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Zero-phonon lines in the photoluminescence spectra of MgO:Mn2¿ nanocrystals
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We report the observation of a pair of sharp zero-phonon lines in MgO:Mn21 nanocrystals, which appear
simultaneously in photoluminescence. We suggest a reason why these lines have not yet been observed in the
system in question even in the bulk material, but appear in nanocrystals synthesized by combustion. The
easiness of the excitation of extremely sharp zero-phonon lines makes our finding attractive for optical nan-
odevice applications.
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I. INTRODUCTION

Over several decades, the study of crystalline lattice
fects has derived a considerable impetus from the nee
understand the control exerted by defects on most tech
logically important properties of solids. Among differe
types of structures investigated, MgO is in the forefront
research. Having the simplest~rock-salt! lattice structure and
the large energy gap MgO is a suitable ground to test th
retical models describing properties of defects and to co
pare their prediction with experimental results. One of ke
role defects being studied in MgO crystals is Mn21,1–12

which substitutes magnesium in octahedral sites. The inte
for MgO:Mn21 structure is caused by both the easiness
preparation of this valence state of the manganese io
MgO host and the clear way of its theoretical descriptio
However, despite the long history of studies, there has b
no direct observation of an excited state of Mn21 ion in
MgO whose energy is a subject of theoretical debates9,10

Note that the excited states of Mn21 in octahedral sites in
some different matrices13–17as well as the states of Mn41 in
MgO ~Refs. 18–20! are known to produce sharp zer
phonon lines~ZPL’s!. In the present paper we report the o
servation of ZPL’s originating from electron transitions
Mn21 ion in MgO matrix. These lines were observed in ma
roscopic photoluminescence~PL! from nanocrystals synthe
sized by combustion. To our best knowledge this is the fi
observation of extremely sharp emission lines from nan
rystals. The simultaneous appearance of a pair of z
phonon lines in PL from transition-metal defects as in o
system has not yet been reported as well. The values of
ergies of observed lines allow one to choose the crystal-fi
strength in MgO, magnitude of which is one of the ma
parameters being used in the theoretical modeling.

II. EXPERIMENT

The nanocrystals of MgO were synthesized by burn
out Mg particles in air as described elsewhere.21,22 We used
Mg particles ~Alfa Aesar! with size about 2–4 mm and
nominal purity of 99.98%. Actually, the purity of Mg in us
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@that was checked with the inductively coupled plasm
analysis# was higher and the main impurity was Mn with
content of 12.8 ppmw. The MgO nanocrystals obtained a
Mg particle burning were also checked with ICP to show M
content of 2.3 ppmw. The close value~about 3 ppmw! was
derived from electron-spin-resonance~ESR! spectra~see be-
low!. No other impurity was found in MgO. The synthesize
MgO particles look perfect cubes@see Fig. 1~a!# with the
average size about 30 nm. In the same figure the elect
diffraction pattern of the particles is presented. The electr
diffraction ring pattern simulation performed for MgO fit

FIG. 1. Structural characteristics of MgO nanocrystals.~a! TEM
images. Inset shows the electron-diffraction pattern together w
the ring pattern simulation.~b! Derivative ESR spectrum of MgO
nanocrystals. Sextet parameters~see text! correspond to Mn21 ion
in MgO host.
©2003 The American Physical Society24-1
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the experimental results demonstrating a good crystallinity
particles. X-ray-diffraction analysis also confirms it. In ord
to check the valence state of Mn ion in MgO particles
carried out ESR measurements atX band. We found the sex
tet @see Fig. 1~b!# with parametersg52.0016 anduAu581
31024 cm21 corresponding to MgO:Mn21 system1 at both
measurement temperatures~77 K and 300 K!. The peak-to-
peak width of components at microwave power below
ESR saturation was about 0.5 G. The narrowness of the
peaks together with the sextet parameters give evidence
all Mn21 ions occupy cubic sites in our MgO particles.
order to measure PL MgO nanopowder was pressed into
lets. The cryostat allowed us to cool samples down to ab
10 K. PL was excited by continuous-wave~cw! He-Cd
(lexc5325 nm) and Ar-ion (lexc5514.5 nm) lasers for cw
PL measurements, and by pulsed Nd:YAG~yttrium alumi-
num garnet! laser (lexc5266 nm) for time-resolved photo
luminescence~TRPL! measurements. The 150-W xeno
lamp with a scanning monochromator was used in orde
obtain photoluminescence excitation~PLE! spectra. In all the
cases the excitation density did not exceed of 1 W/cm2. At
the PL yield measurements the incident laser intensity
changed with metallic neutral density filters. The spec
were detected with a 0.85-m double monochromator~SPEX
1403! equipped with a R943-02 GaAs photomultiplier tu
~for cw PL and PLE measurements! and with a 0.5-m spec
trometer~Acton Research! equipped with an intensified pho
todiode array~1024 pixels! detector~TRPL measurements!.

