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Photoluminescence lifetime of nanocrystalline ZnS:MA*

Kuo Yart
Structure Research Laboratory, University of Science and Technology of China, Academia Sinica,
Hefei 230026, People’s Republic of China;
Laboratory of Excited State Processes, Chinese Academy of Sciences, Changchun 130021, People’s Republic of China;
and Department of Physics, University of Science and Technology of China, Hefei 230026, People’s Republic of China

Changkui Duan
Structure Research Laboratory, University of Science and Technology of China, Academia Sinica,
Hefei 230026, People’s Republic of China
and Department of Physics, University of Science and Technology of China, Hefei 230026, People’s Republic of China

Yi Ma
Department of Physics, University of Science and Technology of China, Hefei 230026, People’s Republic of China

Shangda Xia
Structure Research Laboratory, University of Science and Technology of China, Academia Sinica,
Hefei 230026, People’s Republic of China
and Department of Physics, University of Science and Technology of China, Hefei 230026, People’s Republic of China

Jean-Claude Krupa
Radiochimie, Institute de Physique Nucleaire,tBd?ostale No. 1, 91406 Orsay, France
(Received 24 March 1998

It is beyond common understanding that the photoluminescence lifetime of the trafi3ifierPA; of Mn?*
doped in ZnS decreases dramatically by five orders of magnitude from bulk to nanocrystal since the magnetic
interactions which usually make the spin-forbidden transition allowed cannot be so strong. In this paper, we
present a possible mechanism involving the exchange Coulomb interaction betwekeléoerons of MA™
and the electrons of the host. Assuming that the spin of the ground state of the host is not zero, and that the
exchange Coulomb interaction causes mixing between the exXtitestate of Mii™ and a certain excited state
of the host whose energy is slightly higher than that of ffig state of M+, we demonstrate that the
spin-forbidden transition could be almost allowed. Moreover, the mixing degree increases as the particle size
of the nanocrystal decreases. A numerical estimation about this mechanism agrees with the experimental
results of optical and magnetical propertig80163-18288)02544-3

[. INTRODUCTION which drops from several ms to several tens of ns. All these
findings verify that there exists an obviously unusual fast
. . : . transition component in the luminescent decay of this kind of
The luminescent properties of nanosized materials hav? o .

. ) . : fansition-metal-doped nanocrystals. To seek explanation of
attracted considerable interest in recent years. Semiconduct

I !
nanocrystals have an increased energy band gap and a bIL%I—s phenomenon, a suggestion was proposed that quantum

. . ) confinement could cause strong mixing of #eelectrons of
shifted spectrum, which result from quantum confinenfent. the host ZnS and dopant Mih with the d electrons of dop-

Nanosized materials doped with transition metals or rar_eém’ and that this mixing could change the spin-forbidden
fSinsition to an allowed oneHowever, the unusual mecha-

) . _ &ifsm of how the spin-forbidden transition could be allowed
is blocked by the boundary of nanosized particies. in such degree is still not clear, since it is well known that

The most significant and puzzling finding thus far is thaty,e spin-orbit interaction or the magnetic dipole interaction
the photoluminescencePL) lifetime of nanocrystalline \yith radiative field, which includes the spin dfelectron of
ZnS:Mrf* is at least five orders of magnitude shorter thanpn2+ . cannot be so strong as to change the spin-forbidden
that of the bulk crystal while still yielding a considerably transition to an allowed one. In this paper, we will show a
high external luminescent quantum efficierisge Table | or  mechanism to solve the “relaxation of the forbiddenness”
Ref. 3 for details. Recent experiments done by Sooldall.  puzzle. Firstly, we analyze the origin of the puzzle from the
likely indicate that decreased particle size results in a destandpoint of crystal-field theory. We then present a model
creased lifetime for aqueous colloidal ZnS:Mn* Similar  including the exchange interaction between the orbits of
phenomenon were also observed in our recent experiment dvin>* and ZnS and give a numerical estimation of the
nanocrystalline thin-film ZnSiQMn?", the decay time of model. Finally, we give further experimental supports.
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TABLE |. PL properties of nanocrystalline and bulk ZnS:#n

