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SUPPRESSION OF IMPURITY IONS OPTICAL
TRANSITIONS DEPHASING IN NANOCRYSTALS

Abnormally narrow spectral lines have been observed in the luminescence spectra of
Y,SiO:Pr¥* and YVO :Eu** nanocrystals at the room temperature. This fact was
interpreted as the result of optical transitions dephasing processes suppression in the
nanocrystals. The general cause of the observed effect is the weakening of phonon scattering
on the impurity centre as a result of the quantum size effect in nanocrystal phonon
subsystem. At first the dependence of spectral line width on the nanocrystal size has been
shown. Unnecessary of the deep cooling for narrow optical resonances obtaining makes
these nanocrystals a potential candidate for the wide set of applications in the optical
memory and quantum computing devices.

Introduction

Electron-phonon interaction (EPI) [1] as the ubiquitous fundamental
effect of condensed-matter physics nowadays has been transformed into
potentially useful tool for modern materials with purposeful functional
properties (such as photoswitches [2, 3], phase shifting materials GeSbTe [4,
5], high-temperature superconductors [6, 7]) creation. There are several
manifestations of EPI for impurity centres result in solid matrices. At
first, EPI provides the ultra-fast relaxation of excited electronic states
for impurity centres [8]. For rare-earth (RE) ions, for instance, EPI
provides the relaxation between the Stark components of split terms and
the terms itself [9, 10]. In addition, EPI leads to temperature broadening
and spectral shift of spectral lines corresponding to impurity centers optical
transitions [11, 12]. In the low temperature range temperature broadening
makes additive contribution Y 7) to the homogeneous width of spectral
line hidden inside the inhomogeneous broadened spectral profile [10].
And in the contrary, at the room temperature phonon scattering on the
impurity centre makes dominating contribution into the homogeneous width
of spectral line exceeding the inhomogeneous broadened profile [11—
13]. Temperature broadening mechanisms for spectral lines of impurity
centers optical transitions are well-known [10]. For impurity RE ions in
solids in the range of helium temperatures Orbach mechanism of spectral
lines broadening Y7) ~ e**" (where A is the activation energy for
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corresponding Stark component, 7 is the
temperature, k is the Boltzmann constant) are
realizing with participation of nearest Stark
component of the split term [14] or quasi-local
oscillation [15] is common. At the higher
temperatures spectral lines broadening is
determined by the law ®7) ~ 77 [12, 16-17].

In the paper [18] have been shown that as the
exception for impurity RE ion in the Y,SiO :Pr**
bulk crystal the spectral lines temperature
broadening mechanism characteristic for amorphous
solid-state matrices (glasses, polymers) [19-21] is
realized (Y(T) ~ sh”'(A,,/kT), where A, is the
activation energy of two-level system).

The homogeneous linewidth of impurity centres
optical transitions is closely concerned with so-
called dephasing time (time of phase relaxation)
T, = (my,,, )" [22]. For impurity RE ions at low
temperatures the value of 7, can vary in the range
of 100 ns — 100 ms [23-24]. Dephasing time 7,
plays an important part in the wide set of impurity
ions optical resonances applications. For instance,
there is important for design of optical memory
cells [25] and quantum computers [26, 27].
Practical application of optical resonances requires
the impurity crystals with large T, [28]. Thus there
is the strong request for materials providing minimal
inhomogeneous broadening of optical transitions
and (that is the most important) the minimal
contribution to the homogeneous width determined
by the phonon-stimulated processes [28]. At the
same time for the real operation with optical
resonances in the case of doped bulk crystals the
deep cooling for phonon impurity centre scattering
suppression is required.

In this paper the abnormally narrow spectral lines
of impurity RE ions in Y,SiO:Pr** and YVO,:Eu**
nanocrystals observed even at the room temperature
are shown. The narrow optical resonances have
been analyzed and found the preliminary explanation
based on the manifestation of quantum size effect
on the phonon subsystem of the nanocrystals. At
first the dependence of spectral line width on the
nanocrystal size has been shown.
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Materials and Methods

Y,Si0,:Pr** and YVO,:Eu’" nanocrystals have
been obtained by means of sol gel method [29].
Detailed description of nanocrystal synthesis is
shown in [30]. Excitation and luminescence spectra
of impurity Pr** and Eu®" ions were measured by
the specially created spectrofluorimeter equipped
by the microobjective [31, 32].