III. RESULTS AND DISCUSSION

The typical cw PL spectra measured at 10 K are show
Fig. 2~a!. Two sharp ZPL’s are clearly seen. At 10 K the fir
line peaking at 659.23 nm has a full width at half maximu
~FWHM! of 0.7 Å and the second one peaking at 735.45
has a FWHM of 1.9 Å. Note that unlike quantum do
~QD’s! which exhibit sharp lines only in microscopic P
~Ref. 23! ~in the case when emission from an individual Q
is distinguished!, our particles emit sharp lines in macro
scopic PL ~when emission from all particles come to th
detector!. As one can see the second ZPL~the 735-nm ZPL!
is accompanied with conventional phonon replicas,24,25while
the first ZPL~the 659-nm ZPL! does not produce these re
licas. The temperature evolution of ZPL’s is shown in Fig
2~b! and ~c!. The intensity of the found ZPL’s strongly de
pends on the measurement temperature showing a tem
ture quenching. The line intensities vs temperature are g
in Fig. 3~a!. The function 1/@11K exp(2EA /T)# demon-
strates a good fit to the experimental points. The activa
energyEA is of 360 K for the 659-nm ZPL and of 460 K fo
the 735-nm ZPL. The PL yield that is a dependence of Z
intensity I upon the incident laser powerP is shown in Fig.
3~b!. It exhibits I}Pn law with n'1 ~one-photon excita-
tion!. This dependence was observed for both the cw exc
tion and the pulsed one.

The typical spectra measured at 10 K with the 5-msec
gate at different delay times after the Nd:YAG laser exci
tion are shown in Fig. 4. The ZPL’s broadness is caused
the low spectral resolution of the spectrometer enabling
12532
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FIG. 2. cw PL spectra.~a! PL spectra excited by different laser
at 10 K. Two sharp ZPL’s are clearly distinguished.~b,c! Tempera-
ture evolution of the 659-nm ZPL and the 735-nm ZPL, resp
tively. The spectra are offset. Measurements were done unde
Ar-ion laser excitation.
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measure TRPL at a wide region. All the spectra demonst
similar features that correspond to the similar decay of
ZPL’s and the continuous background. The decays of ba
ground luminescence at different wavelengths replotted fr
the TRPL spectra are shown in Fig. 5. Figure 6 demonstr
the luminescence decay of the ZPL’s. As one can see both
background and the ZPL’s show the characteristic lumin
cence decay time of 0.1 msec, though the background
experiences an initial fast decay.

In order to obtain the bare PLE spectra of the ZPL’s
took the PLE spectra for emission exactly at the ZPL’s wa
lengths and at the wavelengths shifted from the ZPL’s
1–2 nm. The PLE spectrum at the wavelength close~but not
coinciding! to a ZPL can be considered as the PLE spectr
of the background at the ZPL wavelength. Then the diff
ence between the PLE spectra at the ZPL’s wavelength an
those close to the ZPL’s gives the bare PLE spectra of
ZPL’s. These bare PLE spectra of the ZPL’s obtained at 1

FIG. 3. Results of the ZPL’s studies.~a! PL intensity of ZPL’s
normalized to the value at 10 K vs the temperature. Solid li
show fitting with the function 1/@11K exp(2EA /T)# ~see text!. ~b!
PL yield. The solid line corresponding to theI}P dependence~one-
phonon excitation! is a guide for eye.
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are shown in Fig. 7. Note that the relatively high noise in t
PLE spectra is caused by the weakness of PL under
scanned xenon lamp excitation. Nevertheless, the simila
of the bare PLE spectra of both ZPL’s can be concluded. T
PLE spectra show that ZPL’s can be excited in a wide ene
range. The latter corresponds to the ZPL’s observation un
excitation with different lasers covering a broad range~laser
wavelengths of 266 nm, 325 nm, and 514.5 nm!. At room
temperature no bare PLE spectra were found.

