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Detailed site-selective spectroscopy has been performed as a function of temperature’Bgt®,
transition of Eﬁ*:YZSiO‘5 for EW®" concentrations of 0.02%, 0.1%, 0.5%, and 1%. Time-domain optical
dephasing, spectral hole lifetimes, anisotropic absorption coefficients, inhomogeneous linewidths, and fluores-
cence lifetimes for B3 ions at both crystallographic sites were measured. The temperature dependence of the
optical dephasing, transition energy, and linewidth of tRg— °D, absorption was measured and interpreted
in terms of Raman scattering of phonons. Photon echo measurements of optical dephasifig\gdues as
long as 2.6 ms, approaching the limit set by the fluorescence decay time. Spectral hole lifetimes were measured
for temperatures from 2 K to 18 K, with observed lifetimes varying from 1 s at 18 K to an estimated value of
greater than 20 days at 2 K. Anisotropic absorption coefficients were measured, and an increase in Eu
concentration from 0.02% to 7% produced an increase in the inhomogeneous linEyjditom 0.5 GHz to
~150 GHz, indicating that Eli doping induces significant strain in the crystal. New determinations of many
energy levels of F; multiplets have been made f3r=0 to 6.
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[. INTRODUCTION coefficient for the optical transition is important for signal
detection and generally depends on the concentration of the

Excited-state dynamics, spin-lattice relaxation, inhomogeactive ion; however, higher doping often introduces disorder
neous line broadening, and optical dephasing are some of ttend strain in the crystal so that the maximum absorption may
material properties that can be studied in detail using highnot scale with concentration. In addition, high doping levels
resolution coherent transient and hole-burning spectrossan give rise to spectral diffusion with a possible reduction in
copies! In addition, the ability to record spectral population hole lifetime and an increase in the homogeneous linewidth.
gratings in an inhomogeneously broadened medium can be The EG*:Y,SiO; material examined here has been stud-
used to store and recall the spatial and spectral characteristizd by several groufis!! and exhibits one of the narrowest
of laser pulse trains. This has led to applications for spectralhomogeneous optical transitions yet reported in a sadljd,
hole-burning materials in optical memorie€,analog optical =122 Hz, very close to the fluorescence lifetime limit of 81
signal processing?® optical frequency referencésand laser Hz.° The hole-burning mechanism in £uY,SiOs involves
spectral diagnostics. The material uY,SiOs is particu-  population storage in the ground state hyperfine levels, offer-
larly attractive for these device applications because of itsng the potential for long storage times at low temperatures
very long spectral-hole lifetimes and narrow homogeneouslue to slow spin-lattice relaxation. Spectral holes burned by
linewidths®® These same properties also maké Ea sen-  optical pumping of the Eif' hyperfine levels have lifetimes
sitive probe for fundamental material studies of small envi-that we have extrapolated to more than 20 days at 2 K. In
ronmental changes in the crystal. spite of the excellent characteristics of£uY ,SiOs for op-

Two of the most important parameters for optical datatical memories and processors, many spectroscopic proper-
storage and processing using coherent transients or specttads critical for these applications, such as the strongly tem-
hole burning are the inhomogeneous linewidlth, and the  perature dependent dephasing times and hole lifetimes, have
homogeneous linewidtl',, that is related to the dephasing not yet been reported. The study of these temperature depen-
time T, by I',=1/(wT,). The ratiol';,,/I"}, is a measure of dences is the central focus of this paper. Measurements were
the maximum storage density enhancement achievable usimgrformed on E&i:Y,SiO; crystals with Eu concentrations
the material’s frequency selectivity. The optical dephasingdf 0.02%, 0.1%, 0.5%, 1%, and 7%.
time limits the duration of data pulse sequences in time- The paper is organized as follows. Section Il describes
domain optical memories, while the inhomogeneous linebasic material properties of ,8i05. Section Il details the
width limits the spectral width of the data pulses and therespectroscopic properties. TH& ,— °D, anisotropic absorp-
fore the maximum achievable data rate. The spectral-holéon, the °D, fluorescence lifetimes, and tH& ; level struc-
lifetime is another important parameter, with applications extures, are discussed in Secs. Il A, Il B, and Il C, respec-
isting for both long and short lifetimes. A large absorptiontively. Section IV describes the temperature dependences of
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TABLE |. Concentration dependent peak absorption coefficiegtécm *) and inhomogeneous line-
width T, (GH2) at T=2 K in EW®":Y,SiOs. D1, D2, andb are the principal axes of the refractive index
tensor.I';,, is the FWHM from the Lorentzian fit to the absorption line.

ay (cm™1) Site 1 ag (cm™1) Site 2

E¥* Conc. E[D1  E|D2 E[b Ty (GH E[D1  E|D2  Elb Ty (GH2)

