the experiments. See Sec. IV
= details.
=]
[\
S L,
= i around Q=1 MHz when the transitions were coheren
P |
() 0 driven.
= The sample was a 0.5 mm thick,S8iOy crystal with a
g Pr¥* concentration of 0.05 at.%. The crystal was held a
2 T temperature of~3.5 K. The light propagated along the
S0 _10' * 0 0 axis and the polarization was linear and was rotated, u:
(d) V- v, (MHz) the /2 plate, to obtain maximum absorption. This polariz

tion was taken to be along a direction where thdield

FIG. 5. (a) The experimental result of applying the hole-burning Projection is equal on both possible orientations of the tr
sequence detailed in Sec. Il to3PrY,SiOs. A group of ions is _ Sition dipole moment of site | Pt ions.
prepared in state +1/2, such that they absorb to each of the excited The focus in the sample was imaged onto au&0 pin-
state hyperfine levels on frequencies inside a previously emptiefiole, in order to study only ions in the center of the bec
spectral pit. In this experiment, the spectral resolution was limitedvhere the intensity variations were sm#&k20%). The

by a fast readout chirp rate =1 MHz/us) and the peak corre-
sponding to the transition +1/25/2 was notresolved. See Fig.
7(a) for a closeup of the central regio(h)—<d) Relative number of

transmitted beam and the reference beam were detecte
ing a matched pair of electronically amplified photodiod
Two AOMs were used to gate the detection, blocking

ions absorbing at each optical frequency from the three ground statgurning pulses.

hyperfine levels, after applying the sequence of burning pulses in  Readout of spectral structures, prepared by hole burr
Sec. Ill. (b) lons in state +1/2(c) ions in state £3/2, an¢d) ions a5 performed by scanning the light frequency and recc
in state £5/2. Each ion can absorb at three different frequencieqng the intensities of the transmitted beam and the refere
(Solid lineg Absorption to the £1/2 hyperfine level in the excited beam. The signals were then divided in order to rem
state. (Dashed linep Absorption to excited state +3/2Dotted shared noise, such as laser amplitude noise. The probe p

lines) Absorption to excited state +5/2. The total absorption, corre are shor~100 us) and a factor 19-10" weaker than the

sponding to@ can be obtained by summing the absorption on theburning pulses, in order to minimize excitation during ree
nine possible transitions if)—<(d), weighted according to transition ' :
strengths. out. The frequency scan rateof the readout was typically
between 0.01 and 1 MHzsis. The spectral structures th
were prepared, e.g., absorbing peaks, had features that
light was modulated by an acousto-optic modula®®M)  less than 100 kHz wide, determined by laser jitter and in
(A.A. Opto-Electronicy with a bandwidth of 100 MHz, mogeneous broadening of the hyperfine transitions. H
used in a double-pass configuration in order to increase thever, the readout resolution was limited by the Fourier wi
bandwidth and to eliminate beam movement accompanyinget by the readout scan ratkeyo \r. All data were obtained
frequency shifts. The AOM was driven by a 1 GS/s arbitraryin single-shot measurements, unless otherwise stated.
waveform generatdiTektronix AWG520, which allowed di-
rect control of pulse amplitude, phase, and frequ_ency. Thev ABSORPTION MEASUREMENTS AND INCOHERENCT
wave form generator was computer controlled, which faqh— PROBING OF TRANSITIONS
tated programming of complex pulse sequences. A single
mode optical fiber was used as a mode cleaner after which a Using three different hole-burning sequences of the t
beam sample(Thorlabs BSF10-Al picked off 5% of the described above, a peak of absorbing ions was isolated ir
light for use as a reference beam. The burn/probe bearhl/2, +3/2, or £5/2 hyperfine level of the grour(aH4)
passed a\/2 plate and was then focused onto the samplestate, such that the absorption of the ensemble to each ©
using anf=300 mm lens. The diametér=1,/€? of the fo-  three upper stat€'D,) hyperfine levels could be seen on
cus was~100 um throughout the sample. The optical power zero background@Fig. 7). As the same ensemble of ions w
at the sample was- 20 mW, which gave Rabi frequencies of absorbing on three different transitions in each measuren
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FIG. 7. lons absorbing on specific hyperfine transitions, inside &
. 1 . . &?
the inhomogeneously broadened®H,-'D, transition in 2 o] et

