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Neutral interstitial iron center in silicon studied by Zeeman spectroscopy

AnnaLena Thilderkvist, Gu¨nter Grossmann, Mats Kleverman, and Hermann G. Grimmeiss
Solid State Physics, University of Lund, Box 118, S-221 00 Lund, Sweden

~Received 3 February 1998!

The Zeeman effect of the interstitial iron defect in silicon has been investigated by high-resolution Fourier-
transform spectroscopy. Two sets of experimentally observed line spectra have previously been identified as
optical excitations of neutral interstitial iron, Fei

0. The first set arises when an electron is excited to a shallow-
donor-like state, Fei

01hn→Fe11e2, where the electron is decoupled from the Fe1 core whose ground state
is a 4T1 term. The second set arises when an excited electron ofa1 symmetry is coupled by exchange
interaction to the Fe1 core, yielding a5T1 final state. The Zeeman behavior of these transitions is studied in
order to verify the assignment of the states and the effective-mass-like character of the decoupled electron.
Detailed information on the initial state and on the properties of the iron core is gained. Experiments determine
the multiplet splitting of the4T1 and 5T1 states due to spin-orbit interaction but large deviations from the
Landéinterval rule are observed, as well as a marked decrease in intensity for the high-energy components.
Our analysis confirms that the4T1 and 5T1 states are closely related, and a dynamical Jahn-Teller distortion is
suggested to be the dominant mechanism responsible for the non-Lande´ behavior.@S0163-1829~98!06036-6#
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I. INTRODUCTION

When diffused into the silicon lattice, the transition-me
~TM! impurity iron introduces deep levels in the band gap.
this paper we focus on the isolated interstitial iron defec
silicon, Fei , which has been studied by several experimen
methods over the years, starting with the classic electr
paramagnetic-resonance~EPR! work of Ludwig and Wood-
bury ~LW!.1 They explained their TM data successfully b
what was later to be called the Ludwig-Woodbury mod
TM impurities have since then attracted a lot of interest b
theoretically2–4 and experimentally.3 A basic understanding
of these impurities has been gained, mainly based on in
mation derived from EPR measurements which, howe
usually probe only the ground state. Transmission exp
ments on TM defects on the other hand, provide informat
on the excited states in addition to the ground state.
neutral interstitial TM defect iron in silicon, Fei

0, has been
shown to give rise to an especially complex absorption sp
trum in the range of about 5820–6450 cm21.5–8 The excita-
tion spectrum of Fei

0 is presented in Ref. 5.
It has been suggested6 that the transitions in the rang

6300–6420 cm21 correspond to excitations of an electro
from the ground state of Fe0 to shallow-donor-like states jus
below the conduction-band minimum. In the final state of
optical transition, the interaction between the electron i
shallow-donor-like state and the positively charged core w
assumed to be negligible. The final state should thus con
of two noninteracting systems, the shallow-donor elect
and the residual Fe1 core, whose ground state is a4T1 mul-
tiplet. It was further reported that the line spectrum consis
of not only one but four series of shallow-donor-like state5

This was explained by a shake-up effect where the Fe1 core,
after the optical transition, would be left not only in its low
est ground-state level but also in higher levels of the4T1
multiplet. The sharp lines in the range 5820–5875 cm21,
labeled FeL1 to FeL4 in Ref. 5, are also part of the Fe0
PRB 580163-1829/98/58~12!/7723~11!/$15.00
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spectrum.5,8 Here an electron is excited to a more localiz
a1 state, which now interacts with the4T1 core of Fe1 to
form a final state with a5T1 ground-state term.

In this paper, the interstitial iron center will be analyze
in detail using Zeeman spectroscopy. The electronic str
ture of the initial ground state and of the two sets of fin
excited states, (4T11e2) and 5T1 , are investigated. The
common features of the final states in the studied transitio
such as the deviations from the Lande´ interval rule, and the
large decrease in intensity for some higher states, sug
that the final (4T11e2) and 5T1 states are closely related.

II. EXPERIMENTAL DETAILS

The samples used in the experimental work were or
nally n-type phosphorus-doped floating-zone silicon with
sistivities of 5 and 40V cm. The samples were oriented b
x-ray Laue backscattering, and then cut in the three m
crystal directions:̂100&, ^110&, and^111&.

After polishing and cleaning the samples, iron was int
duced by means of solid-state diffusion, either by evapo
tion of iron onto the sample surface or by placing a sm
iron wire in the quartz ampoule. The sealed quartz ampou
containing samples, iron, and argon gas at about 300 m
were heat treated for approximately 1 h at atemperature of
1260 °C, and then rapidly quenched to room temperatur
ethylene glycol. Some of the samples were immediat
stored in liquid nitrogen to keep the interstitial iron conce
tration at a maximum.

The measurements were performed using a BOME
DA3.01 Fourier-transform spectrometer equipped with
liquid-nitrogen-cooled InSb photodiode detector. In the Ze
man experiments an Oxford Instruments Spectromagnet
used in the Voigt configuration, and spectra were recorde
magnetic fields up to 6.5 T. The sample temperature was
K. For the annealing experiments a Leybold-Herae
continuous-flow cryostat was used. The cryostat was coo
7723 © 1998 The American Physical Society



t a

s
y
rl
e

-
s
io
ig

tie
d

th
er
-
n

em
a,
m
e

er
.,

e

d

n
lar

the

s
s to

m
-

nd

a-
en-

ow-
e

s

in

tal

hat

ies

he
of
o-
pos-

hree
the

re

e

s
the
w-
t

nd
ll

s
r
A

7724 PRB 58ANNALENA THILDERKVIST et al.
with liquid helium, and the sample temperature was kep
10 K.

III. ANNEALING EXPERIMENTS

Annealing of iron diffused into an originallyn-type sili-
con sample results in a decrease in intensity of the line
the range 5820–6420 cm21. High-resolution spectroscop
measurements combined with photo-EPR have, in an ea
annealing study,6 identified the line spectra in the rang
6300–6420 cm21 to arise from the excitation of Fei

