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Lyman spectrum of holes bound to substitutional 3d transition metal ions in a III-V host:
GaAs„Mn2¿, Co2¿, or Cu2¿

…, GaP„Mn2¿
…, and InP„Mn2¿

…

Enver Tarhan, I. Miotkowski, S. Rodriguez, and A. K. Ramdas
Department of Physics, Purdue University, West Lafayette, Indiana 47907

~Received 20 November 2002; published 6 May 2003!

The 3d-transition metal impurities~Mn, Co, and Cu! incorporated into III-V zinc blende hosts~GaAs, GaP,
or InP! exhibit well resolved excitation lines followed by a photoionization continuum in their infrared ab-
sorption spectra. They are associated with transitions from a ‘‘1s-like’’ ground state to various ‘‘p-like’’ excited
states characteristic of a hole bound to a Coulomb center. Their spacings agree remarkably well with those
predicted in the effective mass theory for single acceptors@A. Baldereschi and N. O. Lipari, Phys. Rev. B9,
1525 ~1974!# as expected for 3d-transition metal ions substitutionally replacing the group III cations of the
host. The shape of the photoionization spectra, the occurrence of the simultaneous excitation of the Lyman
transitions in combination with the zone center longitudinal optical phonon and hence lying in the photoion-
ization continuum and displaying Fano-like asymmetries, the additional continuum excitations to and beyond
thep1/2 valence band maximum, are the features described and interpreted. Cu acceptors in GaAs show Lyman
doublets, indicative of two independent centers; it is speculated that they could arise from He-like 3d104s24p1,
Cu22, and H-like 3d94s24p1, Cu2, Coulomb centers.

DOI: 10.1103/PhysRevB.67.195202 PACS number~s!: 75.50.Pp, 78.40.Fy, 78.30.2j
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I. INTRODUCTION

It is well known that the incorporation of a 3d transition
metal ion ~TMI ! in a II-VI semiconductor by the substitu
tional replacement of the group II cation results in a rema
able class of II-VI ternary alloys known as a diluted ma
netic semiconductor~DMS!.1 The electronic structure of a
free 3d TMI is @Ar#3dn4s2 (n51,2, . . . ,9); when it re-
places a group II ion, thesp3 tetrahedral bonding schem
takes up the two 4s electrons from the cation and the s
ns2np4 (n52, 3, 4, or 5! from the anion. Thus in a manne
similar to that of a group II ion, the substitution of a 3d TMI
produces an ‘‘isoelectronic’’ impurity. The remarkable ma
netic behavior in the II-VI DMS’s is traced to the groun
state of the incomplete 3d shell of the TMI subject to crysta
field and spin-orbit splittings. The~typically! large magnetic
moment of the TMI in the host, the ferromagnetic or antif
romagneticd-d interactions between them, the spin-sp
sp-d exchange interaction between the 3d electrons and the
band electrons (s-like conduction band andp-like valence
band!—these are the microscopic ingredients which gene
the spectacular magnetic and magneto-optic phenomen
which the II-VI DMS’s are well known.

In the context of the above discussion, it is of great s
entific interest to enquire whether corresponding effe
could occur in the III-V’s when 3d TMI’s are incorporated in
them. Indeed, this point of view was formulated and imp
mented by Munekataet al.2 more than a decade ago in th
growth of In12xMnxAs (0<x<0.18) exploiting molecular
beam epitaxy~MBE!. The coexistence of the magnetic m
ment of the substitutional 3d ion and the presence of holes
the valence band led to the realization that the spin of
charge carrier can be influenced~polarized! in novel device
configurations.3–6 This new class of semiconductors ha
been referred to as ‘‘spintronic’’ materials. A striking featu
0163-1829/2003/67~19!/195202~9!/$20.00 67 1952
-
-

-

-

te
for

i-
s

-

e

of the III-V spintronic materials is the manner in which fre
carriers can influence thed-d interaction between the 3d
TMI’s.6