Pr*:Y,SiOs. The three curves correspond to three separate experi- 5 1‘0 15 2‘0
ments. The three peaks of varying size, in each curve, are due to the v - v, (MHz)
0

same ensemble of ions absorbing on different transitions. The in-
tensity was attenuated by a factoPHuring readout, in order not to FIG. 8. Incoherent burning on transitions going from state +3
cause si.gnificant excitation when probing the transitions.. The scafh) A group of ions have been prepared in state +3/2, inside a v
rate during readout was of the order 0¥ 0.1 MHz/us. Single-  region emptied of other absorbing ions. Absorption on transit
shot measurements. +3/2-+5/2 isbarely detectable(b)—(d) In three separate experi

ments, a large number of burning pulses are applied at the freq
the relative strength of these transitions could be directlyies indicated in@). When the ions are pumped away V1 the
obtained by comparing the size of the absorbing peaks, intl/2 or(c) the +3/2 hyperfine levels in the excited state, a lal
dependent of what numbedensity of ions had been pre- fraction of the ions relax to +1/2 in the ground state and are
pared. This was used to calculate a complete matrix descrifected after the burningd) When the ions are pumped away via t
ing the relative oscillator strengths for optical transitions*5/2 excited state, they disappear from the monitored region, i
between the ground and excited state hyperfine manifoldsting that they have relaxed to +5/2 in the ground state, sinc
(Table )). Although there was no direct connection betweentransitions from this state are resonant with higher frequenc
the measured absorption from different ground state hyper¥ioderate buring at other frequencies inside the pit, i.e., not r
fine levels, since the number of ions prepared may have bee[nFEm vglt:: ?:_ﬁhogttgi;:uarg‘qgriis not change the absorption
different, the sum of the relative strengths of transitions go- ~ g '
ing to each excited state was found to be approximately one,

as should be expected. The results in Table | were obtainegore sometimes present, experiments were made in ord
by constraining each row and column of the matrix to SUM Q gty the assignment of the absorbing peaks to specific t
one and fitting the entries to several series of absorption dat@jsions. This illustrative experiment also gave additional
As some of the transitions were almost too weak 0 bg,rmation about the branching ratios for relaxation from
observed directly and because additional, unrelated, pealﬁ%rticular excited state hyperfine level to each of the gro
state hyperfine levels. Figuregb3-8(d) show the result of

TABLE I. Relative oscillator strength for transitions between the hyrning on, in turn, the frequencies corresponding to
°H, and 'D, hyperfine manifolds in B:Y,SiOs, as calculated  +3/2.+1/2, +3/2-+3/2, and +3/2-%5/2ransitions. If a
from absorption dat&See Fig. 7. Rows correspond to transitions garies of burning pulses were applied at, e.g., the +3
from different starting stateeround state hyperfine levelsCol- +1/2 transition. the ions were pumped' awa’y via t
umns correspond to transitions to different excited state hyperfing__llz(e) level a,nd the peaks corresponding to iransiti(
levels. All entries have an absolute uncertainty less than +0.01. 13/2_4_3/2 a;’nd +3/2-+5/Aisappeared, in addition to th
peak at the burning frequency, which confirmed that the

e

g\e +1/2 +3/2 +5/2 . . o
sorption was due to the same ensemble of ions. Similar
+1/2 0.55 0.38 0.07 periments were done on the transitions from the #ij) 2cf.
+3/2 0.40 0.60 0.01 Fig. 7(@] and £5/29) [cf. Fig. 7c)] levels of the ground
+5/2 0.05 0.02 0.93 state. This worked even when the absorption on the pun