0.02% 2.4 0.5 ~0 0.63 1.1 0.2 1.2 0.50
0.1% 35 1.1 ~0 1.7 1.7 0.3 2.2 1.4
0.5% 3.1 0.6 ~0 11 1.3 0.2 1.3 12
1% 3.9 0.8 ~0 22 1.2 0.3 1.5 32
7% 51 150 2.5 150
the transition energies and the linewidths. Finally, the tem- Ill. SPECTROSCOPIC PROPERTIES OF Eu3*:Y,SiOs

perature dependences of the spectral hole lifetimes are pre-

X A. Anisotropy of the "F 5D, absorption
sented in Sec. V. py o— Do p

Absorption experiments were carried out in a liquid he-
lium cryostat operating either in bath or continuous gas-flow
mode depending on the temperature required. For tempera-

The °Dy« 'F transition of EG" is especially interesting ture dependent measurements, the crystals were attached to a
since both the ground staté, and the excited statéD,  copper sample holder with copper loaded grease. The tem-
haveJ=0 and hence no first order electronic magnetic moperature at the sample mount was measured with a calibrated
ment. This minimizes the sensitivity to spin flips in the crys- carbon glass sensétakeshore CGR-1-500
talline environment, leading to very narrow homogeneous The inhomogeneous linewidth of tH& ,— 5D, transition
linewidths at low temperature. Low nuclear magnetic mo-for these samples varied from sub-GHz to 150 GHz as a
ment hosts may be chosen to further reduce dephasing duefighction of concentration as shown in Table I. Linewidths
nuclear spin fIip§.2 In particular, Y,SiOs is a good host since  narrower than 12 GH£0.02% Eu, 0.1% Eu, and 0.5% Eu
Y has a nuclear spin df=3 with a very small magnetic were measured by laser absorption using a Coherent CR-
moment of—0.137uy, *°Si has an abundance of only 4.7% 599-21 single frequency cw dye laser. To minimize hole
with a spinl = and a magnetic moment of -0.5%&, and  purning during the measurement, the laser beam was attenu-
magnetic isotopes of oxygen have a negligible abundance efted with neutral density filters and propagated through the
<0.04%. Because magnetic interactions with the host latticgrystal without focusing. Linewidths greater than 12 GHz
are minimized, this material exhibits subkilohertz homoge-(1%, 7% Eu) were measured by conventional absorption
neous linewidth&:° Additionally, the fiI‘St7F1 excited state with a tungsten-halogen lamp. The crystal was masked to
of EL®* is typically more than 200 cm' above the ground minimize scattered light in the background, and the transmit-
state, greatly reducing the magnitude of thermally induceded light was analyzed using a SPEX 14018 spectrometer
line broadening and delaying its onset to higher temperawith a resolution of 3.5 GHz and a Hamamatsu R928 photo-
tures. multiplier as the detector.

The crystal host ¥SiOs is monoclinic and belongs to  Absorption spectroscopy was performed for the two in-
the space group?gh with eight formula units in a unit cell. equivalent sites with the electric vector of the lighparallel
The cell parameters dre a=1.041 nm, b=0.6721 nm, toD1, D2, andbatT=2 K and at room temperature. Typi-
c=1249nm, and pB=102°39. There are 1.83 cal results are shown in Fig. 1. At 2 K, thé&,—°D, tran-

X 1072 Y ions/cn? and EG ™ ions substitute foly3* ions that  sition is at 17 240.2 cm* for site 1 and at 17 235.2 cm for
occupy two crystallographically inequivalent sites 6f  site 2, consistent with the measurements of previous
symmetry. Crystallographic axes,(b, andc) were deter- authors® Absorption was found to be anisotropic for both
mined by Laue x-ray diffraction. The crystal is biaxial with sites and the peak absorption coefficients and linewidths
the optical normal along thb axis and the other two prin- measured a2 K are summarized in Table | for all samples
cipal axes D1 andD?2) in thea—c plane. The orientation studied. The peak absorption coefficient and the linewidth
of D1 andD2 was determined by viewing the crystal be- were obtained by fitting a Lorentzian line shape to the mea-
tween crossed polarizer1 is 23.8° from thec axis and sured absorption profile. The strongest absorption for site 1
78.7° from thea axis andD2 is perpendicular td1.'*  was found forE||D1 and negligible absorption was found for
To measure the anisotropy of the optical properties, alE|b. For site 2, absorption fd||D1 andE|/b is similar and
investigated samples were oriented and the surfaces polish&édth are greater than that f&fD2.

