PHYSICAL REVIEW B 71, 115102(2005

Forster transfer and the local optical density of states in erbium-doped silica
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Optically excited erbium ions incorporated near the surface of a silica glass decay by spontaneous emission
and—at high Er concentration—via Forster energy transfer to quenching sites. By externally modifying the
photonic microstructure we vary the local optical density of stdtB€S) in samples with different degrees of
Forster transfer. Changes in spontaneous emission rate are consistent with calculated variations in LDOS at
1.5 um, while Forster energy transfer is not affected by the LDOS. The latter is attributed to the fact that
Forster transfer involves virtual photons with a broad energy spectrum, excluding a special role for the LDOS
at the atom’s transition frequency.
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I. INTRODUCTION gested in Ref. 14. At the quantum-electrodynamic level, elec-

Resonant excitation energy transfer between atoms dfomagnetic interactions are described by the exchange of
molecules is a well-known and important phenomenon inPhotons between two ators!® However, these photons do
physics, chemistry, and biology. The nature of the transfefOt obey energy conservation. As they merely constitute in-
depends on the distancebetween the atoms. If is large termediate(virtual) states in the process, which exist for a
compared to the emission wavelength, energy transfer takdiite time At, the uncertainty principlAEAt=7 allows for
place via emission and reabsorption of real photons, dea spread in their energies. Taking for the typical tiftethe
scribed by the far-field radiative interaction and a rate thatravel timer/c of photons between the two atorsis the
scales as IrP. For distances small compared to the emissiorvelocity of light), one arrives at an estimate for the energy
wavelength, the near-field contribution dominates. Forspread ofAE=7c/r. In the far-field regiony >7c/E,, and
dipole-allowed transitions this leads to the well-known®/ thusAE<E,, the LDOS at the energlf, dominates the en-
rate of Forster energy transfethe dominant excitation en- ergy transfer and may be regarded as emission and reabsorp-
ergy transport process at the nanometer scale. Forster trariign of a real photon.
fer plays a key role in biological processes such as However, atthe nanometer scale, relevant to Forster trans-
photosynthesi,and is important in nanometer-scale photo-fer, the photons taking part in the energy transfer are spread
nic and electromagnetic applications, such as highly dopedver an energy intervalE> E,. This implies that the LDOS
light-emitting diodes and lasers, or plasmon wit@dterna-  at the energyE, does not play a special role. Rather, one
tively, it is important in schemes for quantum computationexpects that modifying the LDOS will only affect the rate of
that involve storage and transfer of quantum information inForster transfer if the LDOS averaged over an energy region
the solid staté. that is large compared to a typical optical energy differs from

Clearly, control of Forster energy transfer would openits vacuum value. For example, one does not expect that
many interesting possibilities to control the excitation dy-control of the Forster transfer rate is possible in photonic
namics and optical functionality at the nanometer scale. Onerystalsi® because the LDOS averaged over a large fre-
way of achieving this is to control the relative positions of quency range closely follows the smooth energy-squared de-

the atoms or molecules that carry the excitatioms.a mi-  pendence typical for a homogeneous dielectric.
crostructured dielectric environment the spontaneous emis-
sion rate is modified by variation in the local optical density Il EXPERIMENT

of states(LDOS) thereby changing the competition between
Forster transfer and spontaneous decay. When spontaneousHere, we present experimental proof of the fact that in
emission is completely inhibited, as can be the case in general modification of the LDOS does not affect Forster
photonic crystaf, Forster transfer may dominate the excited-transfer by studying a set of soda lime silicate glass samples
state dynamics completely. The effect of LDOS on spontadoped with erbium ions similar to those used in previous
neous emission was first noticed by Purtalhd today many studies’!’ These samples provide an excellent model system
examples exist where the rate of emission is altered by & which the Forster transfer rate and the LDOS can be var-
dielectric structur&11Indeed, the LDOS at the atomic tran- ied independently. Trivalent erbium ions show optical transi-
sition energyE, is the key quantity in all these examplé&®  tions around 1.53@m between thél,,, and?l 5, intra-4f
as follows directly from Fermi’s golden rule. states. As this transition is parity forbidden, the radiative
An intriguing and highly debated question is whether thelifetime of Er in silica is relatively long, 10—20 ms. In con-
LDOS also affects the Forster rate itself as was, e.g., sugsentrated systemg>0.1 at. % Ey concentration quenching
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among E#* ions does not alter the decay rate of the excited
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where W, is the radiative decay rate of the erbium ions,