Consider, for example, the introduction of Mn ions
GaAs replacing Ga. The cationic substitution can occur w
Mn in one of two electronic configurations~i! Mn31 in
which the requisite three electrons for tetrahedral bond
originate within the new cation~two 4s2 and ad electron! or
~ii ! Mn21, with the two 4s2 electrons provided by the impu
rity and the third ‘‘borrowed’’ from the valence band of th
host. In ~i!, the TMI is a neutral isoelectronic impurity
whereas in~ii !, it is an acceptor impurity binding a singl
hole. The III-V’s as diluted magnetic semiconductors c
thus occur in two ways, each with a magnetic behavior d
tinct from that of the other. In case~ii !, the 3d shell of the
TMI impurity is left intact as it is in the II-VI DMS; how-
ever, being an acceptor in the III-V DMS, the accepto
bound hole will display electronic levels not unlike those
a shallow group II impurity, Zn replacing Ga in GaAs, fo
example. A comparison of the Lyman spectra of the shall
acceptors in GaAs, e.g., Zn replacing Ga or C replacing
on the one hand, and those of the 3d TMI’s on the other, is of
special interest in the context of the acceptor states in c
pound semiconductors. Chapman and Hutchinson7 more than
thirty years ago, and Linnarssonet al.8 more recently, re-
ported that Mn doped GaAs displays an absorption spect
characteristic of a substitutional acceptor, with a consid
able chemical shift of its ground state with respect to
effective mass position9 but with p-like states remaining es
sentially effective masslike. In addition, Janze´n et al.10 have
observed the Lyman spectrum of GaAs(Cu21).

In the present paper, we report and discuss the observa
of the Lyman spectra of Co21 and Cu21 acceptors in GaAs
and compare them with that of Mn21 acceptors in the sam
host already observed before7,8 and confirmed by us in the
present study. In addition, we present and discuss such s
©2003 The American Physical Society02-1
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tra for InP(Mn21) and GaP(Mn21) as examples of 3d-TMI
acceptors but in a different III-V host.

II. EXPERIMENTAL

The 3d TMI’s were introduced into nominally pure GaA
employing thermal diffusion at elevated temperatures. T
relevant 3d TMI of at least 4N purity, uniformly deposited
on the surface of the III-V specimen by evaporation in
vacuum chamber, was encapsulated in an evacuated q
ampoule. Thermal diffusion into GaAs~InP! wafers was
achieved in the presence of crushed GaAs~InP!; in addition,
a small quantity of the group V element was included
suppress sublimation. A similar procedure was adopted
GaP.

The specimens were prepared for infrared absorpt
measurements by suitably polishing two approximately pla
parallel surfaces, with a small wedge introduced to av
channelling in the spectrum. The transmission spectra w
recorded with a BOMEM DA.3 Fourier Transform Spe
trometer, equipped with liquid nitrogen cooled HgCdTe a
InSb detectors.11 The samples were cooled to cryogenic tem
peratures in a variable temperature Janis 10DT Sup
varitemp optical cryostat.12

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. GaAs:Mn and GaAs:Co

The absorption spectra of GaAs doped either with Mn
Co and recorded at temperature,T55 K are displayed in
Figs. 1–3; the absorption spectrum of undoped GaAs is a
included for comparison. As is evident, specimens dop

FIG. 1. Acceptor excitation~Lyman! spectrum of Mn21 replac-
ing Ga anion in GaAs. An excitation line is labeled according to
final state of the Lyman transition based on its binding energy c
culated in Ref. 9. The replicas of the Lyman lines in associat
with zone center longitudinal optical phonon~LO! and its over-
tones; the onsets of photoionization to thep3/2 and thep1/2 valence
bands; and the Fano resonances with the characteristic asymm
in their line shapes~insets! are the other noteworthy features of th
spectrum.
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with Mn and Co exhibit excitation lines in the range 100
220 meV with their positions listed in Table I.

In Fig. 1, the sharp excitation lines of the Mn acceptors
the range 100–114 meV are followed by a photoionizati
continuum with its onset;112 meV, representing transition
from the ground state of the Mn acceptor to thep3/2 valence
band of GaAs; the lines, superposed on the continuum,
interpreted as the Lyman excitations in combination w
one, two, and three quanta of the zone center longitud
optical phonon~LO! of the GaAs host.13 The two insets dis-
play the 1 LO and 2 LO replicas of the Lyman lines on a
expanded scale. In addition, two examples of TO replicas
seen in the inset~a!. The line shapes of the replicas chara
terized by asymmetries are discussed in Sec. IV. The cr
section of the photoionization continuum increases with ph
ton energy initially, reaching a maximum and displaying
monotonic decrease beyond. For photon energies larger
the feature;452 meV identified as ‘‘EI(Mn)1nSO,’’ an
additional contribution sets in as a consequence of exc
tions from the ground state of the Mn acceptor to the co
tinuum of the spin-orbit splitp1/2 valence band. Here
EI(Mn) is the ionization energy of the Mn acceptor an
nSO, the spin-orbit splitting of the valence band. With th
interpretation, along withnSO534162 meV at 4.2 K,14 we
deduce EI(Mn)511162 meV. In the spectrum of
GaAs~Co!, the photoionization continuum does display
general increase in the absorption coefficient for\v
>EI(Co)1nSO @EI(Co)[ ionization energy of Co accep
tors# but the corresponding feature for Co near the onse
less distinctive in Fig. 2.