to optical quality. The dimensions of the crystals were The ionic radius mismatch between Huand Y3 ions
chosen so thakL values at the peak of the absorption line induces strain in the host lattice that contributes to the inho-
were approximately 0.5 to minimize distortion in the mea-mogeneous broadening of optical transitions. Since increas-
sured line shapes and propagation effects in the photon ecliog the dopant concentration increases the strain in the lat-
experiments. tice, the inhomogeneous linewidth is expected to broaden for

Il. Eu3*:Y,SiOs MATERIAL PROPERTIES
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FIG. 1. Anisotropic absorption of théF,—°D, transition for
0.1% E&":Y,SiO; at 2 K. The absorption coefficient of site 1 for FIG. 2. Concentration dependence of the inhomogeneous line-
El|b is ~O0. width for site 1. The upper plot shows the line shape data. Data for
the 1% and 7% samples were measured with a spectrometer and a
gjngsten-halogen lamp. The resolution was 3.5 GHz. Data for the

measured inhomogeneous linewidths, as summarized irrx?_maining samples were obtained using a single frequency laser
Table | and in Fig. 2, which shows a linear dependence ofIth @ resolution of~1 MHz. The lower plot showd'sy, versus
I,y on EG* Concentr’ation with a slope of 21 GHz/unit con- concentration. The slope is 21 GHz/unit concentratiomrmole %).

n
centration (expressed in mole % Lorentzian line shapes
provided the best fit to the inhomogeneous absorption pr

higher concentrations. This trend was clearly observed in th

oloom temperature. For experimentsTat 2 K, the laser was
file; that result is consistent with inhomogeneous broadeninégom'_nuou_Sly scanned over 300 MHz so that spectral hole
urning did not cause a significant reduction in the signal.

caused by Eti" point defects in the crystaF. o 5
Since the inhomogeneous linewidth is proportional to the! "€ fluorescence lifetimer, of °D, was measured for

EW* concentration, the peak absorption coefficients vanS@Mmples of each concentration, and the values are given in
weakly with concentration as shown in Fig. 2. For the 0.19%1able Il. The measured fluorescence lifetime is slightly
sample, the highest absorption coefficient was measured {3'0rter at room temperature than at 2 K. At room tempera-
be 3.5 cm* for E||D1 for site 1 and 2.2 cm for E|b for ture, there is a_lweak concentration erendence for site 1 and
site 2. With the assumption of equal site occupancy, the od1© concentration dependence for site 2.

cillator strength has the same value of B0 8 for site 1 .

and site 2. In this crystal, however, the two sites may not C. Level structure of 'F,

have equal occupancy, so the difference in absorption be- The fluorescence spectra 8b,— ’F; were obtained by

tween the two sites could be a manifestation of a differenc@yciting °D,, directly. The fluorescence was analyzed using
in the oscillator strengths, a difference in site occupancy, or

both. TABLE Il. Fluorescence lifetimed; in milliseconds for both
sites at 2 K and at 300 K.

B. Fluorescence lifetime of°D

Concentration Site 1 Site 2
The °D, fluorescence lifetimes for both sites were mea-
sured by directly exciting the’Fo—°D, transition. The 2K 300K 2K 300K
time-resolved fluorescence of théD,—'F, transition 0.1% 1.97 1.82 1.62 1.57
(16376 cm! and 16338 cm?! for site 1 and 2, respec- 0.5% 1.95 1.75 1.63 1.57
tively) was detected using the spectrometer as a bandpass  1.0% 1.94 1.69 1.62 157

filter. The measurements were performed at Bot? K and
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L B A B S B The fluorescence spectra frofiD, to all ‘F; multiplets

- 7] for both sites of the 1% B :Y,SiOs crystal are shown in

[ F 64 F.649 F.2x) .6 F.2x) F 1 Fig. 3. These spectra were used to determine the correspond-

- s 4 3 2 1 4 ing energies of the'F; levels as summarized in Table Ill.

| Site 1 i Our measurements confirmed tﬁEllz level structure pub-

| i lished in the literatur&with the exception of théF, (3) and

i | F, (3) levels of site 1 where small differences were noted.
> Since the local symmetry of the Euion is C;, none of the
E T ‘ 7 SDo— 'F, transitions are forbidden. For most of the multip-
7T ] lets withJ>3, however, not all of the expected 2 1 lines
k= L were observed. The missing lines might be very weak, or
3 R —————— they could be hidden under the envelope of other strong
§ 12000 13000 14000 15000 16000 17000 lines.
§ T T T T The linewidths of the transitions t6F ; levels are much
S L ] broader than that ofD,— ’F because of spontaneous pho-
= | 'F,0024x)'F (1024x) F,(32x) F, (128x)'F, (128x)F | | non emission to the more closely spaced lower levels. The

sharpest of these is the lowest component’Bf, whose
width measured on theD,— "F(1) transition of the 0.02%

- Eu sample was equal to the spectrometer resolution of
1 0.2 cmi ! (6 GH2). From this it is only possible to say that
. the combined homogeneous and inhomogeneous width of the
) transition is much less than 6 GHz, and higher resolution
ll ] measurements are needed. The linewidths of the transitions
from 5D, to the lowest component of all the oth@&mani-
1 M 1 M 1 M 1 M

1 folds are in the range of 5—11 crh with the exception of

[~ Site 2

1
12000 13000 14000 15000 16000 17000 that to the’F,(1) of site 2, which is 2.5 cm!.

