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Energy transport processes in EUAl, 47(B,0,0)Oy¢ nanocrystals with two-dimensional
arrangement of Eu3* subsystem were investigated using the methods of stationary and
time-resolved spectroscopy. Sufficient difference in Eu*—Eu3* distances inside and between
(001) planes (4.58 A vis 9.28 A, respectively) leads to two-dimensional character of energy
migration. Comparison of energy transport processes in aluminium borate nanocrystals with
two-dimensional (EuAl, ,,(B,040)O,¢) and three-dimensional (EuAl;(BO,),) arrangement of Eud*
ions have shown that despite higher Eu3*—Eu®* shortest distances (5.9 A), energy migration in
EuAl;(BO;), leads to stronger quenching of Eu®* luminescence.

Keywords: Nanocrystals, energy transport processes.

UccremoaHEl Ipollecchl IIePeHOCA SHepPrum B HaHOoKpucramrax — EUAl, (,(B40,0)0q4 ¢
JABYXMepHEIM yrIopsagodenueM wonoB Eult mpum momomn cramuonapHoil v pasperieHHOH Bo
BpeMeHU creKkTrpockonuu. CyIlecTBeHHOE pasjinyre B PACCTOAHUAX MEKJy MOHAMU eBPOIIHS
HAXOLAIIUMUCSA B ONHOU miaockoctu (4.58 A) ¥ B pasHbIX ILIocKocTaAXx (9.28 A) HIPUBOIUT K
TOMY, YTO MUIPALMS SHEPrHU HOCUT JBYXMEpPHBIA xaparTtep. CpaBHEHHE NPOIECCOB TPAHC-
IOpTa SHEPrMM B HaHOKpucTayiaax ¢ ayxmepeiM (EUAl, ;,(B,0,7)0,4) u TpexmeprBIM
(EUAI3(BO3),) ymopagoueHneM MOHOB Eu®* mokasanmo, uTo, HECMOTPSI HA GOJDLIINE PACCTOS-
HUA MexAy Ommkaiimumu momamu Eust B EuAl;(BO,), (5,9 A), uem B EUAl, 47(B4,0,0)0p 6,
MUTPAIUs 9HEPTUU B TPEXMEPHOM cHucTeMe TMPUBOAUT K 0oJsiee CUIBHOMY TYIIEHUIO JIOMHUHE-
cuennuu uonoe Eudt.

Tpaucoopr eneprii y manorpucraxax EuAl, ,7(B,0,7)0,¢ 3 ABOBUMipHOIO WigrpaTKoI0
iomiz Eud*., H.B.Konoueuv, B.B.Ceminvro, I1.0.Maxcumuyx, I.I.Becnanosa, K0.B.Manwxin,
B.B.I'punbvos.

Hocmigxeno mpomecu mnepeHocy eHeprii y mamokpucramax EUAl, ;,(B4,0,7)0,4 i3 aBoO-
BUMIpHEM ymopsagryBaHHAM ioHiB EUS* 8 BurOpmCTAaHHSAM CTAmiOHADHOL Ta POSHOZLIEHOI 32
yacom cuexTpockoiii. CyrreBa pisuunda y Bigcrami misx iomamu eBpoiir, AKi sHaxomsaTbCA
Ha ofHi#t maommHi (4.58 A) Ta B pisHux mrommuax (9.28 A) OPU3BOAUTEL MO TOTO, IO
mirparis eHeprii HocuTh ABOBUMIipHUN xapakTep. llopiBHAHHA TpolleciB TpaHCHIOPTY eHeprii
v HaHOKpHcranax 3 asoBuMipHEM (EUAI, 7(B4040)0¢) Ta Tpusumipaum (EuAl;(BO,),) ymo-
panKyBaHHAM loHiB EUS* mokrasano, mo, He QUBASYKNCH HA GLIBIIY BinCTAHD MIiM HAMGINM-
ynmu iomamm Eu y Eu3+AI3(BO3)4 (5,9 A), Him y EUuAl, (7(B4040)0q 4, Mirpamia emeprii y
TPUBUMIPHIN cucTeMi IPUSBOAUTEL X0 OLiJIBII CHJIBHOIO racimusa JroMmizecreHIrii ioHis Eud*.
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1. Introduction

Development of effective luminescent
and scintillation materials for various appli-
cations including solid-state lasers, detec-
tors of high-energy particles, lamp phos-
phors and fluorescent labels for biological
uses requires materials with controllable
transfer of excitation energy to the optical
centers. From the vast number of rare-
earth-doped crystals and nanocrystals, only
the ones containing Eu3*, Tb3* and Gd3* as
regular ions have shown the energy migra-
tion over sufficient distances (1 nm or more)
[1-3], while for other RE ions luminescence
is quenched effectively by cross-relaxation
mechanism and any sufficient transport of
energy cannot be expected.