FIG. 1. Photoluminescence decay rate at 1.586 of EF* ions W, int is the intrinsic nonradiative rate, ai@t, g, is an Er-Er
in soda lime silicate glass as a function of the implanted Er fluencejnteraction constant. The linear dependencépnin Eq. (1)
The solid line through the data describes a linear concentratiofg||gws directly from the 1f® dependence of the micro-
quenching model and extrapolates to a value of 65F4ckse to scopic Forster energy transfer proc&sBor ER* in glass the
the radiative rate of Bt in soda lime silicate glas$2+4 s1). The luminescence is quenched by —OH impurities and their den-
insets show the PL spectrufupper left cornerand the PL intensity sity can be found independently from infrared absorption
at 1.536um as q functi_on of implantati_on fluenémwer right cor- spectra to be- 10 /cmB 17 indeed 10—100 times lower than
nep, measured in the linear pump regime. the Er concentration range studied here.

The inset of Fig. 1 shows the measured PL intensity at
becomes apparent: energy can migrate through the glass By536 um as a function of implanted Er fluence. The data
Forster transfer between the Closely Spacéd Bns until a were taken in the low pump power regime, where the PL
quenching center is met. In our experiment the Forster transntensity is proportional to the product of Er fluence and
fer rate is modified by varying the Er concentration, while gmission quantum efficiend..q/ W. The solid line uses the
the LDOS is varied by immersing samples in liquids with measured linear increase of the total decay rate, assuming
different refractive indices, a method we have developed eathat the radiative rate is constant and provides an excellent
lier to study low concentration sample’ Here, we extend  description of the observed saturation of PL intensity. Thus,
the method to higher concentration samples to obtain a corhe increased decay rate for increasing Er fluence is due to an
sistent set of data that allows us to study the effect of thgncrease in the nonradiative component due to Er-Er interac-
LDOS on the Forster transfer process. tion (and not due to an increased radiative raR¥ecipitation

The samples in this study were prepared by implantatioryf Er can be excluded as we have shown betdieecause
of 500 keV Er ions into the near-surface region of soda limemetallic precipitates do not luminesce, and would lead to a

silicate glass samples. Samples with different areal densitiegecrease in PL intensity without changing the decay rate.
in the range(1—6) X 10'® at/cn? were prepared and annealed

for 1 h at 512 °C invacuum. The erbium depth distribution

as measured by Rutherford backscattering spectrometry is IV. MODIFYING THE RADIATIVE DECAY RATE

Gaussian shaped, with a peak at a depth of 103 nm and a , L .

width o=43 nm. Infrared photoluminescen¢BL) spectra Having prepared samples with different nonradiative rates

were recorded at room temperature using the 488 nm line gi1d having identified their decay mechanism we can now
an Ar ion laser as the excitation source. Standard lock-ifddress the modification of the radiative rates. Because the
techniques were used by modulating the laser beam with aﬁ'sf atoms are Iocal|zeq close to thg surface the!r opucal

acousto-optic modulator at a frequency of 7 Hz. A represen_enwronment can be varied by changing the refractive index

tative PL spectrum is shown in an inset of Fig. 1. It showsPUtside the glass. The resulting change in reflective proper-
the emission from the Stark-spﬁtm,zﬂ"’lls,z intra-4f tran-  ties of the interface will then change the LDOS at the posi-

sitions of EF*. PL decay traces were recorded using a digi-tion of the EP* ions. The relation between the LDOS and the
tizing oscilloscope. The time resolution of the system Wagadiative rate is obtained from Fermi’'s golden rule using the

~30 us, limited by the Ge detector response electrical dipole approximation to describe the coupling be-
’ ' tween the atom and the electromagnetic ffeléf

21
I1l. VARYING THE NONRADIATIVE DECAY RATE W, o = 7D2f(w,z), )
Figure 1 shows the ¥ PL decay rate measured at
1.536 um for samples implanted with different Er fluences. where D is a matrix element of the atomic transition in-
The decay rate increases linearly from 108fsr the lowest  volved andf(w,2) is the LDOS, normalized to the LDOS in
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planted with 1X 10'® Er/cn? in contact with a range of liquids with

