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The 0.5-eV (4000-cm ) emission band in InP:Fe is studied in detail by Fourier-transform infrared

photoluminescence (PL), time-resolved PL, and photoluminescence excitation (PLE) spectroscopy.
We resolve new fine structures in both the zero-phonon (ZP) lines and in the corresponding phonon
sideband. The transient PL signal follows an exponential decay with a time constant of 1.1+0.3
ms. The PLE shows that the 0.5-eV band can be pumped via hole capture of Fe + and even more

efficiently by exciting resonantly the charge-transfer states [Fe +( T2), hp], where the hole is bound

to Fe +. The results from PLE and the long decay time strongly support the interpretation of the
0.5-eV band as spin-fiip transitions Tq —+ A~ of Fe +. We explain the fine structure of the ZP lines

by a dynamic Jahn-Teller distortion in the excited state Tz. The decay of the charge-transfer states
[Fe +( T2), hq] leaves the Fe + ion in an excited state (Fe +)', which pumps the 0.5-eV emission.

I. INTRODUCTION

Indium phosphide doped with iron shows a semi-
insulating character with resistivities of up to 108 0 cm. ~

Semi-insulating InP is desirable as substrate material for
optoelectronic devices such as In Gaq As lasers, light
emitting diodes, etc. But as Fe acts as an efficient re-
combination center it also limits the device performance.
Thus it is important to understand the interaction of the
deep acceptor trap Fe with free carriers.

In InP the existence of Fe in the charge state 3+ (3ds,
L = 0, S =

z ) has been shown by electron paramagnetic
resonance (Koschel, Kaufmann, and Bishop). 2 The exis-
tence of Fe in the charge state 2+ (3d, I = 2, S = 2)
was revealed in optical measurements. Both the Fes+
and the Fez+ ions are located on the In site in a tetrahe-
dral environment of phosphorus. The D ground state
of the Fe~+ ion splits in the tetrahedral crystal field
into a T2 excited state and E ground state. These
states are further split by spin-orbit coupling into six
and five levels, respectively. The characteristic four-line
spectrum at = 2800 cm i (0.35 eV) observed by photo-
luminescence (PL) and optical-absorption spectroscopy
is a finger print of Fe2+. Recently, Pressel et at.s and
Thonke and Pressel4 have investigated these transitions
with an improved signal-to-noise ratio by optical Fourier-
transform-infrared (FTIR) spectroscopy. They give a
complete level scheme for Fe2+ including the series of
excited states of the T2 level.

An additional Fe-related emission is observed in InP:Fe
at about 4000 cm i (0.5 eV). This emission has been
studied only in three publications and is discussed con-
troversially up to now. Tapster et at. and Leyral et at.
show the rough features of the 4000-cm emission. The
spectra revealed a weak zero-phonon (ZP) line at 4300

cm and a characteristic relatively strong phonon side-
band. Photoluminescence excitation (PLE) experiments
performed with the light of a tungsten-halogen lamp and
dispersed by a monochromator show a broad band with
an onset at hv & 1.2 eV. Both groups give no clear
assignment and independently speculate that either Fe-
related complexes or charge-transfer (CT) transitions of
the type [Fe +( Tq) hb] —+ Fe + + hv(0. 5 eV) might
be responsible for the 0.5-eV band. Leyral et al. also
mentioned the possibility that a transition metal other
than Fe might be involved. The third contribution was
published by Deveaud et a/. in 1984. They performed
temperature-dependent PL studies on the 0.5-eV band
and observed a hot line at 4323 cm . They attributed
the emission to an internal 3d spin-Hip transition (AS
= 1): 4Ti ~ sAi of Fes+. The assignment was derived
from the long decay time of 1.5 ms found for the PL sig-
nal by the above band-gap excitation. In that paper the
PL transient was not shown and no comparison with the
decay time of the Fe~+ luminescence of the same sample
was made.