transition was too weak to observe directly. In Fig. 8 it c
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be seen that a significant fraction of the ions excited to the
+1/2 or £3/2 levels of the excited state relax to +1/2 in the 0.2
ground state, where their absorption on transitions £1/2 '
-+3/2 and +1/2-+5/2 can benonitored in the same pit. 0.1},
However, when the pumping is performed via the H&}2
state[Fig. 8(d)], almost all absorbing ions disappear from the
pit, which means that the branching ratio for relaxation to 4
+5/2 in the ground state is large. Branching ratios found by 8
such measurements largely agreed with the oscillatorg g,
strengths found for the optical transitions. Since many ex-&
cited ions do not relax directly to the ground state, this couId§ 0.3}
be an indication that spin selection rules are conserved alse
in more complex relaxation routes. 0.4
The results shown in Fig. 7 directly yield the separation

units)
=

b
o

between the three doubly degenerate hyperfine levels of the 03

excited state, given by the separation between peaks corre ‘

sponding to excitation to each of the states. This is of some -40 -20 0 20 40
interest because contradictory energy level ordering within Vpump™ Vprobe (MH2Z)

the hyperfine manifolds in P¥:Y,SiOy have appeared in the

literaturé227-2% and because commonly used techniques, FIG. 9. (Solid line) Experimental hole-burning spectrum in tt
such as optically detected nuclear magnetic resonance, onifa- D transition in site | P¥*in Y;SiOs. The hole was created b
determines absolute values of the hyperfine splitting. OufPPlYing a burn pulse during 1 s. The data are an average C
results show that the separation between the lowest and tﬁgadout scans. The spectral resolution is limited by laser jitter

middle hyperfine level is 4.58+0.02 MHz and that the sepa-'ng burning and readout. Dashed line: Simulated hole-burning s