0.
Two intense broad linesR1 and R2 are observed, and

further down at 5800–5950 cm21 a series of sharp lines la
beled FeL1 – FeL4 are detected.5 The lowest of these lines i
superimposed on a broad line of high intensity. Absorpt
measurements were carried out after a 30-min anneal at e
temperatures ranging from 50 up to 200 °C. The intensi
of the lines FeL1, FeL2, and FeL3 were added and compare
to the summed intensities ofR1 and R2 and of the three
strongest lines in the shallow-donor series. In Fig. 1,
normalized intensities are plotted versus annealing temp
ture. We find that FeL1, FeL2, and FeL3 have the same an
nealing behavior as the lines belonging to the shallow-do
spectra at about 6300 cm21. The resonance structuresR1 and
R2 behave similarly, and all lines are annealed out at a t
perature of 200 °C. By inspection of the annealing spectr
is clear that the broad resonance which peaks at 5800 c21

anneals out at this same temperature. These experim
strongly suggest that all lines and resonances in the en
range of about 5820–6450 cm21 have the same origin, i.e
the neutral interstitial iron center Fei

0.

IV. ELECTRONIC STRUCTURE

Ground state of Fe0

According to the LW model,1 the neutral interstitial iron
center in silicon has at2

6e2 ground-state configuration. Th
six electrons in thet2 state form a1A1 term and the twoe
electrons form a high-spin3A2 term, and together a total3A2
term is formed. SinceS51 transforms asT1 in Td symme-
try, the spin and the orbital part of the3A2 term may finally
be coupled to yield aT2 level. This model has been verifie

FIG. 1. The annealing behavior of the observed spectral line
iron doped silicon~see Ref. 5!. The annealing was carried out fo
eight different temperatures between 50 and 200 °C for 30 min.
lines anneal out at about 200 °C.
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by EPR measurements, and theg value for the3A2 ground
state of Fe0 was determined to begsA52.0699.1 An effective
orbital momentum 1851 can be associated with an electro
in the t2 state, and all matrix elements of the orbital angu
momentum operatorL within the t2 manifold are propor-
tional to those ofL within a manifold ofp orbitals (151).
The single constant of proportionality would assume
value gL521 if the t2 orbitals were pured orbitals of the
iron atom.

Recent calculations2–4 confirm that interstitial iron indeed
gives rise tot2 and e gap levels, and that Hund’s rule i
obeyed for the ground state, but the simple LW model ha
be modified. Thee and t2 gap states are not pured like, as
expected from the LW model, but contain contributions fro
both p-like host states andd-like defect states. The nonvan
ishing matrix elements ofL within the t2 states are thus
expected to be modified by these hybridization effects, a
gL may assume values in the range between 1 and21, the
limiting values corresponding to purep and pured orbitals,
respectively. ThegL value can be further reduced by cov
lency and by dynamic Jahn-Teller effects, and experim
tally it has been shown to be rather small for 3d transition
metals in silicon.

The line spectra in the range 6250–6400 cm21 are attrib-
uted to transitions where an electron is excited to a shall
donor state,5–8 and is thereby effectively removed from th
positively charged iron core state Fe1. The ground state of
Fe1 is a 4T1 term deriving from thet2

5e2 configuration for
the Fe1 core.1,2 In a one-particle picture, the transitions thu
correspond to exciting an electron from at2 orbital to a shal-
low donor state. Spin-orbit interaction will couple the sp
S5 3

2 to the total effective orbital angular momentumL8
51, and the term is split into three levels with effective to
angular momentumJ85 1

2 , 3
2, and 5

2 transforming asG6 , G8 ,
and G71G8 . Again, EPR measurements have shown t
J85 1

2 is the ground state of Fe1 with an experimentalg
value ofgJ5 1

2 53.524.1

The delocalization of the shallow-donor states impl
that the core of the residual Fe1 impurity will only weakly
interact with the excited electron. In the final state of t
transition, the core may then be left in the different levels
the 4T1 multiplet, and we would expect to see three hydr
genic series of donor states corresponding to the three
sible values ofJ8. Effective-mass theory~EMT! can be used
to determine the energies within each series, and the t
series may be expected to be displaced according to
Landéinterval rule, at least within a spherical model, whe
the J855/2(G7 ,G8) level remains unsplit.

V. 4T1 CORE PLUS SHALLOW-DONOR STATES

A. Absorption measurements

We will first concentrate on the shallow-donor-like lin
spectra in the range 6250–6400 cm21, and then on transi-
tions having finalp-like shallow states. The binding energie
of the p-like states are rather insensitive to the details of
defect core and should be well given by EMT, since shallo
donor states are delocalized andp-like states have a node a
the origin. Silicon has six equivalent conduction-ba
minima along the@100# directions, and this implies that a
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donor states are at least sixfold degenerate in a first sin
valley approximation. InTd symmetryp0 states transform a
A11E1T2 , whereas thep6 states transform as 2T1
12T2 . The valley-orbit interaction and central-cell effec
lift this accidental degeneracy.

The electric dipole operator hasT2 symmetry. The Fe0

ground state has at2
6e2 configuration, and when an electro

is excited from thet2 shell, optical dipole transitions ar
allowed to all one-particle states having transformation pr
erties which appear in the reduction of the direct prod
T23T2→A11E1T11T2 . Although symmetry consider
ations thus allow transitions to all valley-orbit-split state
they give no information on their relative intensities, f
which we would need to evaluate the corresponding tra
tion matrix elements.

The four different series of shallow donor spectra are
tributed to the energy-level structure of the Fe1 core.5 The
ground state of the4T1 multiplet is theJ85 1

2 level, which
we thus associate with the line series observed at the lo

TABLE I. The experimental energies of thep-like shallow do-
nor states of the four seriesA, B, C, andD. All energies are given in
wave numbers~cm21!. The energies given in parentheses are
corresponding binding energy of each state, obtained by assu
that the 2p6 state of each series is given exactly by EMT. T
EMT binding energies of each state, obtained from a variatio
calculation~Ref. 10!, are given in the last column.

Final state SeriesA SeriesB SeriesC SeriesD EMT

2p0 6268.61 6310.83 6318.73 6324.34
~92.75! ~92.66! ~92.80! ~92.88! ~92.69!