As was shown recently, transport proc-
esses including excitation energy migration
[4], spin [5], electron [6] and ion [7] transport
in crystal lattices with anisotropic structure
(with one- or two-dimensional arrangement of
regular ions) are modified sufficiently as
compared to energy transfer processes in lat-
tices with three-dimensional arrangement of
regular ions. Our previous investigations
have shown that for rare-earth doped
nanocrystals the processes of energy transport
can depend both on the arrangement of rare-
earth ions and on the restrictions provided by
the size of nanocrystal [8].

Diffusion-limited energy migration was
observed previously for EuAl3(BOj), alu-
minium borates with three-dimensional ar-
rangement of Eu3* ions [9]. The shortest
Eud*—Eud* distance in this structure is
equal to 5.9 A leading to energy transfer
only via dipole-dipole (and not exchange) in-
teractions. Strong temperature dependence
of energy migration processes was caused by
forbidden nature of ®Dy—7F transition, so
that thermal population of higher 7F1 en-
ergy level was crucial for realization of en-
ergy migration process.

In the last years a series of
REAIl; 7(B4010)0g¢ (RE = La, Ce, Nd) alu-
minium borate crystals was grown [10].
REA|207(B4010)006 structure is charac-
terized as mica-like with RE3* ions situated
in (001) planes with RE3*-RE3* distances
equal to ~4.6 A within the same plane and
~9.3 A between the different planes. As was
shown in our previous paper [11], relatively
high distances between rare-earth cations
and surrounding ligands (about 2.5 A) made
possible observation of so-called quantum
splitting effect for Pr3+ doped
LaA|207(B4010)006 bulk crystals at X-I‘ay
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excitation. In this research at first the pe-
culiarities of energy transport in
REAI, 7(B4010)0g ¢ are investigated. Char-
acteristics of energy migration are com-
pared for EUA|207(B4010)006 and
EuAl3(BO3), aluminium borates and the de-
pendence of energy migration parameters on
the arrangement of RE3* ions is shown.

2. Experimental

EUA|207(B4010)006 and EUAI3(BO3)4 alu-
minium borate nanocrystals were synthe-
sized using solid-state method involving
mixing and annealing of correspondent ox-
ides (EU203, A|203 and 8203) taken in
stoichiometric ratio.

The sizes of nanocrystals were deter-
mined using ZetaPALS analyzer (Brook-
haven, NY). The purity of erystal phase was
controlled by X-ray Diffraction (XRD).

Luminescence spectra were obtained
using spectrofluorimeter based on the grat-
ing monochromator, luminescence was ex-
cited by the fourth harmonics of YAG:Nd
laser (A,,, = 266 nm).

The luminescence decay was taken using the
time-correlated single-photon counting (TCSPC)
technique. Temperature was varied from 10 K
to 300 K using ARS DE-204AE cryostat with
LakeShore 335 temperature controller.

3. Results and discussion

Crystal structures of EUAl; 57(B4040)O0g 6
and EUuAl3(BO3), aluminium borates are
shown in the Fig. la and 1b, respectively.
For EUAl3(BOj3), crystals Eud* ions form
three-dimensional substructure with the
shortest Eu3*—Eu3* distance equal to 5.9 A.
At the same time, EUAI207(B4010)006 struc-
ture is characterized by quasi-two-dimensional
arrangement of Eu3* ions, which are situated
in (001) planes with shortest Eu3*—Eu3* dis-
tances equal to ~4.6 A within the same plane
and ~9.3 A between the different planes. Suf-
ficient differences in the structures of these
two lattices allowed us to suppose the different
mechanisms of energy migration. In order to
reveal the features of energy transport in both
cases, luminescence spectra and decay curves
of EUAI207(B4010)006 and EUAI3(BO3)4 alu-
minium borate nanocrystals were taken at dif-
ferent temperatures.