-1
Energy (cm’) IV. TEMPERATURE DEPENDENCE OF THE 7F <D,

FIG. 3. Fluorescence spectra tb,— 'F, for sites 1 and 2 of TRANSITION ENERGY AND LINEWIDTH

1% EL?*:YZSiF)S. The numbers in parentheses .indicate the scalihg Coupling between the electronic levels and thermally ex-
factors by which the data were expanded vertically for better Vistjtad phonons results in temperature dependent line shifts
ibility. The spectra were measured by exciting B, level at  anq jinewidths. The line shift is important in that it deter-
17240.2 cm* for site 1 and 17 235.2 cnt for site 2. The spectra  yineg the thermal stability of data stored in the frequency
have not been corrected for the response of the spectrometer a%main or of frequency references obtained by locking lasers
detector, to spectral hole$® Thermally induced line broadening sub-

the SPEX 14018 spectrometer and detected by photon courfitantially reduces the optical coherence time at higher tem-
ing using an RCA 31034A photomultiplier. The linewidths of peratures. The electron-phonon coupling in general is com-
the levels within the first 50 cm' of eachJ multiplet were  plicated by dependences of the coupling coefficients on both
measured by analyzing their fluorescence with an instrumerthe branch and wave vector of the phonon modes, and by
tal resolution of 0.2 cm! (6 GH2 which was much better local modes due to the presence of the impurity. For direct or
than the minimum linewidth except for that ofD,  one-phonon processes, the phonon involved is resonant with
—TF,(1). an electronic level separation, in this cd$e,—'F,. For the

TABLE lll. "F, levels (cm 1) measured a2 K by fluorescence following excitation of thRD,, level in
1% EF*:Y,SiOg at 17 240.2 cm? for site 1 and 17 235.2 cnt for site 2.

Site 1 Site 2

F, 7, 7F, F, T, Fq F, 7F, 7, F, 7F, 7Fq
485 1283 2794 3183 4073 5472 493 1181 2054 3127 4161 5384
420 1086 2118 3160 4008 5403 407 1130 2026 3090 4146 5293
201 964 2050 3134 3958 5323 226 1077 1988 3045 4026 5204

880 2012 3101 3865 5022 1002 1939 3025 3972 5015
860 1987 3056 3842 4986 904 1893 3015 3940 4826
1934 2991 3776 4830 1883 2855 3898 4773
1848 2808 3759 4767 2804 3759
2732 4737 2737 3722
2676 2695
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20 7 e S B From 100 K, to room temperature the absorption was mea-
L B8 Site 1 o sured with a spectrometer. It was found that the lines for both
15F @ Site?2 o . sites generally shift to higher frequencies as T increases, but
X | the line for site 1 shows an anomalous shift to low energy
1ok o i below ~35 K (Fig. 4). Since the ground state is expected to
8 ] shift to lower energy this overall behavior shows that the
os L o - i ground state shift is greater than the excited state shift as
1 o ] might be expected because thE, — 'F, energy difference
~ os o 5@ is much smaller than that ofD; —°D,
E opa @ @ B 0 @ h The expression for the temperature dependent line shift
&) [ 1 due to the two-phonon Raman process is
< 05 1 N 1 2 1 2 1 2 1 2 1
& 10 20 30 40 50 60 70 4 3
= 1000 ———rrrr ——rrrr — AE(T) = arons T To/T x*dx 1
(/5] . 3 ( ) A shift T X ’ ( )
o F O Site2 58 p/ Jo e—1
g 10F 1 L . . . :
S| E o, = 50 cm 3 where AE(T) is the shift of the resonance line from its po-
10 st 7 sition in the absence of electron phonon coupling. Analytical
F T =420 K ] . o ereeon b 1PANI- .
i D ] expressions for the line shift can be obtained in the high
1 p g
l' 1 temperature and low temperature limits. For these limiting
01f 1 cases we find that for high temperature,
001 | 1 Qgnift s
3 4 : AE(T)I shift . shift (2)
1E-3 | 1 3Tp 8
154 ] with less than 5% deviation from E6) for T>1.17T . For
low temperature,
1E-5 " ,
1 10 100 P
— _shi 4
Temperature (K) AB(T)= 1574 T ®)