It is well known that the effective mass theory~EMT!15

successfully predicts the binding energies of the exci
p-like states whose wave functions have negligible amp
tudes at the Coulomb center; in contrast, the wave funct
of the 1s-like ground state has a large amplitude at the i
purity site. As a consequence, the ground state is sensitiv
the chemical nature of the acceptor impurity and its bindi
energyEI experiences a departure from the effective ma

l-
n

try

FIG. 2. The Lyman spectrum of Co21 acceptors in GaAs along
with their 1LO and 2LO replicas.
2-2



e
e,

vi-
n

ir
led
ita-
8
V

LYMAN SPECTRUM OF HOLES BOUND TO . . . PHYSICAL REVIEW B67, 195202 ~2003!
FIG. 3. The Lyman spectra of GaAs:Mn21

and GaAs:Co21 compared, with the 2p3/2(G8)
transition in each brought into coincidence. Th
energy scale for the two spectra being the sam
the identity of the energy spacings is made e
dent in the figure. The binding energies of M
and Co acceptors,EI(Mn21)5112.32 meV and
EI(Co21)5174.55 meV, are marked on the
corresponding energy axis. The spectrum labe
GaAs shows the complete absence of the exc
tion lines in pure GaAs in the range 162–17
meV; this is true also in the range 100–114 me
~not shown! where the Mn21 excitation lines
occur.
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value by an amount characteristic for a given impurity. T
Lyman spectra for different 3d TMI’s thus are expected to b
identical as far as the spacings of the corresponding lines
their relative intensities are concerned, but shifted in ene
with respect to one another due to this chemical shift of
s-like ground state.

In Fig. 3, the Lyman spectra of Mn and Co acceptors
GaAs are displayed~on the same scale! with their most
prominent line at 2p5/2(G8) brought into coincidence. The
identity of the spacings of the spectra for the two accep
impurities is immediately evident. The spacings, in turn,
close to those predicted in the calculations of Balderes
and Lipari9 for single acceptors in GaAs and provide t
justification for labeling the excitation lines on the basis
the final state of the transition. With this interpretation, o
can add the calculated binding energy of the final state
given transition to its experimental transition energy and t
deduceEI . Choosing the least tightly bound final state f

TABLE I. Observed transition energies from the 1s3/2(G8)
ground state tonp excited states of various group II an
3d-transition metal ions as single acceptors in GaAs~in meV!.

Final state
Zn

~Ref. 17!
C

~Ref. 18! Mn Co
Theory
~Ref. 9!

2p3/2(G8) 19.38 15.19 101.17 163.32 14.29
2p5/2(G8) 23.21 19.35 105.13 167.33 18.47
2p5/2(G7) 25.05 21.19 106.99 169.22 20.34
3p5/2(G8) 108.52 170.74 22.05a

3p5/2(G7) 109.37 22.90a

4p5/2(G8) 109.82
4p5/2(G7) 110.55
LO12p5/2(G8) 137.78 199.90
LO12p5/2(G8) 141.51 203.80
LO12p5/2(G7) 143.40 205.68
LO13p5/2(G8) 144.94 207.12

aSee Ref. 8.
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which Baldereschi and Lipari9 calculated the binding energy
2p5/2(G7), for example, we deduceEI by adding this binding
energy viz., 5.33 meV, to the energy of the 1s3/2(G8)
→2p5/2(G7) transition in GaAs~Mn, Co!. Thus, the calcu-
lated ionization energies for the Mn and Co acceptors
GaAs are 112.32 and 174.55 meV, respectively. The valu
EI for Mn deduced from theEI(Mn) 1nSO feature in the
photoionization spectrum is consistent with this more prec
value.

The assignments for the excitation lines for the Mn21

acceptors labeled as 3p5/2(G8) and 3p5/2(G7) were proposed
by Linnarssonet al.8 on the basis of the binding energies
the final states calculated by Saidet al.16 using the param-
etersm5(6g314g2)/5g1 and d5(g32g2)/g1, where the
Luttinger parameters for GaAs are 7.65, 2.41, and 3.28
spectively. The additional lines 4p5/2(G8) and 4p5/2(G7) ob-
served in the present study are similarly labeled.