ration between the middle and the highest level jglrum using hyperfine parameters from Table I.
4.86+0.02 MHz. This confirms the conclusions about level
ordering drawn by Hollidagt al22 by comparing the relative ground state and positive for the excited state. The rate e
size of hole-burning features in experiment and simulationstions were solved numerically for the duration of the bt
Our result corresponds to a situation where the pseudoqu&ulse(l s). The simulation results can be seen to agree v
drupole coupling constartf&** D andE have negative signs With the observed hole-burning spectrum.
in the ground state and positive signs in the excited state.
Lr;lrsn 2itsglgzr9ees with the assumptions of Longeelal 28 and VI. RABI FREQUENCY MEASUREMENTS
Longdell et al. inferred the directions of the Zeeman and By applying intense coherent laser pulses to a transit
pseudoquadrupole tensors it P ,SiO; by measuring the the absorbers can be driven into an arbitrary superpositio
hyperfine splittings while rotating the direction of a weakthe two levels connected by the transition. In the Blc
magnetic field® From this the relative strengths of the opti- sphere picture this corresponds to rotating the state ve
cal transitions was calculated, as the overlap of the nuclearound a vector representing the interaction with the app
states between the ground and optically excited hyperfinelectric field, at a rate proportional to the amplitude of t
manifold. To first order this gives the relative size of thefield.*54”When the radiation has a fixed frequency, reson
transition dipole momentsu and the optical oscillator with the transition, the absorbers will be driven complet
strength is proportional to the square of this. The observedp into the excited state and then down again into the gro
transition strengthéTable |) agree with their results as to the state, in a process known as Rabi flopping. The rate at w
relative significance of the transitions, e.g., the conclusiorthe absorbers are rotated between the states is known &
that the transitions +1/23/2 and +3/2-+1/2 are thstron-  Rabi frequency) and is proportional to the optical transitio
gest off-diagonal transitions. However, their calculations im-dipole  moment p  of the transition according toQ)
ply that the oscillator strengths of the diagonal transitions are2wEu/h. The pulse ared is the angle through which th
more than 20 times larger than that of any of the off-diagonaktate vector has been rotated, givends()t. Rabi frequency
transitions, which was not observed in our experiments. Oneneasurements are a good way of determining the streng
possible cause for the discrepancy can be that hyperfine traneupling between light and dopant ions, but may be com
sitions in P#*:Y,SiOs often involve a simultaneous change cated if several transitions of different strength are simu
of a Pr and Y nuclear spiff. This could mean that at low neously driven, or if the ions are located in sites with diffe
applied magnetic fields the optical transition does not correent orientations relative to the electromagnetic fféld.
spond to a pure Pr transition but to a combination of near The transition strengths of the nine transitions betw:
degenerate Pr-Y transitions. the ground and excited state hyperfine manifolds
Figure 9 shows a high-resolution hole-burning spectrumPr*:Y,SiOs were determined by studying Rabi floppir
recorded using an unfocused beam, together with a simuldhrough coherent driving of the transitions. Spectrally i
tion using the parameters in Table I. For the simulation it wadated peaks, due to ions absorbing on a specific transi
assumed that spin relaxation is negligible and the quadrupoleere prepared as described in Secs. Il and V. Then cohe
coupling constants were assumed to be negative for thpulses with varying pulse areas were applied to the peak
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FIG. 10. Coherent driving of the £1/23/2 transition. Pulses o N
with a variable pulse are&9=Qt) was applied to the transiton FIG. ll_. Coherent driving of the 15,121/_2 transition. Pul_s_es
using 3us long pulses with varying intensity. The population dif- With & variable pulse are&g=(t) was applied to the transitior
ference between the grounft:1/2(g)] and optically excited USINg 3us long pulses with varying intensity. The numb_er of io
[+3/2(e)] states, after the pulse, was monitored by recording thdeft in the ground state, £5/g), after the pulse, was monitored b
transmission at the resonance frequerby--(e) An ensemble of recording the_ absorptlon'on the +545/2 transmon.(b)_—(d) An
ions absorbing/emitting on the transition after the application of afnsemble of ions absorbing on +54%/2 after the application of
pulse with(b) #=0, (c) 6~ /3, (d) O~ m, and(e) o~ 2. a pulse with(b) =0, (c) =, and (d) 8= 2, resonant with
+5/2-+1/2.

