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Magnetic field effects on the triplet excitons inb-ZnP2:
Possibility of optical dipole relaxation in the exciton system

K. Nakamura, K. Ohya, and O. Arimoto
Department of Physics, Okayama University, 3-1-1 Tsushima-naka, Okayama 700-8530, Japan

~Received 18 December 2001; revised manuscript received 3 June 2002; published 31 October 2002!

Magnetic field effects on the excitation spectra of the 1s triplet exciton luminescence in monoclinicb-ZnP2

are observed at 2 K. Under a magnetic field of 1 T, the luminescence splits into two components with a
separation of about 0.2 meV. The excitation spectrum for each of Zeeman-split luminescence components is
measured. The spectrum for one component is definitely different from that for the other. Excitation into some
of the excitation peaks produces only one component of the luminescence. It is concluded that the triplet
excitons relax through a selective path. Relaxation processes through the multiple phonon scatterings are
discussed, and possible processes through optical dipole transitions in the triplet exciton system ofb-ZnP2 are
also proposed.

DOI: 10.1103/PhysRevB.66.165224 PACS number~s!: 71.35.2y, 71.36.1c, 78.20.2e
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I. INTRODUCTION

A monoclinic zinc diphosphideb-ZnP2 crystal is charac-
terized by a clear and well-separated exciton series of b
singlet and triplet systems. An allowed hydrogenics exciton
series is observed in the reflection spectrum for electric
larization parallel to thec axis (Eic). On the other hand, a
forbidden triplet exciton series is observed forEib up to n
57 in the absorption spectrum of a single crystal.1–3 In the
triplet exciton absorption series, lines withn>3 show a dou-
blet structure. The doublet results from the mixing of
d-type exciton envelope function into ans-type function due
to the nonspherical potential in the crystal, as observed in
two-photon absorption spectrum in Cu2O.4

In the luminescence spectrum of the singlet exciton,
sides the 1s exciton luminescence, very weak luminescen
peaks of higher members of the seriesn>2 have been
confirmed.5,6 The luminescence spectrum of the 1s exciton at
2 K under the interband excitation is shown in Fig. 1~a!,
which was observed without a polarizer. SymbolsET and
EL , indicated by the vertical bars, stand for the transve
and longitudinal singlet exciton energies, respectively. D
persion curves of lower and upper polariton branches of
glet exciton~LP and UP!, those of transverse and longitud
nal excitons~TE and LE!, and that of the triplet exciton ar
shown in Fig. 1~b! for the help of understanding. Compo
nents CL1 and CL2 are singlet exciton polariton lumines
cence allowed forEic. ComponentCU aroundEL comes
from the bottom region of the UP. By about 2 meV below t
CL1 component, a very sharp triplet exciton luminescenc
observed forEib which is denoted byB in the figure.5,7,8

The high energy componentCL2 comes from the polaritons
relaxed from the higher energy states and then populate
the bottleneck region of the LP. The low energy compon
CL1 results mainly from the anti-Stokes phonon scatterin
of the lowest triplet excitons into the low energy photonli
part of the LP.9,10

It is emphasized that most of the lowest triplet excito
are easily scattered back into singlet states through mul
acoustic phonon scatterings.10 This process explains well th
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short decay time of the triplet exciton luminescence 2 ns9,11

Information on acoustic phonons in the dispersion direct
perpendicular to thebc-plane was obtained by Brillouin sca
tering experiments.12 Many aspects of the exciton lumines
cence ofb-ZnP2 at low temperatures have been explained
terms of the interplay between the singlet and triplet excito
through phonon scatterings.10

From the excitation spectrum for the triplet exciton lum
nescenceB, singlet excitons are found to be converted in
triplet excitons at a nearly constant rate over a wide ene
range in the course of relaxation.8 Contrary to the case of the
singlet excitons, a conversion of triplet excitons in excit
states into singlet excitons hardly ever occurs8 except in the
lowest triplet state described above.10