2p6 6309.72 6351.85 6359.89 6365.58
~51.64! ~51.64! ~51.64! ~51.64! ~51.64!

3p0 6317.11 6359.34 6367.20 6372.95
~44.25! ~44.15! ~44.33! ~44.27! ~44.24!

4p0 6334.55 6376.68 6390.42
~26.81! ~26.81! ~26.80! ~26.69!

3p6 6336.11 6378.20 6386.2 6391.88
~25.25! ~25.29! ~25.3! ~25.34! ~25.16!

4p6 6343.61 6385.74 6399.37
~17.75! ~17.75! ~17.85! ~17.64!

5p6 6349.37 6391.88
~11.99! ~11.61! ~11.69!

EB
i 6361.36 6403.49 6411.53 6417.22

EB
i 2EB

A 0 42.13 50.16 55.86
le-

-
t

,

i-

t-

st

excitation energy, labeledA. The second series, labeledB,
we accordingly attribute to theJ85 3

2 Fe1 core level. The
third and fourth series are labeledC and D. Since theJ8
5 5

2 state is expected to split in a nonspherical environme
the C andD series could be explained by the two final-sta
components of theJ85 5

2 level with symmetricG7 andG8 ,
respectively.

In Table I, the energies of the identified lines from theA,
B, C, and D series are given. Taking the 2p6 line in each
series as reference, we have determined the ionization l
for all four series. TheJ85 3

2 level is found to lie 42.1 cm21

aboveJ85 1
2 . The Lande´ interval rule then predicts theJ8

5 5
2 level to lie 5

3 342.1 cm21 above theJ85 3
2 level. No

spectral features, however, appear in this energy range
the other hand, it is tempting to associate theC andD series
found 8.1 and 13.8 cm21 above theJ85 3

2 level with the two
split componentsG7 andG8 of the J85 5

2 level. In this case,
however, the splitting of the4T1 multiplet would deviate
significantly from the Lande´ interval rule.

B. Zeeman spectroscopy

In a magnetic field the line spectra involving transitions
shallow-donor-like states show a very complicated splitt
pattern. To account for this behavior, we must superimp
the Zeeman behavior of the initial3A2 Fe0 state, of the final
4T1 core, and of the shallow-donor states. The behavior
the initial state is well known from EPR measurements, a
the Zeeman behavior of shallow-donor states, is treate
detail in Ref. 9. In order to account for the splitting of th
Fe1 core, we need to have a better understanding of the la
deviations from the Lande´ interval rule. We postpone a dis
cussion of the Zeeman effect for these states until Sec. V
when a more detailed analysis of the overall behavior of
Fei center is carried out. We first turn to an analysis of t
final 5T1 state.

VI. 5T1 EXCITED STATE

In order to determine the origin of the three sharp lin
FeL1 – FeL3 in the range from 5820 to 5875 cm21, we stud-
ied the behavior of these lines in a magnetic field.

A. FeL1

The results for the sharp FeL1 line at 5824 cm21 are pre-
sented in Fig. 2, forB along the three crystal direction
@001#, @110#, and@111#. The line splits isotropically into two

e
ng

al
FIG. 2. Experimental Zeeman splitting of the FeL1 line for Bi@001#, Bi@110#, andBi@111#. Theg value of the final state is derived from
the splitting of the components.
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FIG. 3. Experimental Zeeman splitting of the FeL2 and FeL3 lines forBi@001#, Bi@110#, andBi@111#. The expected transitions from
a 3A2 initial state to aJ852 level, neglecting the zero-field splitting and all couplings to other states, is indicated (gJ51.67). Full lines
represent transitions frommJ521 of 3A2 to mJ522, 21, and 0 ofJ852, and dashed lines those from a thermally populatedmJ50 state
of 3A2 to mJ521, 0, and 1 ofJ852.
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prominent lines, disregarding a weaker high-energy com
nent. The final state of the transition can be written
2S11G, whereG is an irreducible representation ofTd sym-
metry. If G were one of the representationsA1 , A2 , or E, the
Zeeman splitting would be determined entirely by the spinS,
with a splitting between two adjacent components (DmS
51) given byDE5gsmBB. Here,mB is the Bohr magneton,
andgs the sping value (gs52.0023). The experiment show
a clearly larger splitting. ThusG must be of eitherT1 or T2
symmetry, and we associate an effective orbital momen
L851 with G. Spin-orbit interaction will couple the spinS to
L 8, and split the term into multiplet levels with an effectiv
total angular momentumJ85L 81S. The Zeeman Hamil-
tonian can thus be written as

HZeeman5mBB~gLL 81gsS!5mBBgJJ8, ~1!

wheregL is the orbitalg value. The splitting of the line is
then determined byDE5DmJgJmBB, and thegJ value is
obtained from experiment by further assumingDmJ51.
From the data in Fig. 2, we deduce an average value ogJ
53.05. In the weak-field limit, when the Zeeman splitting
smaller than the spin-orbit splitting, we have, forgJ ,11

gJ5
1

2J8~J811!
$~gL1gs!J8~J811!

1~gL2gs!@L8~L811!2S~S11!#%, ~2!

and this expression is used to find the possible combinat
of S and J8 that yield agJ value close to the experimenta
value. ExperimentallygL520.28 was obtained for Fe1 by
EPR.12 The analysis shows that only spin values> 3

2 can give
a gJ as high as the experimental value. We find that we
most likely dealing with transitions to a state withJ851, S
52 andL851, i.e., aJ851 state of a spin-orbit split5T1 or
5T2 term for which Eq. ~2! gives gJ53.14 when gL5
20.28.