FIG. 2. Calculated LDOS for soda lime silicate glass, normal-different refractive indices. The decay rate increases with increasing
ized to the LDOS of a bulk medium with refractive index 1.0, as arefractive index. The depth-integrated effect of the LD@&e Fig.
function of distance from the interface &zt 0. The LDOS is shown 2) assuming that all decay is radiative is shown by the dashed line.
for glass(n=1.5) in contact with aifn=1.0, solid ling or in contact ~ The solid line is a fit allowing for nonradiative decay at a rate
with a medium withn=2.0 (dashed ling The measured Er depth W,,=32+4 s (dotted ling and leads to a radiative raterat 1.5 of
distribution is indicated as well. The LDOS at the position of the Er73+4 s. The inset shows measured decay curves for samples in
ions is modified by the index of the outside medium. The top axiscontact with air and with a liquid with a refractive index of 1.63
shows a distance scale corresponding to the emission wavelength ifiplanted with 1x 10' Er/cn? and 4X 10'® Er/cn?. The solid
Er (1.536 um). lines are fits to the experimental data using the model described in

the text.
vacuum, for a transition frequeney at a distance from the

interface. In our case the transition frequency is fixed by the . L . .
transition of the E¥* ion and it suffices to consider the With & liquid with n=1.63 are shown in the inset. The data

LDOS at a single frequency only. The LDOS is calculated®@" be fit by single-exponential deca)_/ curves with decay
using a complete set of normalized eigenfunctions for théates of 93+2 s and 106+2 §', respectively.

macroscopic Maxwell equations. These are constructed using
the Fresnel coefficients for reflection and refraction of plane
waves at an interface'? Local-field effects are included in
the matrix elemenD since the microscopic field at the po-  As can be seen in Fig. 3 the measured decay rate increases
sition of the EF* atoms is only varied through the macro- with the refractive index of the liquid, in qualitative agree-
scopic E field. ment with the increased LDOS at the location of thé*Er

Figure 2 shows the calculated LDOS as a function ofions calculated in Fig. 2. To obtain a quantitative comparison
distance from the interface for soda lime silicate glass between data and theory, the LDOS was integrated over
=1.5 in contact with air(n=1.0) and a medium withn  depth, weighing the contribution from different depths using
=2.0. The bottom axis indicates the distance in uRit&7,  the measured Er depth profile. This curve was normaliasd
where \ is the emission wavelength. The correspondingthe LDOS only does not provide an absolute scaétethe
depth scale for Bf emission at 1.53@m is indicated on the measured decay rate mt 1.5. The result is indicated by the
top axis. The measured Er depth profile is indicated by thelashed line in Fig. 3. The experimental data show a much
open circles. As can be seen the LDOS close to the interfac&eaker dependence on refractive index, an effect that we
at the position of the Ef ions, is strongly dependent on the have systematically observed for a large range of Er-
optical properties of the interface. Faraway from the interimplanted glasse%C This implies that a nonradiative decay
face the normalized LDOS approaches the bulk value, whicltkomponent must be invoked that is not influenced by the
is equal to the refractive index of the medium. The oscilla-LDOS. The best fit to the data including this nonradiative
tions observed close to the interface have a periodicity oflecay is shown by the solid line in Fig. 3 and yields a non-
~\/2n and are related to interference from incoming andradiative rate of 32+47¢ and a radiative rate of 73+4%sat
reflected waves. n=1.5 (bulk glass.

Figure 3 shows PL decay rates measured for a single For the sample in ai{n=1.0) the fit in Fig. 3 gives a
sample(1x 10'° Er/cn?) brought into contact with aifn  radiative rate of 62+4 7. This value is in perfect agreement
=1.0) and with various transparent liquids with refractive with the extrapolation of the data in Fig. 1 to zero Er con-
indices ranging from 1.33 to 1.63. Time-resolved decay meaeentration, i.e., where no Forster transfer occurs and thus the
surements for the sample in contact with air and in contactlecay is purely radiative. As there is no nonradiative decay