FIG. 4. Thermal line shift of théF,— 5D, transition frequency.  with less than 5% deviation from Eq) for T<0.13Tp.
The upper graph shows the low temperature shift with the anoma- The experimental line shift data were fit to the expression
lous behavior for site 1. The lower graph shows the line shift fromgf £, (1). For site 2 this yielded the parameters,, (site 2

4 K to 320 K for site 2 and over a smaller range for site 1 to avoid—_50+92 cm~1 and an effective Debye temperature B
the region of the anomalous shift. The data were fit to a two-phonor_ 420+ 10 K. The overall shift for site 1 is very similar at

Raman process of E@l) with the resulting parameters shown. higher temperatures and a fit to these data ignoring the
. ] anomalous behavior below70 K, gaveagi (site =90

two-phonon or Raman scattering term, the simplest approxi= 4 c¢m~1 and T, =570+ 15 K. The origin of the low tem-

mation is to describe the interaction in terms of a singleperature anomaly for site 1 is not understood at this time, but

coupling coefficient to a Debye-type density of phononmay involve a structural instability of the lattice.
statest’ This description has two parameters, a coupling

strength and an effective Debye temperature which sets the
energy scale for the maximum phonon energy involved in the
interaction. The effective phonon modes are those that are The homogeneous linewidth of thé o« °Dj, transition
thermally occupied at a given temperature. The Debye temint EL?*:Y,SiOs arises from three dominant mechanisms,
perature obtained from such a fit is not the same as thatamelyl'y=To+ I ;sp+ I ghonon The ultimate limit forl'y, is
describing the heat capacity for example, since individuatletermined by the lifetimd, of the °D, excited state, so
phonons will contribute differently in the two cases. As wel'g=1/(27T;). This limit is 81 Hz for site 1 and 98 Hz for
shall see below, a fit to the linewidth over a large temperatursite 2. The contribution to the homogeneous linewidth due to
range is difficult to make with a single coupling coefficient excitation induced dephasingnstantaneous spectral diffu-
indicating the limitations of this simple model. sion) is described by ,5p . 222 Excitation of ions during the
echo sequence shifts the transition frequencies of neighbor-
ing ions, perturbs the phase relationships between the ions,
and reduces the echo intensity. Thus, the echo signal decays

Figure 4 shows the thermally induced line shift of the faster, yielding a shorter effective, and a broadel’,,. For
'Fo—"°D, transitions in the two sites at 17 240.2 cin(site  this reason, the specification of an optical dephasing time
1) and 17 235.2 cm® (site 2. Below 12 K, the shifts were should be associated with a specific ion excitation density or
measured from the shift of spectral holes burned in the abpreferably be extrapolated to zero excitation density. The
sorption profile. From 12 K to 100 K, the position of the T 000, term describes the temperature dependence of the
spectral line was measured by a scanned-laser absorptidmomogeneous linewidth due to coupling to phonons.

B. Homogeneous linewidths

A. Line shifts
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600 ————T—

calculating the laser intensity we used the top-hat approxi-

mation for the area%(wwé), wherewy is the Gaussian beam
waist.

When the homogeneous linewidth data are plotted as a
function of laser intensityl, the presence of instantane-
ous spectral diffusion results in a slofé«) that depends

500 |- -

400 _ 12 3
SISD—0.9x10 Hz cm ]

300 Hea .

Homogeneous Linewidth (Hz)

[ ] on the absorption coefficieAt:!?° Plotting the measured
200 | linewidth I'(1) as a function of excitation densitiFig. 5
| | normalizes these plots to a single line characterized by the
100 - material parametelSisp that describes the instantaneous
| ] spectral diffusion for a given materidl.In this way we ob-
ol vy tained S5p=0.9X10 12 Hzcn? for all concentrations of
0 50 100 150 200 250 300 350 Ew*:Y,Si0s. This result compares well with that of Graf

e . 12, 3 etal (1.1x10 > Hzcn?), and acceptably with that of
Excitation Density (10" /cm’) Equallet al? (2x 10~ 2 Hz o), given the difficulty of de-
FIG. 5. Instantaneous spectral diffusion in the 1% sample usinéermmIng absolute laser intensities. The homogeneous line-

data obtained at four positions in the inhomogeneous line spaced idth extrapolated to zero excitation density for the 0.02%,
GHz apart. 0.1%, 0.5%, and 1% samples is 2580 Hz. Equallet al.