Results and Discussions

In the fig.1 the absorption spectrum of
Y,SiO,:Pr** bulk crystal and excitation spectrum
of the same nanocrystal (~20 nm) in the range of
*H, = 'D, Pr** optical transitions are shown. For
the bulk Y,SiO :Pr** (as it was expected) at the
helium temperature (fig. 1a) spectral lines are well-
resolved and their full width at half maximum
(FWHM) is minimal and determined by the
inhomogeneous broadening [33, 34].

At the same time at the room temperature
spectral lines are subject to a homogeneous
broadening [22, 28] due to phonon scattering and
the decreasing of T, = (my, )'is observed.

At the same time in the case of Y,SiO,:Pr**
nanocrystal spectral lines in the excitation spectrum
remain narrow even at the room temperature (fig. 15).
Narrowness of spectral lines remains also in the
Y,Si0,:Pr** nanocrystal luminescence spectra
measured at the room temperature (fig. 2a).
Contrary to nanocrystal, the bulk crystal
luminescence spectrum is sufficiently blurred and
its spectral structure appears weakly (fig. 2b6).

So the luminescence spectrum of Y,SiO,:Pr**
nanocrystal (fig. 2a) looks like the spectrum of
Y,SiO4:Pr** bulk crystal under the deep cooling.
This peculiarity has been shown at firstin [31, 32].
For the confirmation of observed spectral
peculiarities generality YVO,:Eu** nanocrystal has
been investigated. Spectral lines of Eu’* ion
luminescence spectrum in YVO,:Eu’" nanocrystals
remain narrow at the room temperature making the
spectrum well structured (fig. 3).
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Fig. 1. Absorption spectrum of Y,SiO,:Pr* crystal at 7=
1.5 K in the range of *H, — 'D, transition (a); excitation
spectrum of Y,SiO,:Pr** nanocrystal at 7= 300 K in the
range of *H, — 'D, transition (b)
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Fig. 3. Luminescence spectra at 7 = 300 K of the:
a) YVO,:Eu** bulk crystal, b)) YVO,:Eu** nanocrystal
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Fig. 2. Luminescence spectra at 7 = 300 K of the:
a) Y,SiO4:Pr¥* bulk crystal, b) Y,SiO,:Pr** nanocrystal
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Fig. 4. Dependence of the YVO :Eu*" nanocrystal
luminescence linewidths on the temperature: / —30 nm,
2—5nm
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According to well-known patterns [22, 28] it can
be mentioned that spectral lines in absorption and
luminescence spectra of impurity RE ions in bulk
crystals at the low temperature are inhomogeneously
broadened. Temperature increasing leads to
increasing of phonon scattering contribution to the
homogeneous linewidth. At the room temperature
phonon scattering contribution becomes
determinative and spectral lines are homogeneously
broadened. Optical transitions dephasing time at the
room temperature becomes too short (10-'>—
101 s) for using of these optical resonances for
the optical memory devices and quantum computers
creation.

In the general case the contribution of the phonon
scattering processes to the homogeneous linewidth
is determined by the expression [12]:

:Ti—:ln{nwz-pz(w)-shZ(Aw/kﬂ} (1)

where: W is the constant of electron-phonon
coupling for the impurity centre; p(w) is the phonon
state density; k is the Boltzmann constant; 7' is the
temperature.

Expression (1) remains correct independently on
the crystal size. Constant of electron-phonon
coupling is concerned with the impurity ion adiabatic
potential change under the photoexcitation and
determined by the ligand field structure only. It is
clear that the ligand field of the impurity centre
changes only within the first coordination sphere,
so, it is independent on the crystal size up to few
nanometers [35, 36]. Direct confirmation of this
statement was obtained in the experiment [31, 32].
In [31, 32] it have been shown that the splitting
peculiarities of impurity Pr** ion degenerate terms
remained the same as for the bulk crystal after
decreasing of nanocrystal size up to 20 nm [37, 38].

The main parameter in the expression (1)
critically dependent on the crystal size in the range
of nanometers is the phonon state density [39].
Depletion of nanocrystal phonon state density leads
to the suppression of the fast nonradiative relaxation
of impurity centre electron states [37-38, 40]. In
addition, in [37, 38] has been shown that nanocrystal
vibrational modes are high-Q with the low
anharmonicity. The phonon mode quantity in a
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nanocrystal becomes explicitly discrete and these
modes can be expressed as the set of functions
p(@ ~ /(0 - ®)+(2t,)?), where @, and 7, are
the frequency and decay time of the phonon mode,
respectlvely Thus at 7,, — 0o the integration in (1)
is performed with 5 — functions leading to
minimization of 7). According to our interpretation
increasing of nanocrystal size must lead
unambiguously to the phonon density increasing
manifesting itself in the increasing of phonon
contribution to the impurity ion homogeneous
linewidth. The experimental results (fig. 4) totally
confirm our predictions. Spectral lines in the impurity
luminescence spectrum of YVO,:Eu*" nanocrystal
broaden with the nanocrystal size increasing.