V. DISCUSSION
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component at zero Er concentration, the nonradiative contri- VI. CONCLUSIONS
bution derived from Fig. 3 is caused by Forster transfer. This
implies that Forster transfer is not linear in the LDOS at the Our experimental findings contradict an earlier claim that
transition frequency. Taking into account the error bars, th?here is a linear relation between Forster transfer and the
20% variation in LDOS imposed in our experiment leads to

an effect on the energy transfer rate of 0+4%, well outsidd-DOS at the transition frequency for dye molecules in a
the 20% value. microcavity'# Following the discussion in the Introduction,

To further support this claim we investigate decay tracesghe typical frequency range that is relevant for the virtual
at high EF* concentration where Férster transfer causedransitions describing Forster transferdér. For a typical
the dominant decay process to be nonradiative. The inset afistance of 3 nm between ¥rions in our sample this cor-
Fig. 3 shows decay traces for the sample implanted witlresponds to a frequency range 100 times larger than the tran-
4% 10" Er/cn? measured in aifopen symbolsand in con-  sition frequency. A similar estimate using a distance of 15
tact with a liquid withn=1.63 (closed symbols Again @  nm and emission frequency of 611 nm as given in Ref. 14
significant effect of the liquid’s index on the decay rate is|g54s tg a frequency range that is still consideralsiy to
observed. The decay curves are clearly non-smgleéeven timeglarger than the transition frequency, so that our

exponential as at this high Erconcentration the decay rate . ) .
varies strongly with depth due to the varying*Econcentra- theoretmgl_ argument predicts no specu_il rolg of th_e LDOS at
the transition frequency, despite what is claimed in Ref. 14.

tion with depth. To describe the measured decay curves as : ) X X
superposition of decay traces from3Eat different depths, ©One possible alternative explanation for the experimental en-

the effects of LDOS and concentration quenchilegding to  hancement found in Ref. 14 may be that the metal mirror
an enhanced decay rate, and a reduced quantum effigienagauses variations in LDOS over a large spectral range. The
were integrated over depth, taking into account the knowruse of metals in a micron-sized cavity can influence the elec-
Er¥* concentration profile and the nonradiative rate as a functromagnetic mode density over a large frequency range and,
tion of EF* concentration from Fig. 1. This approximate e g., leads to the attractive Casimir foféedne possible ex-

model that assumes a diffusion length much smaller than thgianation of the effects measured in Ref. 14 is that they are
width of the Er distribution is valid as the distance betweeny o to such a broad spectral variation of the mode density

the —OH quenchergs nm for N,=10" at/cn¥) is much :
smaller than the width of the Er distribution. The result of between the mirrors. As argued above, those results cannot

this superposition is shown by the solid lines. Note that thiéje explained by variations n Just th(_a _mode density over the
model introduces no new parameters and provides a godfeduency range of the optical transition. A complete calcu-
description of the data in the inset of Fig. 3. lation of the mode density between mirrors lies outside the
The fact that a sizable effect of refractive index on theScope of our current work.
decay is observed in these high-concentration samples even The detailed analysis of concentration quenching in a
though their decay is dominated by nonradiative processe®odel system of Bt ions in soda lime silicate glass pre-
deserves special attention. The PL intensity collected frongented in this paper demonstrates that Forster energy transfer
each depth of the sample is proportional to the number ofloes not depend on the LDOS at the transition frequency of
Er** ions times the quantum efficienay,..o/W. In the high  the EF* ions. The fact that the relative contribution of radia-
concentration sample, the LDOS does not have a profountive and nonradiativéForstej processes can be influenced
influence on the total decay rate at the peak of the Er distriby changing the LDOS can lead to interesting novel concepts
bution, sinceW,,q<W. However the effect on the emitted of nanoscale energy transfer. For example, if an erbium-
PL intensity is large(proportional toW,,q/W).%° In the tails  doped material is embedded in a photonic crystal with small
of the Er distribution wher&V,,q~W, the change in the total | DOS, Forster transfer becomes the main decay process. As
decay rate is large, but the change in emitted PL intensity i involves migration(but not necessarily annihilatipiof the

small, because a lower decay rate leads to a higher stea@ycitation, Forster transfer can then lead to the diffusion of
state E?* population'*?°The shorter decay time in the con- g1 excitation over exceptionally large distances.

centrated sample when immersed in a liquid is thus mostly

due to the increased relative PL contribution froni*Hons This work is part of the research program of FOM which
at the peak of the distribution. is financially supported by NWO.
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