FIG. 1. ~a! Exciton luminescence spectrum ofb-ZnP2 at 2 K
under the interband excitation.ET andEL stand for transverse an
longitudinal singlet exciton energies, respectively.~b! Dispersion
curves of lower and upper polariton branches of singlet exciton~LP
and UP!, those of transverse and longitudinal excitons~TE and LE!,
and that of a triplet exciton. ComponentCU comes from the upper
polariton branch UP,CL1 andCL2 from the lower branch LP, andB
from the triplet exciton.
©2002 The American Physical Society24-1
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Magnetic field effects on the triplet exciton absorpti
spectra up to 40 T were investigated in detail by Gotoet al.
in a series of works, and the electronic structure of the e
ton system was characterized by assuming the crystal is
quasiorthorhombic phase.3 Magnetic field effects on the trip
let exciton luminescence and its excitation spectra have b
measured with high resolution. A definite difference in t
Zeeman splitting pattern of the triplet luminescence betw
the monoclinic and its twin polymorph was confirmed.13,14

On the other hand, Fro¨hlich et al. observed anisotropicp
exciton series inb-ZnP2 by the two-photon absorption
technique,15 and also determined many exciton paramet
by the magnetoabsorption of thep excitons.16

In this work, excitation spectra for the 1s triplet exciton
luminescence under a magnetic field up to 1 T are meas
in detail at 2 K in order to investigate the fine structure of th
excitons and also the relaxation processes in the triplet e
ton system. Preliminary results were presented in the In
national Conference DPC’01.17 An interpretation of the re-
sult will be discussed.

II. EXPERIMENT

Starting materials of zinc diphosphide were metallic z
~99.999 %! and red phosphorus~99.9999 %!, both from Fu-
ruuchi Chemicals. Single crystals ofb-ZnP2 were grown
from the vapor phase, as described in Ref. 6. The size of
specimen used for the optical measurement was typical
3231 mm (c3b3a). The surface obtained in an as-grow
crystal is thebc face.

For luminescence measurements, a cw Ti:sapphire l
~Spectra Physics 3900S!, pumped by an Ar ion laser~Spectra
Physics 2017!, was used as an exciting light source. F
measuring excitation spectra, the birefringent filter in the
ser cavity was driven via a set of gear wheels with a s
chronous motor to change the excitation energy continuo
over the exciton regionn>2 with Eib. Using this device,
we can obtain excitation spectra with a high resolution li
ited by the linewidth of the Ti:sapphire laser. A magne
field B up to 1 T was applied parallel toc andb axes of the
crystal immersed in superfluid helium in a glass cryos
placed between pole pieces of small electromagnet.
crystal was rotated by 90° when the direction of the m
netic field was changed. The emitted luminescence was
cused on the end of an optical fiber, and led to a dou
monochromator~Spex 1401! detected by a cooled photomu
tiplier ~Hamamatsu R943-02!. Slit widths of the double
monochromator were adjusted to observe the excitation s
tra for either narrow or wide energy ranges of the Zeem
split luminescence bands. Signals were detected with
lock-in or photon-counting method. All measurements w
performed in the Voigt configuration.

III. RESULTS

Figure 2 shows luminescence spectra of the 1s triplet ex-
citon under a magnetic field~a! for Bic and~b! for Bib up to
1 T. They show clear Zeeman splittings into two compone
W andX for the Bib configuration and alsoY andZ for the
16522
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Bic configuration, both withg5;4. The crystal used in
measuring~a! was also used in~b! by rotating it by 90° on
the crystal holder. The irradiated spot was not the same as
one in ~a!, which leads to the slight difference between t
spectra in~a! and those in~b!. The Zeeman splitting is abou
0.2 meV at 1 T. In the monoclinic phase, however, the l
should split into three components under the fieldBic, re-
flecting the low symmetry.14 The above result suggests th
the specimen used crystallizes into a quasiorthorhombic t
phase.3,14