showed that applying a magnetic field of several hundred
) ] ) Gauss reduced this linewidth by100 Hz, an amount that
A+t T=2 K, the homogeneous linewidthl', in a5 jdentified as a contribution frov nuclear spin flips.
EW*:Y,Si0s is much smaller than the 1-2 MHz laser line- The ratiol,,,/T', varies from 3¢ 10° for the 0.02% sample
width and the much broader inhomogeneous linewidths, rerg 9x 107 for the 1% sample.
quiring that measurements bf, be made in the time domain In general,l’ jyonon CONSists of both one-phonon or direct
by two-pulse photon echoes. Photon echo decays were fourtocesses and two-phonon or Raman processes. For the one-
to be exponential, yielding the dephasing tiffig that is  phonon process, the strength of coupling can be determined
related tol', by I',=1/(wT,). The excitation pulse sequence from the spontaneous decay rate’df;(1). An upper bound
was generated by gating a single frequency dye laser witbn this can be obtained from theD,— 'F;(1) emission
two acousto-optic modulators in series for improved condinewidth. From Sec. Il C, we see that this is 6 GHz. Even
trast. Typical parameters were pulse durations between 0fking this upper limit of 6 GHz for the coupling strength,
and 2us and laser intensities between 0.6 and 25 V§/cm the contribution to the linewidth from this term is at least an
resumng in pu|se areas in the rang’QO to 7w/4. The shorter order of magnitude less than the observed width, so that it
pulse lengths were chosen to reduce the effect of laser fr&an be neglected. Contributions from the excifi@, state
quency jitter. The single longitudinal mode operation of the@re even smaller because of the largBr, —°D,, separation. .
laser was monitored by a scanning Fabry—Perot etalon. ThEhe cont7r|but|on from the two-phonon Raman process is
laser was continuously scanned over 300 MHz~&t20  9'Ven by
MHz/s. This rate was chosen to be slow enough to ensure
negligible hole burning during the photon echo experiments T — o (l)
and fast enough to ensure spectral overlap of the exciting phonor ™ width| T
pulse pairs. The optical dephasing time was measured at sev- _ . i
eral points in the absorption line and the corresponding abNere @wian IS @ coupling constant and,, is the Debye

sorption coefficient was noted. The repetition rate of the ech{Emperature. We obtained_an ana!ytic expression for the line-
pulse sequences was 4 to 20 Hz. The laser frequency sc dth expressed by Ed4) in the high and low temperature

was not synchronized to the echo pulse sequences to minf—mlts' At high temperatures,

mize the contributions of stimulated echoes from spectral

gratings burned by previous pulse sequences. Consecutive honon:M 2_ Qwidth (5)

photon echo scans at a single spot in the crystal, and single P 5T2D 84

echo decay measurements at different spots in the crystal, = . ,

produced the same values for the optical dephasing times. Which is valid to better than 5% foF>0.48Tp,, and at low
The homogeneous linewidih, was measured for several temperatures, the integral changes very little ez T, with

crystals as a function of concentration and excitation density.

For the 1% sample, the homogeneous linewidth was also I _awidth16776 7 6

measured at four different positions in the inhomogeneous phonor™ 2177 ®

line profile separated by 10 GHz, and the results are plotted

as a function of excitation densipy, in Fig. 5. The excita- This expression is valid to better than 5% b+ 0.084T .

tion densityp,, is given by 3x 10" 7a, with the echo ex- The homogeneous linewidth was measured in the time

citation pulse widthr expressed inus, the laser intensityin domain for temperatures fno 2 K to 12 K. Figure 6 shows

W/cn?, and the absorption coefficient in cm™ 1. When  examples of the normalized photon echo decays for site 1 of

7JTD T x®dx
0 (ex_l)Z’

4
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FIG. 6. Two-pulse photon echo decays measured in O.l%g 10k
ing temperature, the dephasing tifig shortens rapidly. )

h
—
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3

the 0.1% sample at four different temperatures. The dephas

ing time decreases dramatically with increasing temperature o1 . Ly

Measurements were performed up to temperatures where th 3 4 5 6 7 8 910 20

echo signal became comparable to the noise. At 10 K, we Temperature (K)

measured’,,= 70 kHz for site 1 and’,,=18 kHz for site 2.

The temperature dependence of the homogeneous linewidths FIG. 7. Temperature dependent component of the homogeneous

obtained from photon echo measuremefitg,T)-I",(0), is Ilne\iwdth .Al"h(T)=Fh(T)—I‘h(O) vs absolute temper.ature for

plotted on a logarithmic scale vs temperature in Fig. 7 for allEV*":Y2SI0s. The data for all measured Eu concentrations and

measured Eif concentrations and for both sites. The tem-for. both sites are included. The solid lines c_orrespond to the theo-
. retical model of two-phonon Raman scattering. The homogeneous

perature dept_endence IS close'l_ﬂ)as expe_c;ed frg)m the Ra- linewidths for both site 1 and site 2 showT& behavior, but the

gngg?rgeHch/alglfsm, atndlwaenzbéa(l)%i%CI?Is/fTE?cl)ernst:eogql::?lotr% coupling between the phonons and electrons is weaker for site 2.