In this paper we present a detailed study of the 0.5-eV
emission by high sensitive optical FTIR PL and absorp-
tion spectroscopy, time-resolved PL studies, and photo-
luminescence excitation spectroscopy (PLE). Our data
confirm the assignment of the 0.5-eV luminescence to
Fes+ as concluded by Deveaud et a/. " Additionally, we
introduce a model for the excitation mechanism of this
emission.

II. EX.PERIMENTAL DETAILS

In the PL experiments the samples were excited ei-
ther by a Kr-ion laser (647 nm) or by a Ti/sapphire laser
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which is tunable between 1.1- and 0.85-p,m wavelength.
The latter excitation source was used when band-band
excitation of the host material was not intended. The
emission light was analyzed by a BOMEM DA3. 01 FTIR
spectrometer that offers a minimum unapodized resolu-
tion of 0.01 cm . All the PL spectra were detected by a
liquid-nitrogen-cooled InSb detector. The FTIR absorp-
tion spectra in the energy range at about 1.13 eV were
recorded by an In Gai As diode.

In the PLE studies, where either the 2800-cm ~ (0.35-
eV) emission of Fe + or the 4000-cm ~ (0.5-eV) band
were monitored, the samples were excited by the tun-
able Ti/sapphire laser. The PLE measurements were
performed by a conventional optical setup using a 3/4m
Spex monochromator and a PbS detector (190 K) in the
monitor path.

For time-resolved studies the samples were excited by
the 1.06-pm line of a pulsed Nd: YAG (yttrium aluminum
garnet) laser in Q-switch operation. The luminescence
light was dispersed by a 3/4m Spex monochromator and
detection was performed by an InSb detector which was
connected to a real-time transient averager. The time
resolution of the whole setup was = 100 ns. The sam-
ples were grown by the liquid-encapsulated Czochralski
method and were semi-insulating or showed n-type con-
ductivity.

III. R,ESULTS

A. cw photoluminescence: Zero-phonon lines
and phonon replicas

In accordance with Tapster et al. 5 we only observed
the 0.5-eV emission in Fe-doped samples which showed
the characteristic four Fe2+ emission lines, too. Figure 1
shows a typical FTIR emission spectrum of the 0.5-eV
band at 2 K between 3500 and 4400 cm . The exci-
tation wavelength of the Ti/sapphire laser was set to 1
pm. Thus luminescence was not excited via band-band
excitation. The luminescence intensity obtained with an
excitation wavelength of 647 nm is comparable. Hence
the 0.5-eV band can be pumped efhciently without band-
band excitation, as reported by Leyral et at. Due to the

improved sensitivity of FTIR PL spectroscopy the spec-
trum in Fig. 1 shows much more details than the spectra
published hitherto. 5 7 Different to Ref. 7 we resolve at
low temperature two ZP lines at 4301.19 cm ~ (ZP1) and
4305.33 crn ~ (ZP2), which appear to have half-widths
of less than 0.3 cm . The two ZP lines are shown in
more detail in the right inset of Fig. 1.

Figure 2 shows three emission spectra in the range be-
tween 3930 and 4400 cm which were detected at dif-
ferent sample temperatures. We clearly observe that the
intensity ratio ZP2/ZP1 increases with rising tempera-
ture. Already at 4.2 K the intensity ratio changes to )
l. In the 12-K spectrum a second hot line at 4323 cm
(ZP3) shows up which was already observed by Deveaud
et al. 7 Because of the larger half-width of ZP3 at 12 K
compared to ZP2 we cannot decide whether it consists of
two lines or not. Hence the initial state of the emission
must at least be split threefold. The upper states are
separated by 4.14 and 22 cm from the lowest excited
state, respectively.

The ZP lines show a strong and structured phonon
sideband, which consists on the one hand of broad bands
due to coupling to lattice phonons and on the other hand
of sharp lines due to coupling to defect-specific vibra-
tional gap modes and vibrational resonant modes. The
sideband is depicted in Figs. 1 and 2. Couplings of the ZP
transitions to a specific vibrational mode are indicated
by a rake. The replicas of the defect-specific vibrational
modes are listed in Table I.