Excitation spectra for the triplet luminescence unde
magnetic field up to 1 T for~a! Bic and ~b! Bib are shown
in Fig. 3. These spectra were measured forEib with a wide
slit width (;1 meV) of the analyzing monochromator t
receive both Zeeman-split luminescence components sh
in Fig. 2. Excitation spectrum without a magnetic field
very similar to the absorption spectrum forEib.8,13 They are
very sharp and well resolved. Two spectra for the zero fi
in ~a! and ~b! are slightly different due to the difference i

FIG. 2. Zeeman splitting of 1s triplet luminescence spectrum o
b-ZnP2 at 2 K under a magnetic field up to 1 T~a! for Bic and~b!
for Bib. Excitation is made into the band-to-band region. The sp
tra in ~b! are obtained by irradiation into different sites of the crys
from the one for those in~a!.

FIG. 3. Excitation spectra of the 1s triplet exciton luminescence
under a magnetic field up to 1 T for~a! Bic and~b! Bib. A wide slit
width of about 1 meV is employed for an analyzing monochroma
to receive all the Zeeman-split components of the luminescenc
4-2
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MAGNETIC FIELD EFFECTS ON THE TRIPLET . . . PHYSICAL REVIEW B 66, 165224 ~2002!
irradiated sites as mentioned above. Under the magn
field, the linen52 splits into two components above 0.6
Note here that the halfwidth of then52 line is considerably
wide in contrast to the other lines and, therefore, splitt
appears at a rather high field. Theg value of then52 line is
seemingly very large (;8). The reason for this is not clea
at present. ForBic, each sharp line forn53 begins to split
into two at 0.2 T, and shows more complex splittings a
changes of the relative intensities for higher fields above
T. For lines withn>4, the splitting becomes complex owin
to the configuration interaction between highern’s, because
they have almost the same symmetries, and energy se
tions among them are small. On the other hand, each of
peaks splits simply into two forBib. The observed excita
tion peaks are very sharp and clearly resolved under a m
netic field. These results reproduce the previous res
well.13,14 By making use of sharp and well resolved excit
absorption lines and fine scanning of a Ti:sapphire laser,
citation spectra for each Zeeman-split component of thes
triplet exciton luminescence were measured at 2 K under a
magnetic field at 1 T to study the relaxation processes in
triplet exciton system.

Figure 4~a! shows the Zeeman-split 1s triplet exciton lu-
minencence forBic at 1 T on an expanded scale. We me
sured excitation spectra for five monitoring points fromA to
E chosen on tails and peaks of the luminescence band
Fig. 4~b! excitation spectra taken for the five points fromA
to E indicated in Fig. 4~a! are shown. The slit width of the
monochromator was 0.18 meV to receive only one com
nent of the doublet. CurvesA andB show the same feature
except for the intensity. These are both for the low ene

FIG. 4. ~a! Zeeman-split 1s triplet exciton luminescence at 1 T
for Bic. Arrows A, B, C, D, and E indicate energy positions ob
serving the excitation spectra.~b! Change of the excitation spectr
with the change of monitoring energies in then51 triplet exciton
luminescence bands at 1 T forBic. The symbol indicating the
energy in~a! is put on the left end of each curve.~c! Zeeman-split
1s triplet exciton luminescence at 1 T forBib. ~d! Change of the
excitation spectra with the change of the monitoring energies on
n51 triplet exciton luminescence at 1 T forBib. Two vertical
broken lines indicate the positions of the lowest and highest e
tation peaks ofn53 multiplets, respectively. The slit width of th
analyzing monochromator is 0.18 meV.
16522
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luminescence component. The peak ofn52 is simple and
broad. The doublet peaks ofn53 in Fig. 3~a! at 0 T change
into triplet peaks with similar intensities, as shown in cur
B. CurvesD and E are for the high energy luminescenc
component. In curveD, the energy of the peakn52 is a
little higher than that in curveB, andn53 peaks are consid
erably different from those inB.