In Tables I and II, the transition energies and the bind
energies of the final states of the Lyman lines of the Mn a
Co acceptors are compared with the theoretical calculat
of Baldereschi and Lipari9 and with those of the shallow
acceptors Zn and C reported in the literature.18,17

B. GaP:Mn and InP:Mn

The valence bands of the III-V’s are qualitatively simil
but differ in terms of their Luttinger parametersg1 , g2, and
g3, the magnitude of the spin-orbit splittingD, and the di-
electric constants (e0 and e`).19 In order to delineate fully
the role of the substitutional 3d TMI’s as acceptors in the
III-V’s, it is of interest to investigate their Lyman spectra
other hosts besides GaAs. Figures 4 and 5 show the Ly
spectra of Mn in GaP and InP, introduced by thermal dif
sion.

Adopting the procedure followed for GaAs:Mn an
GaAs:Co, the most prominent line in the Lyman spectrum
GaP:Mn is assigned to 2p5/2(G8). Baldereschi and Lipari9,20

compute a value for the binding energy of the final state
2-3
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TABLE II. Binding energies~in meV! of the final states of the observed transitions of various grou
and 3d-transition metal ions as single acceptors and of Cu in GaAs.

Final State Zn~Ref. 17! C ~Ref. 18! Mn Co Cu~i! Cu~ii ! Theory ~Ref. 9!

1s3/2(G8) 30.38 26.52 112.32 174.55 157.78 158.61 25.67
2p3/2(G8) 11.00 11.33 11.15 11.23 11.28 11.25 11.38
2p5/2(G8) 7.17 7.17 7.19 7.22 7.27 7.24 7.20
2p5/2(G7) 5.33 5.33 5.33 5.33 5.33 5.33 5.33
3p5/2(G8) 3.80 3.81 3.06 3.62a

3p5/2(G7) 2.95 2.77a

4p5/2(G8) 2.50
4p5/2(G7) 1.77

aSee Ref. 8.
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this transition to be 13.04 meV on the basis ofg154.20,
g250.98, g351.66, ande0510.75, resulting in an ioniza
tion energy of~387.7560.3!meV, the error bar being esti
mated from the measurements on eight separate specim
The binding energies of the final states of the transitio
2p3/2(G8) and 2p5/2(G7) are thus~18.9160.17! meV and
~8.2360.17! meV, respectively~see Table III!. The relatively
large error bars could well be a consequence of the h
diffusion temperatures~;1000 °C! over extended period
~;100 h! followed by a rapid quench; this somewhat dras
procedure could inadvertently generate defects which p
duce uncontrolled strains.

The Lyman lines of InP:Mn are somewhat improved w
respect to their linewidths, presumably a consequence o
somewhat lower temperatures and shorter durations for
diffusion. As in the case of GaP:Mn, we attribute the fin
state of the strongest line to 2p5/2(G8) with the calculated
binding energy of 9.98 meV,20 yielding in turn an ionization
energy of~220.0460.05! meV.21 The binding energies of the
final states of the lines 2p3/2(G8) and 2p5/2(G7), are then
deduced as~15.3860.11! meV and ~6.9260.08! meV, re-
spectively.

It should be emphasized that the Baldereschi and Lip
values for the binding energies of 2p3/2(G8) and 2p5/2(G7)
19520
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are 19.77 and 9.42 meV in the case of GaP; they thus d
from the corresponding experimental values of 18.91 a
8.23 meV. For InP the theoretical values are 15.89 and 7
meV in better agreement with the experimental values
15.38 and 6.92 meV. The differences are outside the exp
mental error bars, larger in GaP than in InP; it is premature
conclude whether they are due to the choice of the par
eters used in the calculations or the quality of the host m
terial. However, the assignments for the final states and
ionization energies appear to be acceptable.

C. Photoionization continuum

As discussed in the earlier sections, Figs. 1, 2, 4, an
display an unmistakable onset of an absorption continuum
\v5EI , corresponding to the photoionization of the hol
bound to the 3d TMI’s. The physical processes underlyin
the photoionization spectrum involve the oscillator stren
for the transitions from the 1s initial state to final states in
the heavy hole and light holep3/2 valence bands and the
density of states. In our discussion of the experimental
sults on the ‘‘bound-to-continuum,’’ we follow Edwards an
Fowler.22 Their approach involves a scaled hydrogen
ground state, suitably modified to take account of central
y