At 4240 cm i a broad asymmetric emission is observed
(Fig. 2). Because of the spacing of the maximum of 65
cm from the ZP lines we attribute this hump to a su-
perposition of TA(X) (hvT~(x) = 67 crn ) and TA(L)
(hvTA(~) = 54 cm ) phonons that couple to the ZP tran-
sitions. The positions of the TA(X) and TA(L) phonons
according to Ref. 8 are indicated by arrows. Between
3980 and 3995 cm coupling to TO lattice phonons is
resolved (Fig. 1, left inset). The strongest coupling to
lattice phonons occurs for LO-type modes, which show
up between 3950 and 3965 cm ~ (Fig. 1, left inset).

In the range between 3960 and 4020 cm we observe
the coupling of the ZP lines to a series of very sharp
phonons (Fig. 1, left inset). Due to the small half-widths
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FIG. 1. Photoluminescence spectrum of
the 0.5-eV emission of SI-InP:Fe which is at-
tributed to the Tq ~ Ay intra 3d transitions
of Fe +. Beside the two ZP lines ZP1 and
ZP2 we observe a characteristic phonon side-
band, where sharp Fe defect-specific phonons
GMq-GM3 and their multiples are superim-
posed. This spectrum was recorded at 4.2-
K sample temperature with a resolution of
0.5 cm . The part of the spectrum be-
tween 3600 and 4000 cm is obscured by
absorptions due to water vapor. The right in-
set shows with higher resolution (0.2 cm )
the two ZP lines, which have a spacing of
4.14 cm . In the two other insets the
phonon replicas around 4000 and 4200 cm
are shown in an expanded scale (resolution =
0.5 cm ).
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and optical lattice phonons we denote them as "resonant
mode" RM& and RM2, respectively. At 4.2 K a trace of
coupling to ZP2 is observed for both modes.

At 4124 and 4146 cm we find a feature labeled "X"
(Fig. 2). For two reasons this emission cannot simply be
assigned to coupling to a single lattice phonon. (i) The
spacing of about 180 cm to the ZP lines is in the gap
of the phonon-dispersion curve. Energetically it could be
a combination mode by coupling to a LA(X) (hvr. A(~)
= 120 cm ) and a TA phonon. But it is difficult to
understand why coupling to the LA(X) phonon is not
observed. We also exclude coupling of the ZP lines to
a defect-specific mode, because in such a case we would
expect sharp lines. (ii) A second more important reason
is that the lines of X do not thermalize, as found for
the other phonon replica mentioned above. A possible
explanation for the feature X will be given in Sec. IV.
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FIG, 2. Temperature dependence of the 0.5-eV emission
of SI-InP:Fe. The spectra reveal that ZP2 is a hot line. Addi-
tionally a second hot line at 4323 cm shows up in the 12-K
spectrum, Furthermore, we observe the temperature depen-
dence of the various phonons [TA(X), TA(L), TO, and LO]
couplings and the temperature-dependence of the Fe defect-
specific modes GMq (301.7 cm ') and RM2 (335.4 cm ').
The structure X might be due to transitions from a highly
excited state (Fe +)*, e.g. , F or P to the first excited state
of Tq( G) of Fe + (see also Figs. 5 and 6).

B. Time-resolved studies and PL excitation
spectroscopy

To distinguish whether or not the 0.5-eV band is corre-
lated with the Fe + luminescence at = 2800 cm (0.35
eV) we performed time-resolved measurements by us-
ing the 1.06-pm line of a Nd: YAG laser for below-band-
gap excitation. Figure 3 shows the decay of the 0.5-eV
emission which is exponential within experimental uncer-
tainty. Prom the transient a decay time of 1.1 + 0.3 ms
can be determined. This value agrees quite well with the
1.5 ms obtained by Deveaud et at.7 who used above-band-
gap excitation. The inset in Fig. 3 shows the exponential
decay of the Fe2+ (0.35-eV) emission measured on the
same sample. In accordance with Klein, Furneaux, and
Henry, 9 who used above-band-gap excitation, we find a
decay time of 10 ps at 8 K.