Let us analyze the experimental results. The ZPL’s co
from a forbidden electric dipole transition. This is typical fo
transition-metal ions.24,25 Based on the result of ESR mea
surements the transition-metal ion in our case is Mn21 in
MgO matrix. For such a Mn21 ion in an octahedral environ
ment other than MgO only one ZPL in luminescence is u
ally observed. Such ZPL corresponds to the transition fr

s

FIG. 4. PL spectra at 10 K corresponding to different de
times after the Nd:YAG laser excitation. The spectra are offset.
ZPL’s broadness is caused by the low spectral resolution of
spectrometer enabling us to measure TRPL at a wide region.

FIG. 5. Decay of background luminescence at different wa
lengths after the Nd:YAG laser excitation at 10 K. Intensities a
normalized to initial values.
4-3
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the lowest excited4T1(4G) state to the ground6A1(6S)
state. Other excited states decay by the nonradiative re
ation dropping onto the lowest excited state and PL from
excited states except the lowest one is suppressed.24 The ap-
pearance of two ZPL’s in our system indicates that there is
excited state, which does not decay by the nonradiative t
sition. It may be possible if this state is weakly coupled w
phonons. Then a lack of phonon replicas for the 659-nm Z
becomes clear. At the same time the4T1(4G)-6A1(6S) tran-
sition is characterized by a large value of the Huang-R
parameter24,25 giving the pronounced phonon replicas of t
735-nm ZPL. In order to confirm that both ZPL’s observed
the PL really belong to Mn we additionally measured P
from nanocrystals with different Mn content. Such nanocr
tals were produced by burning out Mg particles at the pr
ence of Mn-containing salt (MnCl2). For all impurity levels
checked~up to a few hundred ppmw! intensities of both
ZPL’s increased with the Mn content increase. The ratio
intensities remained constant, which allows one to claim t

FIG. 6. Decay of ZPL’s luminescence after the Nd:YAG las
excitation at 10 K. Intensities are normalized to initial values.

FIG. 7. Bare PLE spectra of ZPL’s taken at 10 K. The spec
are offset.
12532
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the same center of impurity is responsible for the fou
ZPL’s. Also we produced MgO:Cr31 nanocrystals that exhib
ited sharp lines at 698.07 nm (R line! and at 703.79 nm (N
line!. This wavelength exactly coincide with that reported f
bulk MgO:Cr31 system.26,27 The absence of
Cr31-originating lines in MgO nanocrystals different from
those in the bulk matrix confirms the absence of the spec
nanocrystal sites occupied by substituted ions, existenc
which might be brought into question in order to explain t
origin of ZPL’s in the MgO:Mn21 system. The latter show
that the finite size of our MgO nanocrystals does not aff
the energy levels of a substituted ion.

We have to emphasize that despite many years
MgO:Mn21 study, ZPL’s have not been reported previous
even for bulk neither in emission nor in absorption. Then
exact values of energy levels of Mn21 ion in octahedral sites
of MgO have not been known for such~probably the sim-
plest! transition ion crystalline matrix system.