r-
n

FIG. 4. Absorption spectrum of Mn21 accep-
tors in GaP. Lyman transitions are followed b
strong photoionization. The 2p3/2(G8) transition
and its 1 LO phonon replica are indicated by ve
tical arrows. The inset highlights the no-phono
Lyman transitions, labeled as in Fig. 3.
2-4
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FIG. 5. Absorption spectrum of Mn21 accep-
tors in InP. The 2p3/2(G8) Lyman transition and
its 1 LO phonon replica are indicated by arrow
The inset shows the observed Lyman transitio
and EI(Mn21), the ionization energy of Mn in
InP.
ar
io
re
le

ve

el

il-

c

or-
e

-

gs.
nd

in

for

nd
and
t,
le

l
its
-

za-

n
ve

p-
corrections and effective mass continuum states. Edw
and Fowler give two expressions for the optical absorpt
cross-section which are indistinguishable when compa
with experimental results; we select the physically simp
dipole approximation with fewer parameters viz. Eq.~1! in
Edwards and Fowler. The absorption coefficient is then gi
as

aD5NsD

5NS Ee

E0
D 2 29p2a\vm2* ~Z28!24

3\2e`
1/2

h3~122h!2~x11!

~x1h2!6

3
exp@24x21/2cot21~hx21/2!#

12exp~22px21/2!
, ~1!

where N is neutral acceptor concentration, (Ee /E0) is the
ratio of the electric field at the defect site to the average fi
in the medium,23 \v, is the photon energy, anda is the
fine-structure constante2/\c. Z28 is the ratio of the absolute
value of the impurity chargeZ2 ~11 for single acceptors! to
the Bohr radiusa2 associated with the hydrogenic Ham
tonian from which the continuum states are obtained:

Z285Z2 /a25Z2m2* e2/\2e` , ~2!

wherem2* is the absolute value of the effective mass asso
ated with the continuum states.e` is the optical dielectric

TABLE III. Binding energies for the energy levels of Mn acce
tors in GaP and InP~in meV!.

GaP:Mn InP:Mn

Final state Experiment
Theory
~Ref. 9! Experiment

Theory
~Ref. 9!

1s3/2(G8) 387.7560.28 220.0460.05
2p3/2(G8) 18.9160.17 19.77 15.3860.11 15.89
2p5/2(G8) 13.04 13.04 9.98 9.98
2p5/2(G7) 8.2360.17 9.42 6.9260.08 7.32
19520
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n
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constant andx, a dimensionless energy parameter prop
tional to the energyE measured from the threshold of th
continuum absorption, is given by

x52m2* E/\2~Z28!2. ~3!

The quantityh in Eq. ~1! is the ratio of the ‘‘inner’’ to the
‘‘outer’’ effective charge

h5Z18/Z28 , ~4!

whereZ185Z1m1* e2/\2e` is defined with respect to the hy
drogenic Hamiltonian leading to the ground state.

The fits to the experimental results are displayed in Fi
6~a!–6~d! based on the parameters shown in Table IV a
the ionization energies deduced from the Lyman spectra
Tables II and III. The effective mass parameterm2* , associ-
ated with the valence band continuum, must be the same
different acceptors in the same host. As can be seen,m2* is
indeed the same for Mn21 and Co21 acceptors in GaAs,
being 0.152me . This value differs from 0.53me , the
‘‘density-of-state average’’ of the heavy and light hole ba
effective masses. This feature was noted by Edwards
Fowler in their analysis of group III acceptors in Si hos
presumably indicative of the dominance of the light ho
band and thep1/2 band. In GaAs, thep1/2 band maximum
being separated from that of thep3/2 band by 341 meV, one
indeed can ignore its contribution in the range\v,EI
1DSO. The effective charge ratioh is 3.95 for Mn21

whereas for Co21, it is 5.2; the significantly larger chemica
shift for Co21 appears to be the underlying cause for
larger value ofh. We note that the maximum in the photo
ionization spectrum occurs 68 meV higher than the ioni
tion energy for Mn21 acceptors~in GaAs! whereas for Co21

acceptors, it is;175 meV higher. This larger separation ca
be ascribed to the smaller overlap of the continuum wa
2-5
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FIG. 6. Mn21 photoionization spectrum in~a!
GaAs,~c! InP, and~d! GaP. The Co21 photoion-
ization spectrum in GaAs is shown in~b!. Solid
lines indicate data while dashes show the curv
computed following Edwards and Fowle
~Ref. 22!.
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functions with the more localized wave functions of t
deeper ground state, as pointed out by Edwards and Fow22

for Si~Ga! vs Si~B!.
The analysis of the photoionization spectra in terms of

~1! also yieldsN(Ee /E0)2. The effective field ratio (Ee /E0)
lies between23 1,(Ee /E0),@11(e`21)/3# i.e., 1
,(Ee /E0),4.2 for GaAs; (Ee /E0);1 for shallow acceptors
and close to the upper limit for the deeper acceptors.23 Thus
the acceptor concentration for GaAs:Mn21 lies between 5
31015 to 8.831016 cm23 for the specimen used in the re
sults shown in Fig. 6~a!. A careful analysis of Hall data ca
thus result in a more definitive value for (Ee /E0).