Sample Nanocrystalline ZnS:Mh Bulk ZnS:Mre*

= 4.2 eV 3.66 eV
Excitation peak 265 nn¥.68 eV) 332 nm(3.73 eV}

Full width at half maximum(FWHM) of excitation peak 2eV 0.5eV
Emission peak 590 nr2.10 eV 584 nm(2.12 eV)
FWHM of emission peak 0.33 eV 0.23 eV
Lifetime 20.5ns, 3.7 ns 1.8 ms
Quantum efficiency 18% unknown

Il. ORIGIN OF THE PUZZLE Now let us compare the structural properties of bulk crys-

' . . tal and nanocrystalline ZnS:Mh. In both kinds of
Let us first analyze the luminescence mechanism of CIYS5 S-M2* Mn2" substitutes for ZA" and hasT« site sym
. y d -

talline ZnS:Mrt*. The energy-level structure and lumines- i . . .
" ¥ : . metry; Mrf* has a stronger interaction with host tharfZn
cent transition of MA" doped in ZnS can be described by 8 cince the radius of Mt (0.80 A) is larger than that of

crystal-field Hamiltonian undefy symmetry, i.e., Zn?* (0.74 A). Extended x-ray absorption fine structure
H=Ho+HS ot Hoyt Hal, (1) experiments show that the distance betweerf Mand its
S~ ligands of nanocrystallite contracts only 1-3% com-
whereHy, Hgen Hogq, @andHg are quasifree ion, even pared to that of a bulk one, while the bond angles have no
crystal field, odd crystal field and spin-orbit interaction distinct changé.A nanosized particle of 2-3 nm has only
Hamiltonian, respectively. The energy-level structure of100-300 primitive cells, about half of which distribute near
Mn?* is mainly determined byHo+HS,.,. HSyandHg  its surface. Under a simple hypothesis that the probability of
result in states of mixed parity and spin, respectively. UndeMn?* occupying each primitive cell is equal, there are at
T4 symmetry, the luminescent transition 8T;—°A, of least half of the MA" ions whose & ligands are located on
Mn2" is spin-forbidden while the weak interactioHs,  the surface. The local environment and the electronic struc-
makes the transition slightly allowed. The forbiddennesgure of this kind of Mri™ will be obviously different from
caused by the parity selection rule is largely relaxed due téhose of the bulk ones. It is also possible that there are de-
the parity mixing caused by the strong interactidfy under ~ fects in nanocrystalline particles, as is in bulk crystal, which
T4 symmetry. The oscillator strength of the electric dipoleWill have effect on the luminescent properties of nanocrys-
transitionT, —®A, is estimated as followénagnetic dipole ~talline ZnS:Mrf*.
transition is too weak to be considejed We will meet difficulties if we try ascribing the fast decay
of Mn?" in nanocrystal to the change of environment only.
(HS 49 (Hg) Assuming that the host remains “static” during the transi-
A [ECTY—ECAY|

(2)  tion process, the change of environment of Mronly af-
fects the symmetry of crystal field and crystal-field param-

whereP? is the oscillator strength of allowed electric dipole €ters while there is no notable effect bi3,. Thus, only the
transition, whose order of magnitude is 1. As for visible €nergy-level positions are affected but the transition remains
light, the corresponding luminescence lifetime is about 1 nsSPin forbidden. Therefore, we cannot explain the significant
(HE,) is the matrix element oH¢,, betweendS-electron change of Iumllnt_ascence I|f(_9t|me .observed in_experiment.
stateg[such as (8)° °A,] and excited states with opposite However, the d|ff|cplty here is a hint that separatingVin
parity (such as (8)%4p)®A,). Under T, symmetry, 1©ONS from the host is not a proper model.
(HE9=~10" cm™1, which has the same order of magnitude
as (H¢,en, since the system has no inversion symmetry;
A(n’l") is the energy difference between tt# states and
the excited states with opposite parity mentioned above, The fast decay of luminescence of nanocrystalline
whose value is about10°—~1Fcm™%; (Hg) is the matrix ~ ZnS:Mrf*, no matter by radiative transition or nonradiative
element oH, between®A,; and *T; states, with the order of relaxation, needs a complete relaxation of the forbiddenness
magnitude of 1®cm™; E(*T,)—E(®A;)~1.7x10* cm 1.  caused by the spin selection rule. As has been stated above, it
Thus, we have the estimatidh,~ 108, which corresponds is impossible to relax this forbiddenness by the weak mag-
to a luminescence lifetime of ms order of magnity@able netic interactions including thd-electron spin operator of
). Therefore, the small decay rateadiative and nonradi- Mn?*, such as spin-orbit interaction, so this relaxation must
ative) of the *T;—CA, transition is mainly becausel;,  involve some kind of strong electric interaction. Since elec-
is too weak. From the viewpoint of cubic crystal-field tric interactions do not change the total spin ofVrion, we
picture, the domain parts ofA; and 4T, states are need to consider Mii and host ZnS as a coupled system
[(e1)?(t,7)% SA;Mqa;) and [(eT)?(el)(t,1)? “TiMsy), and assume that the spin orientation of the host could be
respectively, so the transition between the two states ishanged during the luminescent transition. Since there is no
essentially a spin-forbidden one-electron transitig ) remarkable change of the emission peak position for nano-
—|to7). crystalline ZnS:MR™, as compared to the bulk crystal, it is