Let us assign the 659-nm ZPL for a transition by using
Tanabe-Sugano diagram for the 3d5 system.28,29As we noted
before the 735 ZPL undoubtedly comes from t
T1(4G)-6A1(6S) transition. The energy of this transition co
responds toDq/B ;1.5, where Dq is the crystal-field
strength andB is the Racah parameter. Note that such a la
value of Dq/B corresponds to latest calculations.11 At so
high a value ofDq/B the next state4T2(4G) coming from
splitting of the 4G term in the crystal field lies at abou
5000 cm21 higher than the4T1(4G) state. Since the energ
difference between4T2(4G) and 4T1(4G) states is more
than three times larger compared to the distance between
observed ZPL’s, the 659 nm ZPL cannot come from t
4T2(4G)-6A1(6S) transition. At the same time the large e
ergy separation between two ZPL’s observed~about
1500 cm21) does not allow one to assign the 659-nm ZP
for theT1(4G)-6A1(6S) transition of Mn21 ion in a site other
than the octahedral one as far as the 735-nm ZPL is assig
to theT1(4G)-6A1(6S) transition of Mn21 ion in the octahe-
dral site. However, atDq/B ;1.5 a state coming from split
ting of the 2I term appears within the needed energy reg
and matches observation. We claim that just the transi
from this state to the ground6A1(6S) state gives the 659-nm
ZPL. Then, because states from different electron terms
responsible for two observed ZPL’s two essentially differe
Huang-Rhys parameters may correspond to the transition
leads to the absence of phonon replicas for the 659-nm
~which is likely weakly coupled with phonons! and the exis-
tence of them for the 735-nm ZPL. Note that the idea sim
to ours, which uses2I term in order to match the experimen
tal data to the Tanabe-Sugano diagram was previously
plied to ZnS:Mn21 system.13 The authors13 also discussed
how so strongly forbidden free-ion transition between t
ground state6S and the 2I level becomes allowed in the
presence of the crystalline field. Note once again that
though the above idea utilizing2I term in order to explain
the origin of the 659-nm ZPL looks unconventional, it is th
only way to explain so unforeseen a fact as an appearanc
the second ZPL originating from the same transition ion
the matrix ~which to our best knowledge has not been o
served previously!.
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As one can see in Fig. 6 both ZPL’s exhibit a simil
luminescence time decay. It seems to be difficult to expl
how the lines arising from different spin manifolds can ha
the same lifetimes. Even transitions originating from t
same level of ions occupying different sites should have
ferent lifetimes. Then we have to conclude that the lumin
cence decay shown in Fig. 6 has nothing to do with the p
radiative lifetimes of emitting states~which can be suffi-
ciently short in nanocrystals30,31! and the luminescence deca
time likely corresponds to the time decay of states excit
ZPL’s. If the ZPL’s are excited from the same states~see
below!, then the similarity of the time decay for both ZPL
becomes clear. The decay of background luminescence s
lar to the ZPL’s decay~see Figs. 4–6! gives an evidence tha
the long-time background luminescence is excited by
same mechanism as the ZPL’s are~from the same states!.
Note that the fast decaying part of the background lumin
cence~lying beyond the present work! may be attributed to
the luminescence ofF centers.32

The next question that should be discussed is why ZP
found in the present paper have not been observed p
ously, despite numerous studies of the MgO PL. The ans
to this question is important in order to understand our fi
ing. Note that ZPL’s originating from Mn21 transitions in
cubic crystalline field were seen before only in PL of narro
band materials. The thermal quenching and the PL yield
served in the present paper for ZPL’s are similar to those
the PL, when the emitting states are excited from some c
electron states. For such a wide-gap substance as is M
these states should lie deep inside the forbidden band
therefore cannot exist in ordinary MgO crystals. Then
energy transfer between the environment and excited s
of Mn21 ion does not occur making the Mn21 ion excitation

*On leave from Physics Institute, Odessa National Univers
Odessa, Ukraine.
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impossible. It explains why in usual MgO crystals ZPL
were not observed. Note that if nanoparticles are gener
by vapor condensation during combustion, a high concen
tion of structural defects in particle substance tak
place.33,34 It appears due to the fast rate of particle formati
and exhibits itself via anomalously high light absorptio
found in our recent studies of wide-gap nanooxides.21,22,33,34

Just the presence of these defects, which is a distinctive
ture of particles synthesized by combustion, leads to the
istence of states deep inside the forbidden band and to
possibility to excite a Mn21 ion in MgO matrix and therefore
to the appearance of the Mn21-originating ZPL’s in PL. This
idea of the ZPL’s excitation corresponds to the observ
similarity of the PLE spectra~see Fig. 7!, which give the
information about the density of states exciting the ZPL’s
should be added that the easiness of the excitation of
Cr31-originating ZPL’s even in bulk is related to a specifi
charge state of the Cr31 ion which itself is a defect in the
MgO matrix.

The present paper demonstrates that combustion n
oxides give way to excite perfect ZPL’s from them unlik
nanocrystals synthesized in another way.35 We believe that
the combustion nanocrystals can be utilized in optical n
odevices due to extraordinary discreteness of the system
ergy levels with the performance better than that of QD’s
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