The curve fitting for Mn in InP and GaP yieldsm2* as
0.05me and 0.015me , respectively. The small magnitude o
m2* for the same impurity in these hosts is also attributed
the larger chemical shifts, i.e., for deeper impurities,
more localized ground states give larger transition ma
elements to the light-hole band. The neutral Mn21 acceptor
concentration in GaP is estimated to be in the range from
31015 to 7.731015 cm23 while it is in the range 9.531015

to 1.4231017 cm23 in InP.
The effective charge ratioh obtained from curve fitting is

14 for GaP:Mn and 9.3 for InP:Mn. The larger values ofh
for deeper impurities are also expected as a consequen
the tightly bound, more localized ground states.
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IV. ‘‘FANO’’ INTERACTION AND LINE SHAPES OF
LO-PHONON ASSISTED LYMAN TRANSITIONS

As originally recognized and formulated by Breit an
Wigner24 and by Fano,25 in the context of nuclear transition
and atomic spectroscopy, respectively, the energy coi
dence of a discrete excitation with those having a continu
range, leads to striking asymmetric line shapes character
by resonance and antiresonance features. A large numb
such situations in diverse physical systems, including se
conductors, have been reported in the literature. We cite W
kins and Fowler26 and Piaoet al.27 as illustrative examples
particularly relevant in the discussion on the simultaneo
excitation of a Lyman transition in combination with
quanta of zone center optical phonons (n51,2,3, . . . ). The
specific case in the present investigation is the 1 LO, 2 L
and 3 LO replicas of the Lyman excitations of Mn accepto
in GaAs, displayed in Fig. 1. The polar character of Ga
clearly favors the special role of the zone center longitudi
optic phonon~LO! and its overtones, the microscopic mech
nism for the coupling being the Fro¨hlich interaction.28 In the
photoionization spectrum shown in inset~a!, the features at
137.5 and 123.8 meV are associated with the 2p3/2(G8) and
the ‘‘forbidden’’ 2s3/2(G8) Lyman transitions, respectively
involving one LO phonon~solid arrows!. The accompanying
set of transitions 2.7 meV lower in energy are due to one
rs in
TABLE IV. Results of curve-fitting analysis of the photoionization continuum of Mn and Co accepto
GaAs and Mn acceptors in GaP and InP using Eq.~1!.

Parameter GaAs:Mn GaAs:Co InP:Mn GaP:Mn

EI~meV! 112.32 174.55 220.04 387.75
m2* /me 0.152 0.152 0.05 0.015
h 3.95 5.2 9.3 14
N(Ee /E0)2 (cm23) 8.8231016 1.1531017 1.4231017 7.731015
2-6
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LYMAN SPECTRUM OF HOLES BOUND TO . . . PHYSICAL REVIEW B67, 195202 ~2003!
phonon assisted Fano resonances of the same Lyman
~dashed arrows!. The latter are presumably mediated throu
deformation potential interactions. These features appea
the photothermal ionization spectra reported in Ref. 8. T
Breit-Wigner-Fano resonance interaction in semiconduc
is one of the most interesting example of electron-phon
interactions.29,30

The analysis of the ‘‘LO1Lyman’’ transitions in terms of
their characteristic features—asymmetry, resonance peak
antiresonance dip, spectral width, and shifts with respec
their unperturbed positions—is carried out on the basis
Fano’s formulation. We denote the acceptor ground state
the symbolu0& and the excited state associated with a p
ticular absorption line byu f n& where f designates the elec
tronic state of the excitation andn51,2, . . . , thenumber of
optical phonons associated with the line in question. In c
trast tou0&→u f 0&, the zero-phonon excitation in the Lyma
spectrum, the phonon-assisted transitionsu0&→u f n& (n
51,2,. . . ), areresonant with the valence band. We descr
the valence band states byuk& where this symbol includes no
only the continuous wave vectork, but also a band index
~light and heavy hole bands! which we need not specify ex
plicitly. The states having energies close toEf n5Ef1n\v
form a manifold which can be described by an interact
HamiltonianV whose matrix elements are

^ f nuVu f n&5Ef n , ~5!