It is emphasized that the peak energies in curveB are
definitely different from those in curveD. Two vertical bro-
ken lines indicate the positions of the lowest and high
excitation peaks ofn53 as a guide for eyes. CurveC is a
superposition of curvesB andD. Both luminescence compo
nents were equally received at pointC, with a slit width of
0.18 meV.

Figures 4~c! and 4~d! are for Bib at 1 T. Figure 4~d!
shows the changes of excitation spectra. CurvesF –J corre-
spond to arrows in~c!. In curveG, a single peak is observe
for n52 with a shoulder on the high energy tail, and doub
peaks are observed forn>3 with a small satellite peak on
the high energy side of each peak. In curveI, doublet peaks
are observed forn>3. Every peak, includingn52, has a
small satellite peak on the low energy side. These sate
peaks have the same energies as the main peaks in curG.
CurveH is a weighted superposition of curvesG and I. The
halfwidth of the luminescence is;0.1 meV. These satellite
peaks are due to the mixing of the other luminescence c
ponent. The employed slit width of the monochromator 0
meV is, therefore, somewhat wider to receive only one co
ponent of the Zeeman-split luminescence.

It is concluded that two excitation peaks are associa
with n>3 for each luminescence component. Two veric
broken lines indicate the positions of the lowest and high
excitation peaks ofn53 as a guide for eyes. Energies
main peaks in curveG are definitely different from those in
curve I.

Figure 5~a! shows the excitation spectrum in Fig. 3~a! for
Bic at 1 T aroundn53 on an expanded scale. Symbols fro
A to I represent excitation energies for the 1s triplet exciton
luminescence. The luminescence spectra excited at the p
in ~a! are shown in Fig. 5~b!. The symbol is on the right edg
of each curve. The slit width of the analyzing monochr
mator is;0.1 meV. The low energy luminescence comp
nent is mainly observed when excited atB, and the high
energy component is mainly excited atH. This result is
complementary to those in Figs. 4~a! and 4~b!.

Similarly, Fig. 5~c! shows a part of the excitation spe
trum in Fig. 3~b! for Bib at 1 T aroundn53. Changes of
luminescence spectra by changing the exciting energies f
J to R indicated in Fig. 5~c! are shown in Fig. 5~d!. Only the
low energy luminescence component is observed when
cited atK andO, while the high energy luminescence com
ponent is excited atM andQ. This result should be compare
with that in Figs. 4~c! and 4~d!.

In order to make the difference clear, in Fig. 6 we sho
the results summarizing those in Figs. 4 and 5. The trip
exciton luminescence under the magnetic field 1 T forBic is
shown in Fig. 6~a!. The luminescence line splits into tw
componentsW andX as shown in Fig. 2~a!. Their excitation
spectra are shown in Fig. 6~b!. Two curves for the compo-
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K. NAKAMURA, K. OHYA, AND O. ARIMOTO PHYSICAL REVIEW B 66, 165224 ~2002!
nentsW ~solid curve! andX ~dotted curve! are clearly differ-
ent. Such a difference in the excitation spectra for small
ergy separation (;0.2 meV) is found for the first time, to
our knowledge.

For the membern52, the lower~higher! Zeeman-split
excitation component with solid~dotted! curve relaxes to the
lower ~higher! component of then51 triplet exciton lumi-
nescenceW (X). Four or more excitation peaks forn53
observed in Fig. 3~a! are classified into two groups, each
which has nearly equidistant three peaks. The lower~higher!
group corresponds to componentW (X). The excitation into
the lowest peak ofn53 produces luminescence compone
W and the highest peak produces componentX.

Similar results were obtained for the fieldBib as shown
in Figs. 6~c! and 6~d!. Every excitation peak without a field
splits into two components under the field. In the measu
ment the slit width was kept narrow enough to receive o
one component of the luminescence, which reduces the
ellite peaks appeared in Fig. 4~d!. The lower ~higher!
Zeeman-split excitation component relaxes to the low
~higher! component of then51 triplet exciton luminescence
Y (Z). The main difference from the case ofBic is that each
group has two excitation peaks.