We now consider the excitation mechanism of Pe + and

(HW) of less than 0.5 cm we partly attribute the lines
to Fe-defect-specific modes. The most intense line at
3999.4 cm has a distance of 301.7 cm from ZP1. This
value is close to the energy of the LO phonon. Nonethe-
less we attribute this line to a defect-specific gap mode
(GM2), because of the rather small half-width of 0.32
cm . A coupling of GM2 to ZP2 shows up 4.14 cm
higher in energy. We note that the coupling of GMz to
ZP1 is five times larger as compared to the coupling of
ZP2. The "hot line" at 4023 cm obviously belongs
to coupling of ZP3 to GM2 (Fig. 2). Much weaker cou-
plings to gap modes GMi and GMs are assigned as given
in Fig. 1 and listed in Table I. In Sec. IV we will dis-
cuss why the GM2 replica is much stronger than the ZP
transitions. At about 3700 cm (see Fig. 1) coupling
to 2xGM2 and combinations of GMg with I 0-phonon
replicas are observed.

At 3965.9 (3970.0 cm ) and 4201.8 cm (4206.0
cm i) we observe coupling of ZPl (ZP2) to further
defect-specific vibrational modes (Figs. 1 and 2). Since
these modes are energetically degenerate with acoustical
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FIG. 3. Decay of the 0.5-eV (Fe +) and 0.35-eV (Fe +,
inset) PL emissions in InP measured on the same sample.
The decay time of the 0.5-eV luminescence is 1.1 ms, whereas
a time constant of 10 ps is found for the 0.35-eV luminescence.
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TABLE I. Spectral values for the ZP lines and some phonon replicas taken from a spectrum
recorded at 4.2-K sample temperature with a resolution of 0.2 cm . The accuracy of the energy
position is & 0.1 cm . Amplitudes are normalized to line ZP1. All lines exhibit Lorentzian shape.
The half-width is given as full width at half maximum (FWHM).

Energy

(cm ')
4301.19
4305.33
4323

Amplitude

1
1.4
&1

FTHM

(cm ')
0.26
0.26
2

ZP2
(cm ')

4.14
22

Spacing from
ZP1

(cm ') Interpretation

ZP1
ZP2
ZP3

3965.9
3970.0

1.68
0.23

0.52
0,52 —335.3

RM2
RM2

3996.7
3999.4
4000.9
4003.6
4007.8

0.85
16.6
0.28
3.98
0.57

0.32
0.32
0.32
0.32
0.32

—304.5
-301,7

—297.6
—304.4
-301.7
—297.5

GM3
GM2
GM3

GMi, GM2
GMi

4201,8
4206.0

—99.4
—99.3

RMy
RMy

the 0.5-eV band. Figure 4 compares three difFerent opti-
cal spectra of the region close to the hole-photoionization
threshold [Fes+ + hv —+ Fe +(st) + h] at 9100 cm
(1.13 eV): (i) an absorption spectrum [Fig. 4(a)], (ii) a
PLE spectrum using the 0.5-eV band luminescence as a
monitor [Fig. 4(b)], (iii) a PLE spectrum using the Fe +
luminescence (0.35 eV) as a monitor [Fig. 4(c)].