a series of experiments, and the effect was studied by rapidly ) )
scanning the laser frequency across the transition whiléeak for the population difference between the ground
monitoring the transmission. When the ions were driverfXCited states to be studied directly. In this case, the s
more than halfway up into the excited state, i.e., for &fter the application of the driving pulse was observed ir
> /2, a majority of the population was in the excited stater€ctly by monitoring the number of ions left in the grour
and stimulated emission could be observed instead of aftate, through their absorption on a stronger transition.
sorption. The absorption/emission showed oscillatory behayeXample, when the +5(8)-+1/2(e) transition was driven,
ior as a function of the applied pulse area, from which thethe absorption on the strong transition +5gR+5/2(e),
maximum Rabi frequency could be determingglg. 10. 9.4 MHz away, could be seen to oscillate between a m
Because the peaks have a finite width, the applied pulse®um value and a minimum value, corresponding to mz
were kept relatively short<3 us) in order to make them mum (6=m) and minimum excitation on the +5(@-
spectrally flat across the peak. Otherwise, ions absorbing at1/2(€) transition(Fig. 11). Similarly, the driving of a tran-
slightly different frequencies within the peak would be sition could be monitored by studying absorption/emiss
driven at different Rabi frequencies. Similarly, ions at differ- on a transition connecting the excited state in the dri
ent spatial positions within the laser beam have differentransition to another ground state hyperfine level. Initie
Rabi frequencies due to variations in field intensity. This waghere would be no absorption on the monitored transition,
partly compensated for by the use of a pinhole on the dete@s ions were moved to the excited state by the applied p
tion side of the setup, which imaged only the center of the€.g., for = ), negative absorption, i.e., stimulated em
beam. However, remaining inhomogeneity in the Rabi fre-sion, could be seen on the transition.
quency led to a rapid decay of the Rabi oscillation, as the The Rabi frequency was measured for each of the r
ions were driven more than one Rabi period. The signal wagransitions and the results are summarized in Table II. -
also decreased by the20 us delay between the applied Rabi frequencies ranged fromc0.2 to 1.8 MHz, using
pulse and the moment when the readout scan passed the c&@ mW optical power focused to 1Q@m. From this, the
ter of the peak. During this delay some of the excited iontransition dipole moment of the strongest transitia/2-
population has had time to relax back to the ground statet5/2), along the polarization of the light field, was calc
The maximum applied pulse area was limitedt8, by the  lated to beu=3.7X 1032 C m (0.011D), corresponding to
available laser power and the need to keep the pulses shortan oscillator strength of=9.5x 1077. This is slightly higher
than~3 us. than previously reported valug$=3x 10" (Ref. 27 and
Even the weakest transitions between fig, and’D,  f=7.7x 107 (Ref. 49], which is reasonable since the co
hyperfine states could be driven coherently. However, oventional measurement techniques give the average ove
these transitions the absorption/stimulated emission was tapvansitions between the hyperfine manifolds. The rela
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TABLE Il. Rabi frequencied)y attained when driving the nine long-lived sublevels in the ground state and where the ho
different hyperfine transitions using resonant light with an intensitygeneous linewidth and sublevel separations are smaller
of 1=250 W/cnf. The entries are proportional to the transition the inhomogeneous broadening of the optical transition
dipole moments along the electric field polarizatjerof the tran- particular, the techniques will be useful for spectroscopy
sitions and to the square root of the oscillator streng8ee Table 5re-earth -ion-doped inorganic crystals, which are wid
). The uncertainty in the absolute values is of the order of £20%.,5eqd in various applications. The possibility to tailor a
manipulate the spectral absorption properties of rare-e:
Qg..e/ 2 MHZ doped materials with long-lived hyperfine levels, as
scribed here, gives rich possibilities for new applicatio

gle +1/2 312 *5/2 Pr¥*:Y,SiO;s is used in quantum optical experiments and

+1/2 1.4 1.0 0.4 experiments aimed at using the dopant ions as quantum ¢

+3/2 1.0 1.6 <0.2 puter hardware and the spectroscopic data that has beer

+5/2 0.4 0.3 18 sented will be of use in any further experiments or appli
tions using this material.

magnitude of the square root of the entries in Table Il can be ACKNOWLEDGMENTS

compared to the results in Table | and are in reasonable ) ) )
agreement. The results obtained using coherent driving of the 11iS Work was supported by the ESQUIRE project witf
transitions suffer from a greater uncertainty, partly becaus&'® IST-FET program of the EU, the Swedish Resea
they were obtained in separate experiments while in the ag=0uncil, and the Knut and Alice Wallenberg Foundation.
sorption measurements the strength of three transitions were

obtained in a single shot. However, the experiments de- APPENDIX: PULSE SEQUENCE FOR ISOLATING
scribed in this section provide an additional way of compar- TRANSITIONS FROM THE +1/2 STATE IN Pr 3:Y ,SiOs
ing the strength of transitions going from different ground

state hyperfine levels, which was only done indirectly in the h Here we give the det?i_ls f°F a ﬁeq+u1e/r120(le of lb_urnri]ng pu
absorption measurements. that prepares a group of ions in the + evel in the grot