. z/K for site . .

these coefficients we find thakygn/T5=9.8X10"¢ Hz/K”  perature is about 70% of that 2 K due to reduction of the
for site 1 and 2.5 10 ° Hz/K” for site 2. Over this limited  ’F, population by the thermal excitation of the low lying
temperature range, there is not enough information to sepa+, levels.
rately determiney,iqy, andTp . Using the same Debye tem-  Analysis of the linewidth over this extended range of tem-
perature for both sites results in a coupling coefficient for siteperature with just the two parameters of the Raman process
1 that is about 4 times larger than for site 2. For comparisoexpressed by Eq4) does not result in a good fit. Certainly
with these results, we note that the coefficienTéfobtained  the nature of the phonons and the frequency dependence of
by Babbittet al?* for Eu**:Y,0; was 0.0014, very similar the density of states appropriate for higher temperatures is
to that found here for site 2. very different from that of the acoustic phonons for the low
To extend the homogeneous linewidth measurements ttemperature regime. We therefore made a fit with @y for
higher temperatures, we measured the total linewidth of théhe intermediate and high temperature points and this is
0.1% sample by laser absorption. The temperature range coghown in Fig. 8. The resulting parameters Jig=420 K
ered in these measurements was fre0 K, where the total  and aigm(Site 1)=27 cm !, aygn(site 2)=15 cm . This
linewidth was greater than the inhomogeneous linewidth, teffective Debye temperature need not be closely related to
~100 K, where the width was too large for the 30 GHz laserthe Debye temperature obtained from acoustic measure-
scan. A third range was obtained by spectrometer measuresents, for example, because of the complex nature of the
ments of the total linewidth of a 1% sample frorl80 K,  phonon density of states at the phonon energies that are ther-
where the width was larger than the spectrometer resolutiommally occupied near room temperature. Additional complex-
to 320 K. These two sets of data points, together with the lowity arises from the possibility that near room temperature,
temperature set obtained from photon echoes, are shown fdirect process contributions from phonons resonant with the
both sites on a logarithmic scale in Fig. 8. At room tempera-400—-500 cm* levels of 'F; may play a role. If we use this
ture, the total linewidth for the 1% sample is 3.1 chfor  same Debye temperature of 420 K to describe the low tem-
site 1 and 2.3 cm’ for site 2; i.e., about three timds,,.  perature data, it implies a much higher coupling coefficient,
For each site, the totalF,—°D, absorption at room tem- as can be seen from Fig. 8.
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100 _: 10-1|.|.|.|.|....
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N ! Temperature (K)
z 1
E-?, 0.1 1 FIG. 9. Hole lifetime as a function of temperature for site 1 and
p 0.01 'I site 2 showing a fit to the Raman and Orbach relaxation processes
~_ E. 3 according to Eq(7). The fit parameters are shown. The crossover
<= 1E-3 3
z 3 from the Raman to the Orbach process occurs around 12 K.
1E-4 1
1E-5 1 K for site 2, and is shown in Fig. 9. Data for crystals con-
1E-6 L i ';(')0 —t— taining 0.02%, 0.1% and 1% E are included and no de-
pendence on concentration was found. In general, at any
Temperature (K) given temperature the hole lifetime of site 2 was about an

order of magnitude longer than that of site 1, again indicating

FIG. 8. Temperature dependent component of the homogeneous weaker coupling of site 2 ions to the environment. A very
linewidth measured by photon echoésw temperaturg laser ab-  |arge range of hole lifetimes was measured. For site 1, very
sorption (intermediate temperatureand tungsten-lamp absorption long hole decays were measured at 2 K; data collected over
(high temperatune The solid line is a fit to Eq(4) for the two- 32 hours yielded a hole lifetime estimated to be-B3days.
phonon Raman process for the intermediate and high temperatus§jce the duration of the measurement was much shorter
data. than the hole lifetime, the actual lifetime may be consider-
ably longer. The hole lifetime of site 2 was not measured for
temperatures lower than 10 K. The hole-burning mechanism