According to this assumption, the state should split in
three components,mJ50, 61, when a magnetic field is ap
plied. The shift of the line associated with themJ50 com-
ponent is thus expected to be determined by the initial-s
shift. Annealing experiments indicate that these transitio
occur at the same center as the donorlike transitions
cussed above, and we therefore assume that also in
present case the initial state is a3A2 term. The initial state of
the transition~at ;2 K! is the mJ521 component. If we
o-
s

m

ns

e

o

te
s
s-
the

then identify the component shifting upwards in energy
Fig. 2 as the transition to the finalmJ50 state, an average
initial ground-stateg value of 1.9 is found, close to the valu
of gsA52.0699 observed experimentally in EPR~Ref. 1! for
Fe0. Consequently, the component shifting downwards in
ergy is attributed to transitions to themJ521 state. Finally,
as transitions from anmJ521 initial state to anmJ51 final
state are forbidden, this model predicts two observable c
ponents in agreement with experiment.

For two directions of the magnetic field, shown in Fig
2~b! and 2~c!, however, we see an additional weak comp
nent shifting to higher energies, visible only at low field
We attribute this line to transitions from a thermally pop
lated level of the Zeeman-split initial ground state, i.e., fro
the mJ50 component of3A2 . The line shifts to higher en-
ergies, and therefore it must be due to transitions to themJ
51 component of theJ851 state. From the shift of this line
we obtain an approximate value ofgJ52.9, which agrees
well with the value of 3.05 obtained above. Thus, we ha
substantial evidence from annealing studies and Zeeman
periments that the FeL1 line is due to transitions from the
3A2 ground term of Fe0 to an excited state withJ851 of a
spin-orbit-split 5T1 or 5T2 term. Such transitions are spi
forbidden, but may become observable if they couple
spin-allowed final states.

B. FeL2 and FeL3

Having assigned the line FeL1 to transitions to aJ851
state, we also expect to find transitions toJ852 and 3 states.
The weakly split lines at 5860 cm21, FeL2 and FeL3, are
likely candidates for transitions to theJ852 state. This as-
signment is further justified by the fact that the energy d
ference between these split lines and theJ851 line is ap-
proximately the same as that between the two low
shallow-donor series associated with theJ85 1

2 and 3
2 states

of the 4T1 term. We will see that this is to be expected, wh
we consider spin-orbit interactions in Sec. VII. InTd sym-
metry, aJ852 state is further expected to split into comp
nents ofE and T2 symmetries, resulting in the experimen
tally observed FeL2 and FeL3 lines.

In Fig. 3, the Zeeman behavior of the FeL2 and FeL3 lines
is shown for three directions of the magnetic field. In ad
tion to experimental data, shown as circles, we indicate
expected Zeeman splitting of aJ852 state~disregarding any
splitting at zero field!, where we have used agJ value of
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1.67, calculated from Eq.~2! by arbitrarily setting the smal
gL value to zero. Full lines describe transitions from t
mJ521 initial state of 3A2 to mJ522, 21, and 0 ofJ8
52, while dashed lines represent transitions from the th
mally populatedmJ50 initial state of 3A2 to mJ521, 0,
and 1 ofJ852. In contrast to this simple isotropic model, th
experimental data show an anisotropic splitting, and o
some of the expected transitions are visible. The fit is
course poor, especially for low fields, since we have
glected the zero-field splitting of the line. However, the ov
all splitting behavior is given rather well, considering th
fact that all parameters used in the model were obtained f
an analysis of theJ851 transitions. For higher fields we not
that the lines bend toward lower energies, probably due
coupling to states higher in energy.

We do not see any strong lines that could be due to tr
sitions to J853, but a weak line 10 cm21 above the split
J852 line could possibly be attributed to such a transitio5

This line splits in a magnetic field but the components
come too weak to be traced. Further investigations have t
carried out to justify the labeling of the lines in Table I
where the energy of each transition is given.

The important question at this stage is whether we
construct a5T1 or a 5T2 final state for the excitation of Fe0.
Assuming that we excite an electron from thet2 state, as was
the case for transitions to the shallow-donor states, we
be left with a 4T1 core and an excited electron with spinS
5 1

2 . If this electron interacts with the core, this will result
two terms with total spinS51 and 2. For this coupling to be
effective in separating the two terms, the excited elect
should be rather localized. A possible candidate for this s
is the shallow-donor 1s(A1) state, but here strongly affecte
by the local impurity potential. This model thus natura
leads to3T1 and 5T1 terms of which the5T1 term should be
lowest according to Hund’s rule.

Taking a different point of view, we can consider th
atomic 4s state of iron. Calculations have shown13 that this
state gives rise to a sharpa1 resonance due to the loca
impurity potential, lying just above the conduction-ba
minimum. Within the local-density approximation, a spi
unrestricted calculation could not decide whether thea1
resonance leading to high total spin enters the band ga
not.

As mentioned above, transitions to the5T1 state are spin
forbidden, while those to the3T1 state are allowed. A mixing
of the 5T1 and 3T1 states could, however, make the5T1
transitions visible. Spin-orbit interaction within our config

TABLE II. Experimental and calculated energy values of t
four lines in the 5T1 multiplet. The energies are given in wav
numbers~cm21!. DE is the energy difference between each st
and the lowest level in the multiplet, andDEcalc is the energy de-
rived from the analysis in Sec. VII.

Final state Symmetry label Energy DE DEcalc

FeL1 J851 (T1) 5824.39 0 0
FeL2 J852 ~E! 5860.77 36.38 36.6
FeL3 J852 (T2) 5862.64 38.25 37.6
FeL4 J853 5872.80 48.40 44.2, 47.7, 49.

~A2 , T1 , or T2!
r-

y
f
-
-

m

to

n-

-
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te
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ration can be responsible for such a coupling. The spin-o
operator will to lowest order only mix states with equalJ
values. Since3T1 only containsJ850, 1, and 2, we do not
expect to see any transitions to theJ853 level. In summary,
we are lead to assign the FeL1, FeL2, and FeL3 to transitions
from the 3A2 ground state of Fe0 to different components o
the 5T1 multiplet.