The luminescence spectra of
EUA|207(B4010)006 and EUA|3(BO3)4 alu-
minium borate nanocrystals (A,,. = 266 nm)
are shown in the Fig. 2. Both spectra con-
sist of characteristic Eu3* 5Dy — "F, (J = 0,
1, 2, 3) transitions. Temperature increase
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Fig. 1. Crystal structures of: a) EuAl, 47(B,0,0)Ogg; b) EUAI;(BO,),.
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Fig. 2. Luminescence spectra of: EUAl, ;,(B4,0,,)0q4 (a) and EuAl3(BOj), (b) nanocrystals (A,

266 nm) at different temperatures.

leads to Eu3* luminescence quenching as for
EUAI3(BOs)4, SO for EUAI207(B4O10)006
nanocrystals. However, for EuAl, 57(B4010)O0q 6
the luminescence quenching is less pro-
nounced than for EuUAl3(BO3), — while for
EuAl;(BO3), temperature increase from 10 K
to 270 K leads to decrease of integral Eud*
luminescence intensity in 1.97 times, for
EUA|207(B4010)006 the same temperature in-
crease leads to intensity decrease only in
1.63 times.

Eu3* luminescence intensity change with
temperature variation can be caused by dif-
ferent factors, and, first of all, by energy
transfer from initially excited Eu3* ions to
luminescence quenchers of different kinds,
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for instance, to europium (Eu3*) ions with
distorted coordination. This energy transfer
can take the forms of single-step donor-ac-
ceptor energy transfer, or multi-step energy
migration. In order to understand the
mechanism leading to Eu3* luminescence
quenching for EUuAl; 37(B4049)0gs and
EuAl3(BO3), aluminium borate nanocrystals,
decay curves of ®D,— "F, luminescence
were taken for different temperatures.

Decay curves of Eu3* luminescence
(taken for 5D0 - 7F2 transition) for

nanocrystals are shown in the Fig. 8a and
3b, respectively. At 10 K decay curves as
for EUA|207(B4010)006 so for EUA|3(BO3)4
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Fig. 3. Decay curves of 5D0 - 7F2 Eu®* luminescence for EuAl, 4;(B40,0)0y 6 (a) and EuAlz(BO;), (b)
nanocrystals at different temperatures. In the insets: temperature dependences of energy migration
parameters B (for EuAl, ,7(B,0,7)0q¢) and W (for EuAl;(BO,),).

are close to single exponential and can be
fitted by well-known I = Ijexp(—t/1y) depend-
ence, where T is the decay time. Values of the

decay time 71, are equal to 1.98 ms for
EUA|207(B4O10)OO6 and 1.9 ms for
EUAI3(BO3),. At higher temperatures the decay
curves are not exponential anymore, but the
average decay time can be estimated as

B [1eyear

Tavg

 [1wat”

Average decay times for Dy — "F, lumines-
cence in EUA|207(B4010)006 and EUAI3(BO3)4
nanocrystals at temperature variation from
40 K to 270 K are listed in the Table. Tem-
perature increase leads to quenching of
5D0%7F2 luminescence for both
corresponding shortening of average decay
time — from 1.94 ms at 40 K to 1.56 ms at
270 K for EUAl, 37(B4010)0gs and from
1.82 ms at 40 K to 1.2 ms at 270 K for
EuAl3(BO3),. The relative changes in aver-
age decay time with temperature increase

times for EuAl3(BO3),) show that the lumi-
nescence quenching is stronger for
nanocrystals that for EUA|207(B4010)006
ones. This fact agrees well with the results
obtained from luminescence spectra (Fig. 2).
It worth noting that more effective energy
transport (and, so lower values of average
decay times) is usually observed for crystal
structures with shorter RE3*—-RE3* minimal
distances. However, it is not the case for
the structures compared in this paper, as
the minimal distance between Eu3* ions in
EUAl, 47(B4040)00s is equal to 4.6 A, while
in EUAl3(BO3), — 5.9 A. So, there should be
some factor hampering energy migration in
EUA|207(B4010)006 leading to lower lumines-
cence quenching as compared to EUAl;(BOj3),
despite the shorter distances between rare-
earth ions. This effect can be determined, for
instance, by restriction of energy migration in
EUA|207(B4010)006 to (001) planes without en-
ergy transfer between Eu3* ions in different
planes. In this case, the migration of energy
should be two-dimensional.