Relaxation processes fromn53 levels in the triplet exci-
ton system into the 1s triplet sublevels under the magnet
field are schematically summarized in Fig. 7. Without a m
netic field, the excitons relax into the single luminescen
peak of the 1s triplet exciton from any of the doublet state
of n53. Under a field 1 T with~a! a Bic configuration,
excitation peaks are grouped into two sets, each of wh
consists of three peaks~triplets!. The lower triplet peaks

FIG. 5. ~a! Excitation spectrum aroundn53 for the 1s triplet
exciton luminescence obtained with a wide slit width of;1 meV
under a magnetic field at 1 T forBic. ~b! Change of the lumines
cence spectra with the change of the exciting energies on thn
53 excitation spectra at 1 T forBic. The symbol indicating the
energy in~a! is shown on the right end of each curve.~c! Excitation
spectrum aroundn53 for the 1s triplet exciton luminescence ob
tained with a wide slit width of;1 meV under a magnetic field a
1 T for Bib. ~d! Change of the luminescence spectra with t
change of the exciting energies on then53 excitation spectra at 1
T for Bib. The slit width of the analyzing monochromator
;0.1 meV.
16522
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~solid curve! produce a lower Zeeman-split componentW of
the 1s triplet exciton luminescence, and the higher triple
~broken curve! produce a higher luminescence componentX.
Decay paths into componentsW andX are indicated by solid
and broken arrows, respectively.

In Fig. 7~b!, the case for the fieldBib is shown. Each
peak ofn53 in a zero field splits into two under the field

FIG. 6. ~a! Luminescence spectrum of a Zeeman-split 1s triplet
exciton under the interband excitation. The applied magnetic fiel
1 T andBic. The splitting of the luminescence is about 0.2 me
~b! Excitation spectra of the Zeeman-split components of thes
triplet exciton luminescencesW ~solid curve! andX ~dotted curve!
at 2 K under the magnetic fieldBic. Note that the energy scales i
~a! and ~b! are different. ~c! The luminescence spectrum of
Zeeman-split 1s triplet exciton under interband excitation. The a
plied magnetic field is 1 T, andBib. ~d! Excitation spectra of the
Zeeman-split components of the 1s triplet exciton luminescencesY
~solid curve! andZ ~dotted curve! at 2 K under the magnetic field
Bib. The slit width is kept narrow to receive only one compone
of the luminescence.

FIG. 7. Relaxation processes of an exciton fromn53 to 1 in the
triplet exciton system without~left side! and with~right side! mag-
netic field ~a! for Bic and ~b! for Bib. On the right side of each
figure, solid ~broken! arrows represent selective relaxation pat
into the low~high! energy component of Zeeman-split 1s lumines-
cence under the magnetic field 1 T.
4-4
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MAGNETIC FIELD EFFECTS ON THE TRIPLET . . . PHYSICAL REVIEW B 66, 165224 ~2002!
The low ~high! energy component at 0 T shows that t
group is represented by a solid~broken! curve. The lower
doublet peaks~solid curve! produce lower Zeeman-spl
componentY of the 1s triplet exciton luminescence, and th
higher doublets~broken curve! produce higher luminescenc
componentZ. Decay paths into componentsY andZ are in-
dicated by solid and broken arrows, respectively.

The splitting scheme in then53 levels under the mag
netic field is qualitatively explained in terms of mixing o
d-type envelope functions into ans envelope. Without a
magnetic field, the mixing ofd-type envelope function sim
ply makesn>3 level split into two. Under the field, how
ever, the symmetry of the system is lowered and manys-d
mixed states having the same representation contribut
optical transitions. The symmetry of the system under
field Bic (Ci) is lower than that forBib (C2h). Hence, for
n>3, we have more Zeeman-split components forBic than
for Bib.