In closing, we note that coherent driving of transitions Stat€, £1/29), such that their absorption to each of the ¢

gives an additional tool when tailoring the inhomogeneoushfited state hyperfine levels occurs within an otherwise err
broadened absorption profile for spectroscopy or applicaSPectral region. The resonance frequengyf the 1/2—-1/2
tions. Using oner pulse to lift ions to the excited state and transition for this subset of ions can be chosen arbitra
another to drive them down into another hyperfine level in2nywhere inside the inhomogeneous absorption line. The
the ground state can be a much more efficient way of movingUency offsets below are given with respect to this f
population between states than incoherent burfinguch ~ duéncy. Numbers given are those used in the experimer
coherent excitation and coherent Raman transfer can be usegd/(1) Burning on the intervals -3-3 MHz, 7.2-13.2 Mk
to speed up and improve the preparation of absorbers usirfgggi?’MHZ)' and 33.9-39.9 MHZ &+ 83+ 67 + 55+ 3MH2),

hole-burning sequences and was used in the final stages 8fd- 300 excitation pulses, 35 long and separated b
the work presented here. 200 us. This removes any ions that do not have their 1

1/2 transition within 3 MHz fromyg and that can be move
to hyperfine levels where they only absorb outside the rec
under preparation. The subset of ions we wish to study
We have described spectral hole-burning techniques foRot escape outside the pumped regions.
tailoring inhomogeneous absorption lines in solids with long-  (2) Burning on the interval -3—-12 MHz, e.g., 300 exc
lived hyperfine levels in the ground state. This includes techtation of 50us duration, with a separation of 2Q6. This
niques for emptying wide spectral regions inside the absorpempties a pit around the frequencies where the selected
tion line and within them p|acing Spectra”y isolated set of ions will absorb from the +1/2 and +3/2 levels of t
absorbing features, which are useful for applications an@round state. These ions are pumped to level £§) By this
spectroscopy. A sequence of optical hole-burning pulses wagfep.
used to reveal transitions between specific hyperfine levels, (3) Burning at 36.9 MHz(6+ 8+ 67+ &), e.g., 10 exci-
initially buried within an inhomogeneously broadened ab-tation pulses of 5Qus duration and with the laser intensi
sorption line, such that they could be studied with no back-attenuated by a factor of 10. This burns back a peak into
ground absorption on other transitions. This was illustratedit, i.e., excites the selected subset of ions from £§) 20
by studying the properties of the hyperfine transitions of thet5/2(e), from where they can relax to +1(@ and £3/2g).
3H,-'D, transition in P#: Y ,SiOs in some detalil. The relative (4) Readout: The laser intensity is attenuated by a fa
and absolute transition strengths, which have not previouslg0® and the frequency scanned, e.g., between -2
been measured, were determined by comparing absorptidit2 MHz in 500 us.
strengths and by measuring the Rabi frequency as the tran- (5) Erase structure: By repeated burning on a wide in
sitions were coherently driven. val, e.g., —100—100 MHz, the hyperfine level populatic
The advanced hole-burning techniques described herean be scrambled, creating an equilibrium-like state that
should be useful for spectroscopy of any solid material withbe used as a starting point for repeated experiments.

VII. SUMMARY
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Erratum: Hole-burning techniques for isolation and study of individual hyperfine transitions
in inhomogeneously broadened solids demonstrated in P¥:Y ,SiOs
[Phys. Rev B 70, 214116 (2004)]

Mattias Nilsson, Lars Rippe, Stefan Kroll, Robert Klieber, and Dieter Suter
(Received 17 February 2005; published 29 April 2005

DOI: 10.1103/PhysRevB.71.149902  PACS nuniber78.90:+t, 61.72-y, 39.30+w, 78.47+p, 99.10.Cd

The laser intensity relevant to the experimental results is the intensity near the center of the laser focus, since a pir
used to select the signal originating from this region. The laser focus had a diameter of approximajety 466 a Gaussial
intensity profile. This gives#500 W/cnft instead of k=250 W/cn¥, which was stated in the caption to Table Il in the par
The oscillator strength and transition dipole moment calculated using this value must be corrected by a factor 142 ,a
respectively.

We thus find that the transition dipole momengis 2.6x 10732 Cm (0.0078 D along the polarization of the light field, fo
the +5/2 - +5/2transition of site | Pt in Y,SiOs. This corresponds to an oscillator strengthfef4.7x 107/, which agrees
well with previously reported values. This mistake does not affect any other results or the main conclusions of the
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