The transitions shown in Fig. 4(a) were recently as-
signed by Thonke and Pressel to charge-transfer (CT)
transitions: Fes+ + hv ~ [Fe +( T2), hb]. In the
charge-transfer state [Fe +, hb] the hole is not completely
ionized, but bound in efFective-mass-like states by the
Coulomb attraction of the negatively charged Fe~+ ion.
Thus this absorption spectrum reflects both the excited
states of the sT~ manifold of Fe2+ (J=l, 2, and 3) and
the effective-mass (EM) series of hr, . The labeling of the
lines is according to Ref. 4. A, B, and C denote the
states of 5'. The fine structure of each series, which
arises from the EM states of the bound hole, is marked
by the lower indices, e.g. , Az, . . . , A3. Please note that
in Fig. 4 the vibrational modes LM1* and GM1* and the
corresponding phonon energies refer to Fe2+,s not to the
0.5-eV band.

Figure 4(b) shows a detailed PL excitation spectrum
of the 0.5-eV band. For the best signal-to-noise ratio we
chose as the monitor the GM2 phonon replica at 4000
cm, the most intense line in the 0.5-eV emission band.
The fine structures of the excitation spectrum are iden-
tical to those in the absorption spectrum of InP:Fe. Ob-
viously, there exists an efIIcient energy transfer from the
bound CT states [Fe +(st), hp] to the excited states of
the 0.5-eV center.

Figure 4(c) shows an excitation spectrum of the Fe2+
emission. The monitor energy was set to 2830 cm
which is the energy of the strongest PL line of the Fe +
transitions. The pronounced onset at 9100 cm is due

InP:Fe (T=4.2K)
A+LM1'
(a&9 crn-')
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FIG. 4. (a) Absorption spectrum of SI-InP:Fe at the pho-
toionization threshold of 1.13 eV (9100 cm ). The fine
structure belongs to charge-transfer transitions of the type
Fe + + hrj —+ [Fe +( Tq), hb]. The A series belongs to a two-
particle final state where the Fe + ion is excited in the ground
state of the Tq manifold and the hole is in various excited
states. (b) PLE spectrum of Fe +(0.5-eV emission) in InP.
The spectrum shows the same fine-structure lines as the ab-
sorption spectrum above. (c) PLE spectrum of Fe +-related
internal 3d emissions. While the A series appears as positive
features in the phonon sideband several phonon replica show

up as dips. The dip which is marked by "?" does not fit to
any Fe-related resonances found in (a) or (b). The nature of
this feature remains unknown up to now. (Note, the vibra-
tional modes LM1* and GM1* and the corresponding phonon
energies refer to Fe +, see Ref. 3.)
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to the photoionization [Fes+ + hv -+ Fe2+(sT2) + h] as
observed by Leyral et at. s Since we use a Ti/sapphire
laser for excitation in our measurements the resolution
is much higher than in Ref. 6. Therefore additional
sharp structures superimposed on the photoionization
band show up. We observe the fine structure lines Aq to
As as minor peaks, whereas the resonances of Aq+GM1'
and Aq+LM1' appear as dips, respectively. The tran-
sitions Ci to C3 are hardly resolvable. The comparison
of Figs. 4(a), 4(b), and 4(c) shows that the absorption
spectrum is closer connected to the PLE spectrum of the
0.5-eV band than to the PLE spectrum of the 0.35-eV
band.

In Ref. 4 it was pointed out that a series Bq through
B3 should exist, where the line Bi energetically over-
laps with A2. Both in the excitation spectrum of
Fes+ [Fig. 4(b)] and in the excitation spectrum of Fe~+

[Fig. 4(c)] we observe a peak at the expected position of
B2. The spacing between the peaks B2 and Bq(A2) per-
fectly agrees with the spacing of Aq and Aq. Thus from
PLE we get evidence for the three CT transitions Bq to
B3 as indicated by the rake in Fig. 4.

IV. DISCUSSION

Tapster et at. and I eyral et al. suggested that
the 05eV band could be due to a CT transition:
[Fe +(sT2), hb] ~ Fe + + hv(0. 5 eV). As mentioned
in Sec. III these CT transitions have recently been
identified. Thus the explanation of the 0.5-eV lumines-
cence as a CT transition must be excluded.