Persistence of the spectral holes was measured by burniriig Euw**:Y,SiOs is population redistribution among the
a hole at the center of the absorption line (10 mWéno  ground-state hyperfine levels following optical pumping.
100 mWcni2 for 2—4 § and subsequently probing the There are two Eu isotopes?®Eu and **!Eu, with roughly
spectral hole by scanning the laser with intensity attenuatedqual abundance. Both isotopes have a nuclear Ispij.
by a factor of 18 to 10*. The spectral holes were burned to Since the ground state of Eu is a singlet, the magnetic
depths of 50% to 90% of the absorption peak to ensure ayperfine interaction vanishes in first order. Therefore, the
good signal to noise ratio and the lifetime of the holes didquadrupole interaction splits the hyperfine levels into three
not show any dependence on the hole depth. The experikramers’ doublets. The separation of the ground-state hyper-
ments were repeated with half the original probing intensityfine levels was reported to be in the range-e100-300
to ensure that the probe beam did not influence the hol®Hz.2 Multiexponential hole decays are expected, and ob-
decay. Whenever practical, the decay was measured for aerved, due to the different spin-lattice relaxation rates
observation period corresponding to 4 times the lifetime anémong the three hyperfine levels of each isotope. The hole
data points were taken for each temperature at intervalifetimes in Fig. 9 correspond to theelpoint, so that they
from 20 seconds to 10 minutes, depending on the lifetimecharacterize the effective overall lifetime for the hole-
The area of the spectral hole, which is proportional to théburning process. Possible relaxation mechanisms include the
stored population, was used for calculating the hole lifetimedirect one-phonon process, the two-step Orbach prdéess,
The width of the observed spectral hole was limited by theand inelastic Raman scattering. The direct process, which
laser frequency jitter of-2 MHz. For hole lifetimes shorter involves the emission or absorption of a phonon, is very slow
than 1 minute, the hole decay was measured by monitorinecause of the low phonon density of states at the small
the transmission intensity of the weak probe laser withouhyperfine splitting frequencies. The Orbach process, in
scanning. which a phonon is absorbed frofF, to ‘F; and subse-

The temperature dependence of the hole lifetime wasjuently re-emitted to a different hyperfine component of the
measured frm 2 K to 15 K forsite 1, and from 10 K to 17 ground state, is expected to show a temperature dependence

V. SPECTRAL HOLE LIFETIME

085109-8



TEMPERATURE AND CONCENTRATION DEPENDENCE P. . . PHYSICAL REVIEW B 68, 085109 (2003

given by the phonon occupation numigisE), wheresE is  broadens with increasing Bu concentration, being-0.5

the 7FO—7Fl energy difference. The Raman process involvesGHz for 0.02% to 150 GHz for 7%.

the inelastic scattering of phonons that exhibi’&ehavior The homogeneous linewidth was measured by two-pulse
at low temperature. The hole lifetintg,, due to the Raman photon echoes. At the lowest temperatufe K) the ho-

and Orbach processes can be written as mogeneous linewidth is independent of*Euconcentration

in the limit of zero excitation density. In the low temperature
regime, the homogeneous linewidth showg'ebehavior due

to a two-phonon Raman process. By 10 K the homogeneous
linewidth broadens to 70 kHz for site 1 and 18 kHz for site 2
for all samples. An increase in concentration of Eions to

-1

+BT’ (7)

thole™

e6E/kT_ 1

in the low temperature regime, whefeis the coefficient of

the Orbach term an@& of the Raman term. An initial fit of 104 does not produce any increasd’in, but it does increase
the hole lifetime to Eq(7) gave values oBE within 5% of 1, by a factor of 35 for site 1 and 64 for site 2. The ratio
those measured from the fluorescence and given in Table Il /T is higher by these ratios in the 1% sample, i.e.,
This established the validity of the Orbach mechanism for_1 % 168 for both sites. The lifetime of the spectral holes,
the spin-lattice relaxation in this case. A final fit was thenynich is a measure of the storage time of an optical hole-

made fixingdE at the measured value and obtainih@ndB  pyrming memory, depends strongly on the temperature. For
as shown in Fig. 9. The Raman process dominates in the lowite 1, the extrapolated decay times were found to be greater
temperature region below-12 K and the Orbach process than 20 days at 2 K, 8 hours at 8 K,cafh s at 15 K. Fosite
takes over above that. The two mechanism fit describes thg the lifetimes are even longer. The hole lifetime is indepen-
overall temperature dependence of the hole lifetimes rathgfent of the E&* concentration from 0.02% to 1%. Multiple
well. Spectral diffusion due to Eu—Eu interactions is not im-components of the hole decay were observed due to the dif-

portant, since the hole lifetime does not change witi'Eu  ferent spin-lattice relaxation rates between different hyper-
concentration.

VI. CONCLUSIONS

The absorption coefficients of thé ,—°Dy, transition in
Ew*:Y,SiO; crystals were measured 2 K and at several

fine levels of the two Eu isotopes.
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