Ignoring for the time being that transitions from a3A2
ground state to aS52 state are spin forbidden, and by co
sidering the overall symmetry of the levels, we can in a fi
approximation determine which transitions in principle a
symmetry allowed. The spin part of3A2 transforms asT1 ,
and combining this with the orbitalA2 symmetry, we have a
T2 initial state. Thus transitions to states with overall sy
metry A1 , E, T1 , andT2 are possible. The final states co
sidered above haveJ851 and 2 which transform asT1 and
E1T2 , respectively. Figure 4 shows experimental spec
for the J851 (FeL1) andJ852 (FeL2,3) lines obtained us-
ing polarized light and a pronounced polarization dep
dence is observed. If we neglect the weak zero-field splitt
of theJ852 line, regardmJ as a good quantum number, an
only consider transitions from the lowest Zeeman-split co
ponent with mJ521 which transforms asuT2 ,21&, a
simple analysis of dipole-transition matrix elements yie
selection rules that agree with the observed behavior.

VII. MULTIPLET SPLITTING OF 4T1 AND 5T1 STATES

When considering spin-orbit effects in the4T1 and 5T1
terms discussed above, we note that all orbital contribut
derives from the five electrons in thet2 shell of Fe1. The
one-particle spin-orbit operator can be written

Hso
e 5gLj l8•s ~3!

wherej is the spin-orbit parameter,l8 is the effective orbital
momentum,s is the electron spin, andgL is the orbitalg
value. Within a 2S11G term, the spin-orbit Hamiltonian is
generalized to

Hso5gL(
i

j l i8•si5gLlL 8•S, ~4!

e

FIG. 4. Transmission spectra recorded with polarized light
Bi@001#, showing the Zeeman split FeL1 (J851) and FeL2,3 (J8
52) spectral lines, forEiB andE'B. The peaks are labeled by th
mJ value of the final state in the transition.
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FIG. 5. The calculated Zeeman behavior of the5T1 term after parametrization of the4T1 and 5T1 states. Full lines represent transition
from themJ521 initial state, while dashed lines are due to transitions from the thermally populatedmJ50 state. Experimental data point
are shown as circles.
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whereL 85S l i8 is the total effective orbital angular momen
tum, S5Ssi is the total spin, andl the effective spin-orbit
parameter. We expect both the4T1 and 5T1 terms to have
approximately the samegL and j, since we assume that a
orbital contribution derives from thet2 shell of the core. In
the following, we will use the EPR value12 gL520.28 for
Fe1.

For ground-state terms obeying Hund’s rules, i.e., ter
with maximum spin, one findsl56j/(2S).14 The plus and
minus signs apply for less than or more than half-filled el
tron shells, respectively. Thus, for the4T1 state we have
l@4T1#52j/3, and for the5T1 statel@5T1#52j/4. For the
splitting between the two lowest spin-orbit split levels of4T1
and 5T1 we find the same values

DE@4T1#5E~J85 3
2 !2E~J85 1

2 !5 3
2 gLl@4T1#52 1

2 gLj,

DE@5T1#5E~J852!2E~J851!52gLl@5T1#52 1
2 gLj.

Experimentally we obtain DE@4T1#542.13 cm21 and
DE@5T1#'37 cm21. We deduce approximate values ofj
'340 cm21 (4T1) and j'300 cm21 (5T1), which compare
well with the free-ion value of the one-electron spin-or
constant of 345 cm21 given in Ref. 15. Our spherical mode
and the Lande´ interval rule predict that energiesE(J853)
2E(J852)5 3

2 DE@5T1#'56 cm21 and E(J85 5
2 )2E(J8

5 1
2 )5 5

3 DE@4T1#'70 cm21, which are considerably large
than the experimental values in Tables I and II. If theC and
D series are in fact related to the splitJ85 5

2 level ~G7 and
G8!, these states are strongly shifted toward lower energ
Also theJ852 level of 5T1 is split into two components~E
andT2!. The weak component FeL4 could be assigned to
substantially shifted component of theJ853 state, made vis-
ible by a possible higher order interaction.

The experimental results indicate that the lines we id
tify as transitions to the4T1 and 5T1 states are closely cor
related. We attribute the anomalies in multiplet line spacin
and intensities5 to the Fe1 core, common to both final state
The core is essentially uncoupled from the excited shallo
donor-like electron in the4T1 case but couples to a rathe
more localized electron in ana1 state via exchange interac
tion in the 5T1 state. In order to correlate the two multipl
structures, we parametrize the observed splitting of the4T1
state using an effective Hamiltonian containing spin ope
tors up to second order:16
s

-

s.

-

s

-

-

Heff5xL•S1K1~L•S!21K2~Lx
2Sx

21Ly
2Sy

21Lz
2Sz

2!. ~5!

At this stage, the parametrization only serves as a way
summarily including all possible interactions with stat
higher in energy. The physical origin of these interactions
discussed briefly below. By diagonalizingHeff in the uT1 ,S
5 3

2 ,m,ms& basis of4T1 , obtained as a direct product of th
orbital uT1 ,m& and spinuS5 3

2 ,ms& functions, we recover the
experimental energies of the4T1 multiplet with the param-
eters x56.92 cm21, K1527.12 cm21, and K2
53.02 cm21. These parameters were obtained under the
sumption that seriesC andD are associated with theG7 and
G8 components ofJ85 5

2 , respectively. It seems likely tha
the weaker seriesC involvesG7 and this relative ordering o
G7 andG8 is in fact required to yield the observed orderin
of the E and T2 levels of J852(5T1) below. In order to
determine the5T1 levels we couple theuT1 ,S5 3

2 ,m,ms&
states with an additionala1 electron with s5 1

2 and use
Clebsch-Gordan coefficients to obtain the statesuT1 ,S
51,m,ms& and uT1 ,S52,m,ms&, corresponding to3T1 and
5T1 terms, respectively. From the matrix ofHeff in the 4T1
basis, we determine by this transformation the matrix ofHeff
in the (3T1 , 5T1) basis. If we now assume a sufficiently larg
exchange splitting between3T1 and 5T1 , matrix elements
coupling the two terms may be neglected. By diagonaliz
the 5T1 submatrix we finally obtain the relative energies f
the 5T1 levels in terms of the parameters characterizing
4T1 term. These energies not only reproduce the experim
tal energy spacings among theJ851 and 2~E below T2!
levels of 5T1 to within an accuracy of 1 cm21, but also
confirm that the tentatively assigned FeL4 may be a compo-
nent of theJ853 level; see Table II.