I’ *

=p0

e e

Ill. THE EXCHANGE INTERACTION MODEL



PRB 58 PHOTOLUMINESCENCE LIFETIME OF ... 13 587

natural to assume that there is no significant change of en- [ ===  =-------
ergy of the host when its spin orientation changes during the

radiative transition. It is impossible for a perfect ZnS crystal L At (a)
(doped with Mi#* as equal-electron impurityto change its A ﬁ\AIfz+ ‘ ZnS; host .
spin orientation without changing its energy, since its ground -

state has zero-spin. However, it is possible for nanocrystal- 4Tﬁﬂ € -

line ZnS:Mrf* to have nonzero-spin ground state, whose

; g U ; b
energy is not much concerned with its spin orientation, con- ()

Tetgy o HIUL THUL I LTSI WL s opIT DI AaUTL, BT aemee e — %
sidering the fact that surface, boundary, and defects such as Mn?+ ZnS  host
dangling bonds exist in nanosize particles. The stationary @ [ -------- — ¥
states of a MA*-ZnS system are mixtures of products of the
host states and® crystal-field state of Mfi". The total spin ) 1 ()
Sof Mn?*-ZnS states must be the same when they are mixed A1 7S Thest

(via exchange Coulomb interaction, ¢tto form stationary
states ands remains unchanged during the electric dipole
transition between these stationary states, while the spin of FIG. 1. Three representative states with 2 of nanocrystalline
the crystal-field states of M is allowed to change. ZnSIMIE*, (@) ¢4, (b) ¢z, (€) ¢s.

Here we give a qualitative demonstration. For simplicity, o
we only consider two states of Mh: ©°A;(My and derivation of Eq.(4) takes the localization of thé-electron

4 of Mn?* and Wannier function into account.
T,(Mg). The latter can hought of T1v).

1(My) © atte ca be thoug .t otasa SIST, ) The exchange integraly, for ZnS is unavailable. Com-
Here y, denoting a suitable combination of the components

: . : aring with the analogous values for ®th, ,Se and
of the three-folded degenerated orbit staie is omitted for P 6 i . X
simplicity. A host state of nanocrystal is described by aHgXMnl_xSe, we estimate It to be about 1 eV. Thus, we get

single-electron statg/(ms), which has spirs=1/2 andmg Tioﬁglltgrg)gzo;\;he ground statel(S=3)—E(S=2)|
=+1/2. The other part of the host state is a background - A . .
whose spin is zero and not concerned with the transitior,g Wr:ennl;/lr?t tls atlrt1the ei(c:;edts:atéTrl] ?dv\}rr;ﬁ TIOSt _'S at
process. The valence and conduction band of nanocrystallinge ground state, the system state can be en as.
ZnS with particle size of about 2—3 nm is constructed by

discrete levels with large energy intervals in between. Two IMSS)= E TiMY i, (M) (3M3mSS),  (5)

single-electron states of host are considered in our discus- Msms
sion: ¢, (M) and ¢¢(ms). The former can be thought as a where S could be 1 or 2 ¢, for simplicity) [Fig. 1(b)].
spin-unpaired bond electronic state on top of the valenc@nalogous tog,, there is also a splitting of I6—102 eV
band. The latter can be considered as an excited state of th@tween the two states with differe@t
host resulting from an electron occupyirig(ms) moving to Although the total spins of5; and ¢, are the same, the
a certain local state around Kih, for example, a deep defect matrix elements of the electric dipole transition between
energy state. them remain zero because the two stalés and *T, of

A state of the MA*-ZnS system is an eigenstate of total Mn2* have different spins, i.e., the direct transition between
spin, so the stationary ground state can be written as the two states is still spin forbidden.