It has also been suggested from time-resolved PL
(Ref. 7) that the 0.5-eV luminescence is related to the
spin-fIip transition between a Tq excited state and a
sA& ground state of Fes+(3d5). The data reported here,
namely, the fine structure observed in the ZP lines, the
decay time of the PL signal, and the PLE spectra, are
fully in accordance with this interpretation. In the fol-
lowing we will discuss the results in this respect. We dis-
card the explanations that involve Fe-related complexes
or other transition-metal impurities.

Figure 5 shows the crystal-field states of a 3d5 electron
configuration in a tetrahedral environment as it applies
to the Fes+ ion in InP. The Aq ground state of Fes+
(3ds, L = 0, 8 = 2) is split into two states (1 s and
I'7) which are separated by 0.07 cm ~.2 This splitting is
obscured by the half-width of the transitions. The 4G
first excited state splits by the Td crystal field into four
sublevels, where the lowest state is a T~ level. In Fig. 5
also the higher excited states of the Fe + ion in a tetra-
hedral crystal field are depicted schematically (compare,
e.g. , the results for Mn + in ZnS, which is isoelectronic
to Fes+, Ref. 10). Additional spin-orbit coupling splits
the Tq state further into four sublevels I'6, I'8, I'7, and
I'8. According to crystal-field theory the states are sep-
arated by 100 cm . As shown by Koidl a dynamic
Jahn-Teller effect can drastically reduce the pure crystal-
field splitting of the 4' states by coupling to an e-type
phonon. In the static limit the four sublevels coincide in
pairs [(I's, I'7) and (I's, I's)]. Several 3d systems, which
show this behavior, have been reported in the literature.

Fe + in Tz symm. et,ry

4p

22 cffl
7 /~

4.14 cm '
0

1 2 3

A1
1~

H~ + (H~+&~)

FIG. 5. Level scheme of the Fe + ion in a tetrahedral crys-
tal field. The Aq ground state is split into a I 8 and a I 7 state
not resolved here. The G First excited state is split into four
sublevels in a tetrahedral environment. The Tq ground state
is further split by spin-orbit coupling into four levels, which
can be significantly inAuenced by a dynamic Jahn-Teller dis-
tortion. On the right side the spacing of the Tq sublevels of
22 and 4.14 cm as obtained from the experiments is indi-
cated.

In all these cases the static limit of the Jahn-Teller inter-
action is realized. For example, in GaP:Mn2+ (Refs. 12
and 13) two peaks that are separated by 10 cm ~ have
been resolved. Similar twofold splittings are reported for
ZnS:Mn2+ (10 cm ~) (Refs. 14 and 15) and ZnSe:Mn2+
(11.5 cm ). s Recently similar spectroscopic structures
were also found for Fes+(3ds) in ZnS (4.7 cm ~) (Ref. 16)
and GaAs:Fe +

The relatively strong and structured phonon replica
and the fine structure of the ZP line give evidence for a
Jahn-Teller effect in the 0.5-eV luminescent center. For
the present case the Tq state is split at least into three
states, where the upper excited states are separated by
4.14 and 22 cm from the lowest Tq level, respectively
(Fig. 5). Most probably the excited state is split into
four levels as discussed in Sec. III (this is indicated by
the additional broken line in Fig. 5). Hence the Jahn-
Teller distortion does not reach the static limit.

But relaxation effects of the defect alone cannot ex-
plain why the ZP lines are unusually weak compared to
the sideband spectrum. In total we find the contribution
of the ZP transitions to be less than 500 of the total lumi-
nescence. If the intensity relation between the ZP lines
and the GM2 replica would only be determined by a high
Huang-Rhys factor the transitions into higher phonon
states like 2xGM2, 3xGMq, . . . should even be more
pronounced. As can be seen in Fig. 1 this is not the case:
the 2xGM2 replica is smaller than GM2. Weak or miss-
ing ZP transitions when phonon replicas are present are
known for so-called "forced electric-dipole transitions"
as discussed by Loudon. When the ZP transition is
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forbidden the vibrational sidebands can gain oscillator
strength by an admixture of appropriate states induced
by electron-phonon coupling. Obviously this effect gov-
erns the optical transitions in the 0.5-eV center. In the
model discussed above, the ZP transitions between pure
4Ti (4G) and sAi states are not electric-dipole allowed be-
cause of the selection rule AS = 0. Only mixing between
Ti( G) and sAi states induced by the spin-orbit cou-