In the framework of the average-t-matrix
approximation (ATA) decay curves in the

(1.27 times for EUAl; 57(B4049)Op and 1.52  presence of two-dimensional migration
Table 1.
T, K 10 40 80 120 160 200 240 270
EUA 7(B4010)006 |Tupp ms| 1:98 | 1.94 | 1.89 | 1.82 | 1.75 | 1.69 | 1.62 | 1.56
EUA(BOy), |1, ms| 1.9 | 1.82 | 1.67 | 1.56 | 1.45 | 1.36 | 1.26 | 1.2
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should be fitted by the following law: I =
Iyexp(—t/1y)-(4nC Da~2t)"1, where C, is the
concentration of energy acceptors, D is the
diffusion coefficient [12]. However, the fit-
ting of experimentally obtained decay
curves for EUA|207(B4010)006 by this law
gave unsatisfactory results. Much better fit-
ting was obtained using the approach of
random walk (RW) over the donor sublat-
tice to randomly distributed acceptors
which trap the migrating excitation at first
encounter [13, 14]. According to this ap-
proach the decay of excited Eu3* ion should
follow the law: I = Iyexp(—t/ty — Bt"b/(b+2)),
where b is the dimensionality of energy mi-
gration and P depends both on acceptor con-
centration and temperature. For two-dimen-
sional transport & = 2 and the decay law is
I = Iyexp(—t/t9 — Pt7(0.5)), that is mathe-
matically equivalent to well-known Forster
decay law for one-step donor-acceptor en-
ergy transfer, but while for Forster decay
B is temperature-independent, for two-di-
mensional energy migration this parameter
should depend on the temperature. Fitting
by this expression allowed to determine the
values of B and to reveal the strong tem-
perature dependence of this parameter (Fig.
8a, inset). So, in EuUAl;(7(B4049)0g6
nanocrystals two-dimensional energy migra-
tion over Eu3* ions situated in (001) planes
is really observed.

Long-time exponential parts of the decay
curves for EUAI3(BO3), nanocrystals are
well-fitted using the well-known expression
for three-dimensional energy migration:
~exp(—t/19 — W) [15], where W =
11.404C,Cp,1/2D3/4, Cp, is the interaction
parameter for donor-acceptor energy trans-
fer. Diffusion coefficient D depends on the
temparature, so temparature increase leads
to increase of W (Fig. 3b, inset). Tempera-

ture dependences of § (for
have the same character — effective energy

migration is observed only at temperatures
higher than 100-120 K. It was shown pre-
viously [9] that energy transfer between
Eud* ions at low temperatures is rather in-
effective involving 5D, — "F, transitions,
which are considered as absolutely forbid-
den ones (0 — 0 transitions). The energy dif-
ference between 7F0 level and higher-lying
7F1 level is about 200 cm ™! [9], so, according
to [9], energy transfer in concentrated Eu3*
compounds at low temperatures can be real-
ized only as two-phonon assisted process.
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Temperature increase leads to thermal
population of higher-lying 7F1 levels, lead-
ing to possibility of energy migration via
5D0 - TF 1 transitions. So, the effective en-
ergy migration for both compounds can be
observed only at the temperatures high
enough for population of 7F1 levels of adja-
cent Eud3* ions.

4. Conclusions

Efficiency of excitation energy transport
in europium aluminium borate nanoccrystals
strongly depends on the dimensionality of
Eud* sublattice. Processes of energy migra-
tion in EUA|207(B4010)006 nanocrystals
with two-dimensional arrangement of Eu3*
ions despite relatively short Eu3*—Eu3* dis-
tances (4.58 A) do not lead to such sufficient
luminescence quenching and shortening of
average decay time, as the ones observed for
nanocrystals with three-dimensional Eu3*
sublattice (such as EuAI%(BO3)4). Analysis of
decay kinetics for Eu°* luminescence in
EUuAl; 37(B4040)0p ¢ that luminescence decay
can be described in the framework of ran-
dom walk approach as two-dimensional mi-
gration within (001) planes of
EUAl; 7(B4O49)0g 6 nanocrystal.
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