The Zeeman behavior of the5T1 and 3T1 multiplets can
now be calculated by adding the matrix elements of the Z
man Hamiltonian@Eq. ~1!# to the (3T1 , 5T1) matrix of Heff .
The result is shown in Fig. 5 for the splitJ852 level of 5T1 .
The full lines in Fig. 5 are associated with themJ5
21 3A2 initial state, while dashed lines correspond to a th
mally populatedmJ50 initial state. The calculated pattern
in good agreement with experimental data, shown as circ
This agreement can only be obtained ifE lies belowT2 . We
will use the same set of parameters when we treat the Z
man splitting of the4T1 core of Fe1, discussed in Sec. VIII.

Since the spacing of the broad linesR1 andR2 agrees
approximately with the experimental energy difference b
tween the lowest levels of both the4T1 and 5T1 multiplets,
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we have considered the possibility that these features m
be due to transitions to the3T1 multiplet. If this were the
case, we would expect, in line with the findings for the4T1
multiplet, that the highestJ852 level would have strongly
reduced intensity and be shifted toward lower energies, c
to theJ851 level. From the multiplet splitting within3T1 ,
obtained in the calculation above, we find thatR1 might
involve transitions to theJ850 level andR2 transitions to
both theJ851 level and the nearby components of theJ8
52 level. However, this raises the question why these tr
sitions are so much broader than the sharp5T1 transitions.
As the expected Zeeman splitting is small compared to
linewidth, no Zeeman effect could be resolved, which ma
it impossible to confirm any such assignment.

VIII. ZEEMAN EFFECT OF THE SHALLOW
DONORLIKE TRANSITIONS

A. Initial state and Fe1 core

The Zeeman effect causes the ground state3A2 of Fe0 to
split into three components (mJ50,61), where each com
ponent shifts byDE5mJgJmBB with gJ5gsA52.0699.
Since all measurements were carried out at temperature
low 2 K, we assume the thermal population of themJ50 and
1 states to be negligible~at least at higher fields! and thus the
mJ521 state is the initial state in the transitions, transfor
ing asuT2 ,21&.

In order to analyze the possible transitions, we initia
limit ourselves to a simple first-order treatment where
neglect all nonspherical effects. In the excitation processt2
electron is excited to a shallow-donor-like state. The t
electrons in thee state remain unaffected by the transitio
and retain their spin symmetry ofuT1 ,21&, while the five
remaining electrons in thet2 shell have total spinS5 1

2

~spin-up and spin-down are denoteda and b, respectively!
and orbital symmetryT2 . CouplingS51(e2) andS5 1

2 (t2
5)

to a high-spin configuration results inS5 3
2 spin functions

transforming asG8 in Td symmetry, which can be written
down using Griffith’s tables in Ref. 17 as

uG8k&5uT1,1&a, mS5 3
2 ,

uG8l&5A2
3 uT1,0&a1A1

3 uT1,1&b, mS5 1
2 ,

uG8m&5A1
3 uT1 ,21&a1A2

3 uT1,0&b, mS52 1
2 ,

uG8n&5uT1 ,21&b, mS52 3
2 . ~6!

Coupling the total spinS5 3
2 of the 4T1 core with its orbital

T1 symmetry, we obtain the following expressions17 for the
components of theJ85 1

2 level with G6 symmetry which are
involved in the transition series labeledA:

uG6a8&5A1
2 uT1 ,21&uG8k&2A1

3 uT1,0&uG8l&

1A 1
6 uT1,1&uG8m&, mJ5 1

2 , ~7!

uG6b8&5A1
6 uT1 ,21&uG8l&2A1

3 uT1,0&uG8m&

1A 1
2 uT1,1&uG8n&, mJ52 1

2 .
ht

se

-

e
e

be-

-

e

o
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Similar expressions for theJ85 3
2 and 5

2 levels can easily be
written down.17 We note that only theuG8m& and theuG8n&
spin functions in Eq.~6! contain terms withuT1 ,21& sym-
metry for the twoe electrons, and thus represent the only tw
possible final spin states in the transitions if thee electrons
remain unaffected in the excitation process. Further, w
the excited electron has spin-up~leavingt2

5 in b!, the core is
left in the uG8n& spin state; when the electron has spin-do
~leaving t2

5 in a!, the core is left in theuG8m& spin state. In
this way we can easily estimate the probability ratios for
transitions to the different final core states.

In a magnetic field, theJ85 1
2 (G6) level is split byDE

5gJmBB and, for the moment only taking the spin-splittin
of the excited electron,DE5gsmBB, into account, each
zero-field transition of theA series will in principle split into
four components, as shown in Fig. 6. A possible additio
orbital splitting of the excited shallow-donor states will b
discussed below. In Fig. 6 the transitions are labeled from
to 4, and for each we give the final state of the core,
orbital symmetry and spin of the initial state of the excit
electron, and the relative probability factors obtained fro
Eqs.~7! and~8! as discussed above. Transition 4 is found
be impossible if the initial state is themJ521 component of
3A2 , and thus we expect three experimental compone
with approximate intensity ratios 2:9:1. From a simil
analysis of theJ85 3

2 core-state transitions~seriesB!, we find
that, of the eight conceivable final states, three correspon
impossible transitions and only two of the five remaini
allowed transitions are estimated to be strong; see Fig. 6

B. Shallow donor states

The linear and quadratic Zeeman effect of shallow-do
states in silicon has previously been studied within
framework of EMT.9 To analyze the transitions at Fe0 which
involve shallow donor states, we use the accurate descrip
of the orbital splitting of these states as obtained in Ref.

C. Experimental results

When fitting our data we must take into account~i! the
Zeeman shift of themJ521 state of the3A2 initial state,~ii !