^k8uVuk&5E~k!dk8k , ~6!

and

^kuVu f n&5Vk . ~7!

The coupling betweenu f n& and the continuum can be de
scribed by a wave function of the form

C5au f n&1(
k

bkuk& ~8!

which we assume to be properly normalized according
d-function normalization. From the Schro¨dinger equation
HC5EC, we obtain

~E2Ef n!a5(
k

bkVk* ~9!

and

aVk5bk@E2E~k!#. ~10!

Since the set$uk&% forms a continuum, the singularity inbk as
@E2E(k)# passes through zero, can be avoided by tak
the integral overk ~here denoted with a summation symb
for convenience! as a principal part involving the denomina
tor plus ad function. Following Fano, we write

bk5aFP Vk

E2E~k!
1z~k!d@E2E~k!#VkG . ~11!

The dimensionless quantityz(k) is obtained substitutingbk
in Eq. ~9! and cancellinga,
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z~k!5
E2Ef n2F~E!

uVku2
, ~12!

where

F~E!5P(
k

uVku2

E2E~k!
. ~13!

The symbolP in Eqs. ~11! and ~13! indicates that, when
integrating overk, one must take the principal part of th
integral.

The probability per unit time for an optical transition toC
to occur is proportional tou^CuH8u0&u2 whereH8 is the in-
teraction of the electronic system with the electromagne
field of the incident radiation. The quantityuau2, obtained by
d-function normalization is given in Ref. 25@Eqs.~10!–~13!
and Appendix A#. We write

uau5~11e2!21/2~puVku!21, ~14!

where

e5
E2Ef n2F~E!

puVku2
5

E2Ef n2F~E!

~G/2!
~15!

with G52puVku2, the spectral width ofu f n& modified by
mixture with the continuum states. The matrix eleme
^CuH8u0& is

^CuH8u0&5a* S ^ f nuH8u0&1P(
k

^ f nuVuk&^kuH8u0&
E2E~k!

1z~k!^ f nuVuk&^kuH8u0& D . ~16!

A quantity q is defined@see Ref.~25!# by

q5S ^ f nuH8u0&1P(
k

^ f nuVuk&^kuH8u0&
E2E~k! D

3~p^ f nuVuk&^kuH8u0&!21. ~17!

Noting z(k)5pe,

^CuH8u0&

^kuH8u0&
5

~q1e!

~11e2!1/2
. ~18!

Since the phase factors in the definition ofq cancel out, this
quantity is real. Thus,

U^CuH8u0&

^kuH8u0&
U2

5
~q1e!2

11e2
511

q212eq21

11e2
. ~19!

Lawætz,30 following a concise derivation of the abov
concepts, points out the existence of channels other t
those leading to the Fano interaction and a part of the c
tinuum not contributing to it. Thus Eq.~19! should be rewrit-
ten in terms of the total absorptionI from which I b , the
background absorption due to the channels not contribu
to Fano interaction, has been subtracted, and normalize
2-7
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I 02I b ; hereI 0 is the intensity of the total absorbed light
there were no resonant interaction. Hence,

R~e,q!5
I 2I b

I 02I b
5

~q1e!2

11e2
. ~20!

In Fig. 7~a!, we display the 1LO phonon replicas of th
Lyman spectrum of GaAs:Mn, whereI, I b , andI 0 are iden-
tified. In Fig. 7~b!, the spectrum, processed according to E
~20!, is presented along with the theoretical fits for the L
phonon replicas of the first four Lyman transitions, vi
2p3/2(G8)F, 2p5/2(G8)F, 2p5/2(G7)F, and 3p5/2(G8)F. Fol-

TABLE V. Parameters for the 1 LO Fano replicas of the fi
four Lyman transitions of acceptor bound holes in GaAs:Mn,
units being in meV.