pling makes the optical ZP transitions weakly allowed.
Therefore in the vibronic sideband the oscillator strength
reacts sensitively on admixtures. Most probably the sym-
metry properties of the vibronic gap modes which de-
termine the kind of electronic admixture are responsible
that GM2 appears much stronger than GMi and GMs
(Fig. 1, left inset).

A long decay time 7 of the luminescence (milliseconds)
is also characteristic of spin-flip transitions, e.g. , w = 1.5
ms was found for CaP:Mn +. ~ The corresponding tran-
sitions of Fes+(3ds) also show long-time constants. Re-
cently for the systems ZnS:Fes+ and GaAs:Fes+ a time
constant for the transient PL signal of 4.3 (Ref. 16) and
1.9 ms, respectively, was obtained.

The decay time of the 0.5-eV luminescence band is
1.1 ms and thus two orders of magnitude larger than the
decay time that was found for the Fe + transition (10ps).
This fact clearly rules out the previous assignment of the
underlying center to a Fe2+-related complex. Moreover,
the long decay time clearly supports the interpretation
as an Fe + internal spin-flip transition. In accordance
with this result the 0.5-eV emission is either observed
only weakly or is not detectable in n-type material.

We will now turn to the excitation mechanism of both
the 0.5- (Fes+) and the 0.35-eV (Fe +) luminescence. As
shown in Sec. IIIB there is an efFicient energy transfer
from the bound CT states of [Fe +( T2), hb] to the 0.5-
eV center. This fact gives strong evidence that all the
optical processes reported here occur at one center, and
hence that Fe + is the responsible center for the 0.5-eV
luminescence band. An energy transfer of similar effi-
ciency from bound CT states of Fe2+ to a locally sep-
arated Fe-related complex seems to be rather unlikely,
because free carriers are not involved.

Klein et aLs have analyzed by time-resolved PL mea-
surements how the characteristic Fe2+ luminescence at
0.35 eV can be excited by the capture of free carriers.
The PLE data [Fig. 4(c)] reHect this, too, and show
an additional excitation mechanism. We observe (i) the
well-known photoexcitation band due to the generation
of free holes [Fes+ —+ Fe~+(sT2) + h],s (ii) positive peaks
of the series Aq, . . . , A3 and Bq, . . . , B3 due to the ex.—
citation of Fes+ into the CT states of Fe~+: (Fes+ —+

[Fe +( Tz), hb]), where the hole remains bound in the
EMT states (hb). The latter process requires that the
hole remains bound to the Fe2+ while the optical tran-
sition (0.35 eV) occurs. But as the hole is attracted by
the negatively charged Fe~+ ion a recombination process
of the type [Fe +, hb] —+ (Fe +)* is also possible. This
recombination leaves the Fes+ ion in an excited state
(Fes+)* which acts as a source for the 0.5-eV band.

In principle there are two states where the recombina-
tion can occur, the Fe + excited state Tq and the ground

T2~:
4F

1.13 eV: I
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I

5E ~: x
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FIG. 6. Energy transfer from Fe + to Fe +. In the PLE
experiment the CT states [Fe +(5', E), hb] are first excited
resonantly from Fe + (broken lines). Then the hole h, b, which
is bound by Coulomb attraction to Fe +, recombines with
Fe + in the Tq or in the E state. The Fe + ion is left in an
excited state (Fe +)'. Electrical dipole-allowed transitions 2C
(4120 cm ) lead to the lowest excited state Ti( G) prior to
the spin-flip transition Ti ~ Ai (4300 cm ). In this level
scheme spin-orbit splitting is omitted.