FIG. 6. Schematic Zeeman splitting of theJ85
1
2 and 3

2 levels of
the 4T1 core when the spin splitting of the excited electron is
cluded. The symmetry of the core state reached in the transition
given together with the spin state and the orbital symmetry of
initial state of the excited electron. The expected relative probab
ratios of each transition are derived from Eqs.~6! and ~7!.
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FIG. 7. Experimental Zeeman splitting of the 2p0
A line for ~a! Bi@001#, ~b! Bi@110#, and~c! Bi@111#. The predicted lines are labeled b

the number of the final state of the core; see Fig. 6. In the top of the figure, the Zeeman splitting of a 2p0 shallow-donor state is given fo
comparison~Ref. 9!.
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the final-state4T1 core splitting, and~iii ! the shallow-donor
behavior as determined in Ref. 9. We will only consider t
2p0 , 2p6 , and 3p0 states of the two series involving th
J85 1

2 and 3
2 core states, i.e., theA andB series. The third and

fourth series are too weak to be studied in a magnetic fi
In all calculations of the4T1 core splitting below, the param
etrization described in Sec. VII is used.

Figure 7 shows the Zeeman results for the 2p0
A line with

~a! Bi@001#, ~b! Bi@110#, and~c! Bi@111#. In Figs. 7~a! and
7~b!, the dashed lines correspond to transitions to state
6x and6y valleys, while full lines are transitions to state
at 6z valleys. In the insets above each figure, the cor
sponding theoretical splitting of a shallow 2p0 state is given9

for comparison. The lines are labeled by numbers indica
the final state according to Fig. 6, which includes a spec
cation of the Fe1 core but only of the spin of the excite
electron. The experimental data points closely follow the t
oretical lines, but it is obvious that shallow-donor states
longing to different valleys are involved in the different tra
sitions; i.e., forBi@001#, the6z valleys are reached for line
1, whereas6x and6y valleys are reached for lines 2 and
For Bi@110#, 6x and6y valleys are reached regardless
the final state of the core. ForBi@111# there will be no
splitting, since all valley orientations now are equivale
with respect to the direction ofB.

In order to interpret the experimental results of Fig. 7
must consider the transformation properties of the shall
donor states in somewhat greater detail. Ap0 state contains
valley combinations of symmetriesA1 , E, and T2 at zero
magnetic field, and transitions to all these combinations
symmetry allowed. The quadratic Zeeman shift of ap0 state
depends on the angle between the magnetic-field direc
and its valley axis. TheT2 combinations, behaving asx, y,
andz close to the origin, only involve valleys along the sam
axis, and remain eigenstates when the Zeeman Hamilto
is included. TheA1 andE components, on the other hand,
general involve inequivalent valleys and may be mixed
the magnetic field. Forp states we expect valley-orbit inte
actions to be negligible, and we may thus instead ofA1 and
E consider combinations of valley states transforming asx2,
y2, or z2 associated with the6x, 6y, or 6z valleys, re-
spectively. These combinations are labeled (A1E) combina-
tions. Consider now, e.g., the transition corresponding to
d.
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1 in Fig. 7~a!, with Bi@001#. The core is left inuG6b8& ~cf.
Fig. 6! and the initial state of the excited electron has s
down and orbital symmetryut2,0&, i.e., transforms asz
and/orxy. With the electric fieldE parallel to the magnetic
field (EiBiz), only thep0 state combination transforming a
z2 is observed, i.e., that (A1E) combination involving6z
valleys. No transitions top0 states atx andy valleys are seen
in this case. ForE'B, transitions to states transforming asx
andy, i.e., theT2 combinations ofp0 states at6x and6y
valleys, are allowed. Experimental data in Fig. 7~a! show
that only the transition to the (A1E) combination is strong
enough to be observed. Applying the same analysis to
other transitions forBi@001# and to those forBi@110#, we
conclude that for all transitions top0 states those to the
(A1E) combinations are the strongest. Transitions toT2

combinations have in fact not been clearly identified. Expe
ments using polarized light confirm the results of the abo
analysis. ForBi@111# no valley splittings occur, and for this
particular sample only transitions corresponding to line
were sufficiently intense to be detected.

Forming the (A1E) and T2 combinations above actuall
implies multiplying ap0 envelope function with a properly
symmetrized linear combination of Bloch waves from t
corresponding valleys. For, e.g., thex2 combinations of
(A1E), this linear combination will contain a factor sin(kxx),
while for thex combination ofT2 the corresponding factor is
cos(kxx), wherekx is the Bloch vector of thex valley. The
cos(kxx) term significantly reduces the amplitude of the wa
function at the four nearest-neighbor sites compared to
sin(kxx) term, which may in part explain the experiment
observations.

Figure 8 shows the experimental and calculated Zeem
behavior of the line complex 2p6

A , 2p0
B , and 3p0

A for
Bi@001#. A manifold of lines is expected, but only a few o
these correspond to transitions with sufficiently high tran
tion probabilities to be detected experimentally. Lines e
pected to be weak, based on the results of Fig. 7, are,
clarity, omitted in Fig. 8; see the discussion below. We e
pect the 2p6

6z states to split bye\B/mt , while the 2p6
6x,6y

states only show a small second-order split as they coup
3p0

6x,6y . Each of the corresponding final states splits in
three components due to the Zeeman splitting of the core
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the spin of the excited electron. The 2p2
A lines are labeled by

the final state of the core~1–3!, according to Fig. 6. Solid
lines mark transitions to shallow states at6z valleys, and
dashed lines those to6x and6y valleys. For the superim
posed 2p0

B line, only two finalJ85 3
2 core states are shown

corresponding to those transitions expected to be strong
i.e., lines number 7 and 9 in Fig. 6. In addition to this co
splitting, the 2p0

B state splits due to the quadratic Zeem
effect, with 2p0

6z states higher in energy than the 2p0
6x,6y

states, according to the results for the 2p0
A state in Fig. 7~a!.

FIG. 8. Experimental and predicted Zeeman behavior of
2p6

A , 2p0
B , and 3p0

A lines forBi@001#; see text for details. Experi
mental data are marked ass for unpolarized light,1 for EiB, and
3 for EiB. The transitions that are predicted to have high transit
probabilities are shown as full and dashed lines, correspondin
transitions to shallow states at6z and 6x,6y valleys, respec-
tively.