IV. DISCUSSION

As described above, the triplet excitons created in
excited states under the magnetic field relax through a d
nite path into one of the lowest exciton states, producin
Zeeman-split 1s triplet exciton luminescence componen
Generally, the electron-phonon interaction is believed to
dominant in condensed matter. First we assume, there
that the relaxation path consists of multiple phonon scat
ings. Resonant Raman scattering has not been observ
the triplet exciton system, partly due to the very small os
lator strengths of triplet excitons. Contributions of optic
phonons are, therefore, not yet confirmed in the triplet ex
ton system.

The binding energy of the 1s triplet exciton is;45 meV.
Let DEj be the energy difference from thej th excited level
of the triplet exciton ton51. Then the energy differenc
DE2 from n52 to 1, for example, is about 33 meV, andDE3
from n53 to 1 is about 40 meV. If the phonons participatin
in the relaxation processes are all acoustic ones, the num
of related phonons will be significantly large.

In the process, of course, momentum and energy con
vation laws should be obeyed. When the relaxation proce
from the j th level andm phonons particitate in the proces
conservation laws are

(
i

m

k i5;0, ~1!

(
i

m

\v i5DEj , ~2!

wherek i and\v i represent the wave vector and the ene
of the i th phonon, respectively, and numberi runs over all
possible combinations of phonons in the Brillouin zon
Combinations depend on the electron-phonon coup
strengths. For one energy difference, the numberm is not
unique.

We have observed that the lowest triplet excitons are e
ily and efficiently converted into singlet excitons throug
16522
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multiple anti-Stokes scatterings with acoustic phonons.10 In
addition, the excitation spectrum for the triplet exciton lum
nescenceB in Fig. 8~a! shows that singlet excitons are foun
to be converted into triplet excitons easily at a nearly co
stant rate over a wide energy range in the course of re
ation process.8 Contrary to singlet excitons, triplet exciton
are hardly converted into singlet as shown in Fig. 8~b!.8,10

The intersystem conversion from singlet to triplet ex
tons, or vice versa, is considered to occur through the m
nitude of mixing of singlet state into triplet by spin-orb
interaction in the course of phonon scatterings. The res
obtained in this work indicate that selective relaxation pa
are definitely present in the excited states of the triplet ex
ton system, i.e., triplet excitons in excited states keep th
spin states rather firmly during the relaxation process.

It is not easy to believe that triplet excitons in excite
states relax efficiently to the lowest triplet state through m
tiple phonon scatterings, keeping their spin states and alw
satisfying the conservation laws@Eqs. ~1! and ~2!# written
above. Under the field, furthermore, the number of relaxat
paths increases considerably due to complex Zeeman s
tings of exciton levels, and thereby every path, with a de
cate energy change, should satisfy laws~1! and ~2!. Half-
widths of the excitation peaks inn>3 are, in addition, very
narrow, though excitons populated there are subject to s
terings by many phonons.

FIG. 8. Intersystem conversion between singlet and triplet e
tons.~a! Excitation spectrum for 1s triplet exciton luminescenceB
excited withEic. Singlet excitons are easily converted into triple
on average over the wide energy range.~b! Excitation spectrum for
1s singlet exciton luminescenceCL1 excited withEib. Triplet ex-
citons are hardly converted into singlet excitons. The spectrum
low the energy gap (;1.603 eV), roughly indicated by the dotte
line, is mainly the background representing singlet-to-singlet c
version produced by the small strain in crystal~Ref. 8.!
4-5
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K. NAKAMURA, K. OHYA, AND O. ARIMOTO PHYSICAL REVIEW B 66, 165224 ~2002!
Here we propose another possibility of relaxation p
cesses, i.e., relaxation through optical dipole transitio
These transitions proceed following the dipole select
rules, and thereby ambiguity associated with multiple p
non scatterings is avoided. In a hydrogenic system of exc
states, this type of transition should be, more or less, poss
even in the solid state.