Conclusion

Thus, rare-earth doped nanocrystals of wide-gap
dielectrics exhibit narrow optical resonances of
impurity ions at the room temperature. This effect
is closely concerned with the optical transitions
dephasing suppression due to weakening of phonon
scattering on the impurity centre as a result of the
quantum size effect in nanocrystal phonon
subsystem. Due to the properties mentioned above
doped nanocrystals can find their application in the
optical memory and quantum computing devices due
to unnecessary of the deep cooling.

Ha cnextpax iroMiHecIeHIlIT HAHOKPHUCTAIB YZSiOS:Pr3+ Ta
YVO,:Eu** 3a kiMHaTHOI TemmepaTypu crocTepiranacs Ha-
SIBHICTh aHOMAJIBHO BY3BbKHX CIEKTpaJIbHUX JiHIH. Lle Oyno
IHTEPIPETOBAHO K Pe3yJbTaT 3arIylleHHs mpoueciB aeda-
3yBaHHS ONTHYHHX MEPEXOJiB y HaHOKpHcTanax. [IpuunHoI0
3a3HauEHOr0 €eKTy € OCIalJIeHHS pO3CiIOBaHHSA ()OHOHIB Ha
JIOMIIIIKOBOMY IIEHTPI BHACIIIOK BIUTUBY KBaHTOBO-PO3Mip-
HOro e(eKTy Ha migcucTeMy (POHOHIB Y HAHOKpUCTAMI. Yiiep-
IIe OTPUMAHO 3IEKHICTh IIUPHHH CIIEKTPATBHUX JIIHIH BiJ
pO3Mipy HaHOKpHUCTaia. BiacyTHiCTh MOTpeOH MHOOKOTO 3a-
MOPOXYBaHHS JUTsl OTPHMAHHS BYy3bKHUX ONITHYHUX PE30HAHCIB
BiZIKpHBA€ MOKJIMBOCTI BUKOPHCTAHHS TAKHX HAHOKPHUCTAJIB
JUISL CTBOPEHHS TIPUCTPOIB ONTHUYHOI Mam’sITi Ta KBAaHTOBUX
KOMIT I0T€piB.

Knrouosi cnoea: 8ysvii ninii, enekmpon-ghpononna 63aemoois,
HAHOKpUCmanu

Ha cnexTpax MOMUHECHEHIMU HAHOKpHCTaIoB Y,Si0 :Pr3*
1 YVO,:Eu* npu koMHaTHOMH TemmepaType Habmoaanoch Ha-
JNYUEe aHOMAITBHO Y3KUAX CHEKTPANBHBIX JTHHUAN. DTO OBLIO
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HHTEPIPETHPOBAHO KAK PE3YJIbTaT IOJABICHUS MPOLECCOB
neda3upoBKH ONTHYECKUX IEPEXO0J0B B HAHOKPUCTAJIIAX.
[Ipuuunoit HabmomaeMoro > dexTa ABIIETCS OcladiIcHUe
paccesiHusl ()OHOHOB Ha IIPUMECHOM LICHTPE B PE3YJILTATE BIIU-
SIHHSL KBaHTOBO-pa3MepHoro addexra Ha moacucteMy HoHo-
HOB B HAHOKpHCTa1e. BriepBbie nosy4yeHa 3aBUCUMOCTD IIU-
PHHBI CIIEKTPAIIBHBIX JINHUI OT pa3Mepa HaHOKpucTamuia. OT-
CYTCTBHE HEOOXOIMUMOCTH TITyOOKOro 3aMOpPaKUBAHUS IS
MOJTyYEHHs] Y3KHUX ONTHYECKUX PE3OHAHCOB OTKPHIBACT IIH-
pOKHE BO3MOXKHOCTH NPUMEHEHUsI JaHHBIX HAHOKPHCTAIIIOB
JUISL CO3/IaHUS YCTPOMCTB ONTHYECKON MTaMATH U KBAaHTOBBIX
KOMITBIOTEPOB.
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