FIG. 9. Experimental data and theoretical behavior of the 2p6
A ,

2p0
B , and 3p0

A states forBi@110#.
st,

We assume that the results obtained for the intensitie
the 2p0

A components in Fig. 7 are applicable to allnp0 states
in the spectrum. Transitions to 3p0

6z states for line 1 and
3p0

6x,6y states for lines 2 and 3 are therefore expected to
most prominent. For line numbers 7 and 9 of the 2p0

B line,
the initial state of the excited electron has orbital symmetr
ut2,0& and ut2 ,21&, respectively, similar to lines 1 and 2 i
theA series. We therefore expect transitions to 2p0

6z states to
be strongest for line 7, while for line 9 transitions to 2p0

6x,6y

states are expected to be strongest. Experimental data p
are given in Fig. 8 for unpolarized light~s!, for EiB ~1!,
and E'B ~3!. The fact that some transitions are observ
only for polarized light is due to the weak intensity of th
spectral lines.

Figure 9 shows the results for the same line complex, n
with Bi@110#. The information from Fig. 7~b! that transi-
tions to 2p0

6x,6y are strongest, no matter what core state
reached, is used for the 2p0

B and 3p0
A states, and only the

e

n
to

FIG. 10. Experimental data and theoretical behavior of
2p6

A , 2p0
B , and 3p0

A states forBi@111#. Only transitions to core-
state numbers 2, 7, and 9 are indicated.

FIG. 11. Experimental data and theoretical behavior of the 2p6
B

and 3p0
B states forBi@001#. Transitions to core-state numbers 7 a

9 are indicated.
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strongest theoretical transitions are included in the figu
For the 2p6

A state, no transitions can be ruled out, and
possible lines are marked together with the experimental
points, corresponding to unpolarized light. The characteri
avoided crossing behavior between 2p1

6x,6y and 3p0
6x,6y is

clearly observed.
Figure 10 shows the experimental and theoretical res

for Bi@111#. Since all valleys lie at the same angle to t
magnetic field, the splitting pattern is less complex. Due
the low concentration of Fei

0 centers in this sample, onl
transitions with very strong intensity could be detected.
Fig. 10 we therefore only show the theoretical lines cor
sponding to transitions to one of the final core states of thA
series, i.e., core state number 2, and two for theB series, core
state numbers 7 and 9.

Figures 11 and 12 show the Zeeman behavior of the 2p6
B

and 3p0
B states forBi@001# and Bi@110#, respectively, to-

gether with the theoretically predicted lines corresponding
core states 7 and 9. The agreement is excellent and jus
our assignment of theB series.

The almost perfect agreement between experimenta
sults and our model for theA and B series supports ou
interpretation that the initial state of the transitions is the3A2
mJ521 component of Fe0, and the final states are theJ8
5 1

2 and 3
2 states of the spin-orbit-split4T1 state, with the

excited electron in a shallow donor state. Due to the l
intensity of the transitions to what we may presume to be
split J85 5

2 state, and the fact that these states are expecte
split into several even weaker components in a magn
field, the assignment of theC and D series could not as
convincingly be verified by Zeeman experiments. Tho
components, however, that were observed followed the
dicted behavior satisfactorily.

IX. NON-LANDÉ BEHAVIOR

Our analysis of the electronic structure of Fe0 has led to a
consistent interpretation of all available data, especially
the lower components of the4T1 and 5T1 multiplets. For the
highest components, the experimental evidence indic
large deviations from the Lande´ interval rule and a strong
decrease in intensity.5 Unfortunately, as the correspondin
lines are very weak, little detailed information on their b
havior in a magnetic field or under uniaxial stress is av

FIG. 12. Experimental data and theoretical behavior of the 2p6
B

and 3p0
B states forBi@110#.
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able. Thus, very little conclusive evidence is available
determine what mechanism is responsible for this ‘‘abn
mal’’ behavior. The simplest explanation would be a seco
order spin-orbit coupling to electronic terms higher in e
ergy. Although the electronic structure of these higher sta
is rather uncertain, an inspection of the relevant matrix e
ments shows that it is unlikely that this could be a domin
ing effect. In particular, it would be difficult to explain th
strong modification of the highest component in view of t
fact, that the lower components are well understood wit
our model. A much more natural explanation is based on
Jahn-Teller~JT! effect, and for many systems it has be
shown that a dynamical JT interaction strongly modifies
ergy spacings and intensities.18,19

X. CONCLUSIONS

The ground and excited states of Fe0 have been studied by
means of high-resolution Fourier transform spectrosco
combined with a magnetic field. The analysis confirms t
the ground state of Fe0 has 3A2 symmetry, and that two
different kinds of excited states are observed. The first ar
when an electron is excited to a shallow-donor-like sta
close to the conduction band. The excited electron is de
calized and does not interact with the Fe1 core, which is left
in a 4T1 state, i.e., a state with an effective angular mom
tum L851 and spinS5 3

2 . This state is experimentally foun
to split into four components, as four series of shallo
donor-like states are detected. The behavior of the Fe1 core
differs both in energy splittings and relative intensity fro
what is expected within a spherical model. First-order sp
orbit interaction causes the state to split into three com
nents labeledJ85 1

2 (G6), J85 3
2 (G8), and J85 5

2 (G71G8).
Experiment indicates that theJ85 5

2 state splits into two
components~G7 below G8!, and that these components a
strongly shifted toward lower energies in disagreement w
the Lande´ interval rule. The experimental intensities for th
transitions toJ85 3

2 and 5
2 are also much smaller than ex

pected theoretically.
The second kind of excited state occurs when the elec

is excited to a more localizeds-like a1 state which interacts
with the 4T1 core. This results in a5T1 term whose multiplet
structure, when compared to Lande´’s interval rule, is found
to be as distorted as that of the4T1 core. The first-order
spin-orbit interaction splits the state into three compone
with J851(T1), J852(E1T2), and J853(A11T11T2).
Experimentally, theJ852 state is seen to split into two com
ponents, with theE state lowest in energy, and theJ853
state is very weak in intensity and strongly shifted from
expected energy position.

The experimental observation of a significant deviati
from Landé’s interval rule for these two final-state multiple
suggests a substantial interaction either with higher e
tronic states or, what is more likely, with vibrational mod
due to a dynamic Jahn-Teller distortion of the Fei center.
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