Naka and Nagasawa, in their two-photon excitation
periment for photoluminescence in Cu2O, observed that the
linewidth of thes exciton series in Cu2O decreases with the
increase ofn.18 They suggested that the lifetime of the e
cited s exciton states is mainly governed by the radiat
damping.

Nikitine calculated the optical transition probabilitie
among exciton levels in Cu2O by using an atomic
model without phonon interactions, and predicted
possibility to observe some transitions.19 He argued that
some of the transitions, e.g., (n,l→n8,l 61, wherel is the
azimuthal quantum number! have rather large oscillato
strengths. Recently, Go¨ppertet al. reported infrared absorp
tion spectra due to the excitonic transition from 1s to 2p
exciton levels in Cu2O by a pump-probe experiment.20 It is
considered that this absorption in Cu2O can be observed ow
ing to the long lifetime of the 1s paraexciton of 0.3 ms
Taking account of the phonon scatterings of excitons in
excited states, however, the result does not necessarily m
that the reverse process~emission! occurs with a perceptible
intensity.

The present system is characterized by a very w
electron-phonon interaction. Furthermore, the spin-o
interaction is also very weak. For the relaxation ofs-type
excitons by optical dipole transitions, the participati
of p-type ‘‘triplet’’ excitons is indispensable as intermedia
states. Information on thep-type triplet exciton, however, is
not available at present. The singletp series was confirmed
by two-photon absorption,15 as mentioned above. Figure
shows the optical dipole relaxation scheme in the triplet
citon system. Only a part of the energy levels of the trip
exciton system is schematically depicted. Only one le
of the singletp series is indicated for reference. The tripl
p level will be present below the singlet level by th
exchange energy. The symbolD in the figure represent
the exchange energy in the multiplet. The arrows repres
some of the optical dipole transitions, and these transiti
produce ‘‘Lyman,’’ ‘‘Balmer,’’ etc. emission series in the in
frared ~IR! and far-IR regions. Thus created excitons
n83s’s are, first, transferred ton3p’s and finally by transitions
from n3p’s to the 13s level, which can produce triplet lumi
nescenceB.

The halfwidth of n52 is extrordinarily wide compared
with those of n>3. Here the energy difference betwee
the 23s and 23p states is not so large. In this connectio
the peak energy of then52 triplet absorption and that o
n52 singlet luminescence are almost the same.6 Hence
the oscillator strength of the transition between them w
be small, because the oscillator strength is proportiona
the energy difference. Transitions between them are poss
through the phonon scatterings, for example, by t
phonon Raman processes or further higher processes. M
16522
-
s.
n
-
n
le

-

e

e
an

k
it

-
t
l

nt
s

,

l
to
le

o
ny

phonons and their combinations participate in the proces
This may explain the wide halfwidth of the 2s absorption
band.

This type of dipole relaxation is a competin
process against the phonon scatterings. If the phonon sca
ing probability could be assumed to be far smaller th
that of the dipole relaxation, the obtained results co
be explained simply by the optical dipole model. Th
above assumption is fundamental for the processes b
realized.

The observation of the infrared absorption from thes
triplet exciton state into the levelsn>2 under laser irradia-
tion into the 1s triplet absorption band seems to be effectiv
The lifetime of the 1s triplet exciton inb-ZnP2 is, however,
very short (;2 ns). Moreover, one of the LO phonons 32
meV ~Ref. 5! near the energyDE2 may cause a disturbance
A pump-probe method by short pulses might detect the
sorption.

To our knowledge, nobody has ever found the lumin
cence associated with the optical dipole relaxation descri
above. However, direct observations of the IR ‘‘Lyman
‘‘Balmer,’’ or other series luminescence will be confirmato
evidence of this interpretation.
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FIG. 9. A part of energy levels of the triplet exciton system
schematically depicted. The singletp series was confirmed by two
photon absorption~Ref. 15!. The symbolD represents the exchang
energy in thenp multiplet. Arrows represent some optical trans
tions.
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