Consider a third statigps) in which the host is at the state

|GSS)= 2 6A(Mg) i, (M) (3MgimSS),  (3) Yi(mg) and Mrft is at the ground state:

Mgmg
whereS could be 2 or 3, corresponding to a stationary state [HSS)= >, SA; (Mg ¢r(my)(EMiImJSS), (6)
in which the spins of the host and ¥ih are antiparallel ¢, Msmg
for simplicity) [Fig. 1(@] or parallel. The two states with \\hereScould be 2 or 3. Th&=2 case @5 for simplicity)
different Swill have a very small energy difference: is shown on Fig. ().

Since ¢, and ¢; have the same total spin, there is a

Ee(S=3)~Ee(S=2) nonzero exchange Coulomb interaction matrix elen@gt

6 . . e? s 3 between themQ,,. is not concerned with the actual value of

=— gz f P, (L) (2) o ¥,(2),(1)d°r,d°r, S, and can be a real value if the normalization factorgpef
7 and ¢4 are properly chosen:

6 e’

~= 5—NE fw’;(l)\/\/ﬁ(Z)(r—l) ¥, (2)W,(1)d%r 1%, Qexc=(#3Hcoul b2)- )
Y

5 Qexc is the same order of magnitude as

= _5_NJ°°' 4 2

e

J=J t//?(l)wﬁ(f)(r— U (27) he(17)d%r 1 dr 5,
wherey is the notation of thel-electron state of Mfi", W, 12 ®)
is the Wannier function of valence band, axids the number
of primitive cells in a certain nanocrystal. For a typical par-where () denotean,=*+1/2. Sincey; is localized around

ticle with the size of 3 nmN~300. The second step of the Mn?*, the overlap of; and i, is significant. There is also
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a considerable overlap betwegpn and i, in nanosized par- nm, Q.~0.1 eV. Note thatE,=2.1 eV and usually the

ticles. Thereforel is not zero and of great importance. For deep defect energy level; is about 1 eV below the bottom

simplicity, we only consider the mixing o, and ¢; and  of conduction band, we geE;—E,~0.5 eV. Therefore,

get the following equation: sirPd is several percent, as has been estimated above. From
the above discussion, we can see that the observed fast decay

Ex  Qexc|(a @ time of M?* needs restrictions on the energy band structure
Qe Es/\b bl © of the semiconductor host. The energy shift due to exchange
_ ) interactiond, i.e., AE,= —Qﬁxg(Eg—Ez), combining with
It is easy to get the eigenvalue the shifts ofE; andE, in the order of magnitude afo/N,
— > is approximately to be—10"2 eV, which is comparable
E+:(E2+E3)i\/(E3 E2)"+4Q%c (10) with the 0.02 eV redshift of emission peak observed in
- 2 ' experiment
and the corresponding stationary excited statgs &,.
The stationary excited state with lower energy is IV. EXPLANATION OF::E(;IJTESR EXPERIMENTAL

d,)= +sin
| 1)=C0S0¢h2+ Sinbeb, As has been demonstrated above, the lowest states of the