1 LO replica Ef1\vLO E0 F q G

2p3/2(G8)F 137.618 137.59 20.03 0.33 0.3
2p5/2(G8)F 141.578 141.56 20.018 23.16 0.57
2p5/2(G7)F 143.436 143.54 0.1 21.76 0.45
3p5/2(G8)F 144.964 145.10 0.14 21.18 0.465

FIG. 7. Fano line-shape analysis of 1 LO phonon resonances~a!
1 LO Fano replicas, 2p3/2(G8)F

•••3p5/2(G8)F, are seen as peak
and dips.I represents the total intensity whileI b is the background
due to channels not contributing to Fano interaction a
I 0 is the total absorption in the absence Fano resonance~see text!.
~b! Solid curve shows the data processed according to Eq.~20!
and dashed curve shows the calculated fit using the paramete
Table V.
19520
.
-
,

lowing Piaoet al.,27 one can obtain for each transition, th
values ofq, G, andF from the values ofe andR given by
Rmax5q211 for emax5q21; Rmin50 for emin52q; and
R05q2 for E5E0 with F5E02(Ef1\vLO) defined bye
50. Also, G follows from emax2emin5q1q2152(\vmax
2\vmin)/G. These parameters are tabulated in Tables V a
VI for the 1 LO and 2 LO replicas, respectively.

V. CONCLUDING REMARKS

The present study has focused on the Lyman spectra
several 3d-transition metals~Mn, Co, Cu!, substitutionally
incorporated in the III-V semiconductors~GaAs, GaP, and
InP! by replacing the cations. The acceptor concentrat
resulting from the diffusion techniques employed viz., 1015

to 1017 cm23, corresponds to a dilution at which wavefunc
tions of the acceptor-bound holes do not overlap as testi
by the sharpness of the Lyman transitions observed at
cryogenic temperatures. In particular, Mn21 and Co21 ac-
ceptors in GaAs yielded sharp and intense transitions ter
nating at excited states preceding the photoionization thre
old. The onset of the photoionization is in excelle
agreement with the sum of the transition energy and

l

TABLE VI. Parameters for the 2 LO Fano replicas of the fir
four Lyman transitions of acceptor bound holes in GaAs:Mn,
units being in meV.

2 LO replica Ef12\vLO F q G

2p3/2(G8)FF 174.054 20.08 0.7 0.54
2p5/2(G8)FF 178.034 20.04 22.05 1.0
2p5/2(G7)FF 179.884 0.1 21.15 0.6
3p5/2(G8)FF 181.414 0.15 21.0 0.7

FIG. 8. The absorption spectrum of Cu acceptors in GaAs.
man lines, photoionization continuum,11 LO Fano replicas super-
imposed on the photoionization continuum, and the spin-orbit s
valence band absorption edge@EI(Cu)1DSO#, indicated on the fig-
ure are all characteristics of acceptor bound holes in a III-V ho
The inset shows a doublet structure in each Lyman line of Cu.
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binding energy of its final state calculated in the effect
mass theory.9 While the spectra for Mn21 acceptors in GaP
and InP display well resolved Lyman transitions followed
photoionization, their sharpness appear to be degraded
sumably because of the high diffusion temperatures. In
context, photothermal ionization spectroscopy31 allows more
excitation lines to be observed, on the one hand, and exp
lower acceptor concentrations, on the other, as indeed d
onstrated in Linnarssonet al.8 Among the 3d TMI’s, Cr and
Cu are exceptions in that, the atomic configurations, inst
of being ~i! 3d44s2 and 3d94s2, are ~ii ! 3d54s1 and
3d104s1, respectively. The behavior of these TMI’s as acce
tors will thus differ from that of the others if the 3d shell
does not change during incorporation by the substitution
the cation; they will then acquire one electron from the v
lence band in order to complete the covalent bonds in c
~i!, whereas in~ii ! two are needed to accomplish it. We th
have a H-like single acceptor in~i! as opposed to a neutra
He-like double acceptor in~ii !. The binding energies of the
final statesfor both cases will be close if the experience w
B, Zn, and Cu in Ge is a guide.

In Fig. 8, we display the Lyman spectrum of Cu accept
.
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introduced into GaAs by thermal diffusion. The general a
pearance of the spectrum bears a striking resemblanc
those of Mn21 and Co21 in Figs. 1–3. The binding energie
for the final states listed in Table II emphasize quantitativ
this correspondence. The striking feature, however, is a
ond series separated by;0.84 meV. Measurements as
function of temperature in the range 1.8–10 K showed
increase with 1/T in the ratio of intensity of the higher to tha
of the lower energy component of a doublet. This appear
indicate the existence of two independent Cu centers. I
tempting to suggest that they correspond to the coexiste
of He-like 3d104s24p1, Cu22 and H-like 3d94s24p1, Cu2

Coulomb centers. The alternative of one of the centers be
Cu acceptor associated with a defect is, however, not ru
out and further investigations are clearly needed.
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