state 5E. While in the latter case the 0.5-eV emission
simply follows after the 0.35-eV emission, the Fe + lumi-
nescence directly competes with the 0.35-eV optical tran-
sition in the first case. For this fact we find experimental
evidence from PLE [Figs. 4(b) and 4(c)] as well. On the
one hand the resonances (Ai+GMl') and (Ai+RMl')
appear as dips in the 0.35-eV PLE spectrum; on the other
hand the same resonances show up as peaks in the 0.5-eV
PLE spectrum. Evidently, the Fe + luminescence is not
efficiently excited via bound CT states. In Fig. 4(c) only
at around 9100 to 9300 cm when photoionization is rel-
atively weak a notable positive contribution is found. At
around 9500 cm when photoionization becomes more
important the CT resonances consume excitation power
which mainly will serve for the Fe + luminescence. Thus
we find dips in the PLE of Fe2+ but peaks in the PLE
of Fe +. Because the hole is already localized in the CT
states the recombination probability is higher than for
the Fe2+ states, which have to capture a free hole.

The present data are summarized in the scheme of
Fig. 6, where the excitation mechanism of the Fe~+ emis-
sion is depicted in the right part. The manifold of 3d5
states of Fes+ is depicted. On the left-hand side the CT
state is represented by the 3ds states of Fe2+ where we
omit the EMT states of the bound hole.

The relaxation within the Fe + ion to populate the
4' first excited state can either be radiative or nonra-
diative. One possibility is that the Fe3+ ion is left in
an excited state of, e.g. , P or F after the hole capture
(compare Figs. 5 and 6), and then relaxes radiatively to
the Ti( G) state. As shown in Sec. III the feature X
at around 4120 cm i (Fig. 2) does not fit to any phonon
coupling. Therefore this structure could be due to a ra-
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diative transition within the Fe + ion from a highly ex-
cited state (Fes+)', e.g. , 4F or 4P to the 4Ti(4G) first
excited state. The large half-widths can be explained by
lifetime broadening of the excited state 4I".

Finally, we compare the vibroruc properties found for
Fe3+ with those of Fe +. For Fe + we find vibrational
gap modes GMi through GM3 and vibrational resonant
modes RMq and RM2. The corresponding phonon ener-
gies (Table I) are clearly distinct from those of the vi-
brational modes (GM1: 295 cm i and LM1: 350 cm i)
found for Fe +.s A line quintet at 6200 cm observed
in calorimetric absorption spectroscopy, is but not shown
here, was recently ascribed to an exciton deeply bound at
Fe +.~ Prom the data presented here this assignment
is rather unlikely because the vibronic sideband of the
quintet clearly shows the properties of Fe + (Refs. 3 and
4) but not of Fes+. Therefore the assignment of the ex-
cited state of the line quintet to [Fe2+(sE), hb) as given
in Ref. 4 is fully consistent with our results.

to Ti ~ Ai (spin-flip) transitions of Fe +(Sd ). Our
findings clearly discard earlier assignments to sD(Sds)
transitions of Fe +-related complexes or to a charge-
transfer reaction (Fes+ —+ [Fe +( T2), hb]). A fine struc-
ture is found in the zero-phonon lines and hints to a
dynamic Jahn-Teller effect inherent in the 4T~ excited
states. The spin-Hip transitions show a long decay time
of 1.1 ms, which is more than two orders of magni-
tude longer than the time constant of the Sds transi-
tions of Fe2+ (10 ps). We observe efflcient energy trans-
fer from the charge-transfer states [Fe +(sT2), hb] and
[Fe2+(sE), hb] to the luminescent state Tr of Fes+. The
vibrational modes of Fes+ are clearly distinct from the
vibrational modes of Fe2+. Therefore we reject the in-
terpretation of the quintet structure at 6200 cm ~ in
SI-InP:Fe as an exciton deeply bound at Fe +.
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