> Mn2*-ZnS system is composed of two near-degenerated
(Es—E)— V(Es- E2)2+4Q9X°_ states withS=2 and 3. There is considerable electron popu-
2Qexc lation on both states even at several tens of Kelvin. This
feature will affect the electron paramagnetic resonance
|®,) and| ) is (EPR spectra of nanocrystlline ZnS:Mn. However, the
1 1 crystal-field splitting(fine structurg which can be used to
R . determine the total spin of the system, was not observed in
<<I>1 z ri ¢1> =sinO(ys|r|,), (12 experiment due to the random orientation of nanocrystalline
particles in the sampléln the EPR experiment, two sets of
where( | F|#,) = (M |F|#,(mg)) and is independent on  hyperfine splitting structures were observed in @dand,
ms. It is evident now that the luminescent transitidfi, ~ Which was ascribed to two kinds of M sites: one inside of
—8A, of nanocrystalline ZnS:MiT borrows in fact the ma- the nanocrystal and the other near the surface. However, two
different values of the hyperfine splitting paramefeone is
.4 times of the other, were used in the explanation of the
PR spectra. It is suspectable thawaries so much in the
same sample. Besides, the value of the fine splitting param-
Toag= To ! SITPO, (13 eterD_ used to explain_one set of the hyperfine splitting spec-
trum is very large. This implies that the crystal-field param-
where 7y is the radiative lifetime of the allowed electric di- eter ng 1000 cnmt,2® which should be zero undef,
pole transition, the magnitude of which is about 1 ns. If thesymmetry_ Thus, a great shift of the emission péakove
mixing caused by exchange Coulomb interaction give$ssin 0.1 e\) should be observed, which was actually not observed
to be several percent,,q will be several tens of ns, which is in the PL spectrum. In our model, the hyperfine splitting can
comparable with the experimental decay tificluding the  be described by
contributions from both radiative and nonradiative relaxation
procesy 7,=20.5 ns andr,=3.7 ns. H=gBH -S+AS - 1=gBH-S+A(S)S I, (14
Here we give an estimation on the mixing rate. The ex- . )
change Coulomb interaction is a short-ranged interaction syhereS=2 or 3 is the quantum number of the total s@inf
; ; : the Mrf*-ZnS system$' is the spin of MR" and
the exchange integral is roughly proportional to the prob- Y P
ability of the electron in the stat¢, moving about the lumi- L L
nescent MA™ ion. Assuming this probability equal in each (S'z8IS]s:s) (1
primitive cell, and noting that defect statg is agglomerated eff ™ (sts|g|s'is) =27 S(S+1)
around Mii*, we haveQ.~Jo/+N, whered, is obtained : ?
from J in Eq. (8) by replacing,(2") by Wannier function  Therefore A.x(2)/Acx(3)= 1.4, which is exactly the ratio of
W, (2") of the valence band. Usuallyy has the same order the two values of parametér got from EPR experimerit.
of magnitude asly, in Eq. (4),” i.e., Jo~1 eV. Since both Note that apart from the fast transition excitation siate
s andW, are localized around Mri, we can expand them there are some other excitation states, e.g.,
in sp orbits of Mr?* and the nearest ligand$'s Thus,Jgis  |[M1S,), |H3S,), and®,. |M1S,) has almost the same
a proper-weighted summation of exchange integrals involvenergy level a®,, while the transition from this state to the
ing sp orbits of Mr?* and $~ andd orbits of Mr?*. These ground state is almost spin-forbiddethe forbiddenness
integrals can be calculated by DX; program(a discrete could be partly relaxed by magnetic interacjiofihe energy
variational calculation based on local-density functiodgl on|M1S,) could also be transfered tb, (a spin-forbidden
approximatiof). Some of the absolute value of these inte-process and then to the ground state. Since the two ways
grals can be as large as several electron volts. Thus, we efem |[M1S,) to the ground state are both almost spin-
timateJo~1 eV. Therefore, for a particle with the size of 3 forbidden, a slow decay component should be accompanied

11

tanf=

The matrix element of electric dipole transition between

trix element(y|r|4,) of the spin-allowed electric dipole
transition between single-electron states of the host, so
get the radiative decay time

A, (15
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with the fast decay component already observed in nanocrysero spin, and that the exchange Coulomb interaction causes
talline ZnS:Mrf*. The energy ofb, is a little higher than significant mixing between théT, state of M and an
®,. Thus, a direct transition from this state to the groundexcited state of ZnS. This mixing grows stronger as the par-
state could not be observed since the energy could be easilicle size decreases. Therefore, tfig;,—°A; transition of
transfered tab; with assistance of phonons. The energy ofMn?* could be spin allowed in particles with 2—3 nm scale.
|H3S,) is 1 eV higher than that oo, or ®,. The direct This causes the increment of probability of both electric di-
transition from|H3S,) to the ground stat¢G3S,) is spin-  pole radiative transition and electric dipole nonradiative tran-
allowed. If energy is pumped to this state, bligr green  sition, which result in the fast decay of nanocrystalline
emission should be observed. This is verified by the experiZnS:Mrf*. This mechanism also agrees with the results of
ment done by Sookladt al’ EPR experiment and other luminscent properties of nano-
sized ZnS:MA™.
V. CONCLUSION
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