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Neutral interstitial iron center in silicon studied by Zeeman spectroscopy
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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, 3—TeThe first set arises when an electron is excited to a shallow-
donor-like state, I'—fb*—hv—> Fe"+e~, where the electron is decoupled from the" Fmre whose ground state
is a *T, term. The second set arises when an excited electroa; cfymmetry is coupled by exchange
interaction to the Fé core, yielding a°T; 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 the*T; and 5T, states due to spin-orbit interaction but large deviations from the
Landeinterval rule are observed, as well as a marked decrease in intensity for the high-energy components.
Our analysis confirms that tH&; and 5T, states are closely related, and a dynamical Jahn-Teller distortion is
suggested to be the dominant mechanism responsible for the non-haheeior.[S0163-18208)06036-§

I. INTRODUCTION spectrun®® Here an electron is excited to a more localized
a, state, which now interacts with th&T; core of Fé& to
When diffused into the silicon lattice, the transition-metal form a final state with T, ground-state term.

(TM) impurity iron introduces deep levels in the band gap. In  In this paper, the interstitial iron center will be analyzed
this paper we focus on the isolated interstitial iron defect inin detail using Zeeman spectroscopy. The electronic struc-
silicon, Fe, which has been studied by several experimentature of the initial ground state and of the two sets of final
methods over the years, starting with the classic electronexcited states,*T;+e~) and °T,, are investigated. The
paramagnetic-resonan¢EPR) work of Ludwig and Wood- common features of the final states in the studied transitions,
bury (LW).! They explained their TM data successfully by such as the deviations from the Lanierval rule, and the
what was later to be called the Ludwig-Woodbury model.large decrease in intensity for some higher states, suggest
TM impurities have since then attracted a lot of interest bottthat the final ¢T,+e~) and °T, states are closely related.
theoretically™* and experimentally.A basic understanding
of these impurities has been gained, mainly based on infor-
mation derived from EPR measurements which, however, Il. EXPERIMENTAL DETAILS
usually probe only the ground state. Transmission experi-

ments on TM defects on the other hand, provide information The samples used in the expenmental work were orgi-
nally n-type phosphorus-doped floating-zone silicon with re-

on the .excne(.i.states n add.|t|on.to Fhe ground state. Thgistivities of 5 and 4Q) cm. The samples were oriented by
neutral |nte_rst|t|_al TM defect iron in silicon, ?ehas _been x-ray Laue backscattering, and then cut in the three main
shown to give rise to an especially complex absorption SPeGerystal directions{100), (110), and(111).
trum in the range of about 5820-6450 ¢thi~® The excita- After polishing and cleaning the samples, iron was intro-
tion spectrum of Feis presented in Ref. 5. duced by means of solid-state diffusion, either by evapora-
It has been suggestedhat the transitions in the range tion of iron onto the sample surface or by placing a small
6300—6420 cm' correspond to excitations of an electron iron wire in the quartz ampoule. The sealed quartz ampoules,
from the ground state of B¢o shallow-donor-like states just containing samples, iron, and argon gas at about 300 mbar,
below the conduction-band minimum. In the final state of thewere heat treated for approximatel h at atemperature of
optical transition, the interaction between the electron in @260 °C, and then rapidly quenched to room temperature in
shallow-donor-like state and the positively charged core wasthylene glycol. Some of the samples were immediately
assumed to be negligible. The final state should thus consistored in liquid nitrogen to keep the interstitial iron concen-
of two noninteracting systems, the shallow-donor electrortration at a maximum.
and the residual Fecore, whose ground state is*@; mul- The measurements were performed using a BOMEM
tiplet. It was further reported that the line spectrum consistedA3.01 Fourier-transform spectrometer equipped with a
of not only one but four series of shallow-donor-like states. liquid-nitrogen-cooled InSb photodiode detector. In the Zee-
This was explained by a shake-up effect where the é@e, man experiments an Oxford Instruments Spectromagnet was
after the optical transition, would be left not only in its low- used in the Voigt configuration, and spectra were recorded at
est ground-state level but also in higher levels of ffig magnetic fields up to 6.5 T. The sample temperature was 1.9
multiplet. The sharp lines in the range 5820-5875 tm K. For the annealing experiments a Leybold-Heraeus
labeled Fel to Fg4 in Ref. 5, are also part of the ¥e continuous-flow cryostat was used. The cryostat was cooled
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?1.2 by EPR measurements, and thealue for the3A, ground

‘é g state of Fé was determined to bgs,=2.0699" An effective

= Lmemme BERRSEENY orbital momentum 1=1 can be associated with an electron

] in thet, state, and all matrix elements of the orbital angular

0.8 § - .

2 | momentum operatot. within the t, manifold are propor-

2 0.6k % tional to those ol within a manifold ofp orbitals (1=1).

QL . . .

E The single constant of proportionality would assume the

T 04t Shallow Donor S valueg, =—1 if the t, orbitals were purel orbitals of the

N --+- Shallow Donor States 4 :

S o maRe ¢ iron atom. o _ _ o

02 el Feo&Fes3 | Recent calculatiorfs* confirm that interstitial iron indeed

= Ll e L '\ . . .

S L gives rise tot, and e gap levels, and that Hund's rule is
00 50 100 150 200 obeyed for the ground state, but the simple LW model has to

Temperature (°C) be modified. Thee andt, gap states are not pucklike, as

expected from the LW model, but contain contributions from

FIG. 1. The annealing behavior of the observed spectral lines iqtp p-like host states and-like defect states. The nonvan-
iron doped silicon(see Ref. b The annealing was carried out for ishing matrix elements of. within the t, states are thus
gight different temperatures between 50 and 200 °C for 30 min. A”expected to be modified by these hybridization effects, and
lines anneal out at about 200 °C. g. may assume values in the range between 1 -afdthe

limiting values corresponding to pupeand pured orbitals,
aFespectively. They, value can be further reduced by cova-
lency and by dynamic Jahn-Teller effects, and experimen-
tally it has been shown to be rather small fat 8ansition
I1l. ANNEALING EXPERIMENTS metals in silicon.

The line spectra in the range 6250—6400 ¢rare attrib-
HtEd to transitions where an electron is excited to a shallow-
donor staté€;® and is thereby effectively removed from the

ositively charged iron core state FeThe ground state of
‘% " is a T, term deriving from thet3e? configuration for
the Fe corel? In a one-particle picture, the transitions thus
d correspond to exciting an electron frontaorbital to a shal-

further down at 5800—5950 cif a series of sharp lines la- Iowsdonor state. Spln-o_rblt mte_ractlon will couple the spin
S=3 to the total effective orbital angular momentuini

beled Fel—Fg4 are detected The lowest of these lines is . o . .
superim%osec?on a broad line of high intensity. Absorption_ 1, ?nd the terrtnrlsls_plllt |2t0 tzréete IeV?S W_'th ef;?cmlie total
measurements were carried out after a 30-min anneal at eigﬁpgurar nllomin u _EE’RZ and; trans orm|rr]19 a 6h’ 8 h
temperatures ranging from 50 up to 200 °C. The intensitie%‘p_ 1 7t r?' gama m?aéure_rgents ave shown that
of the lines Fel, Fq 2, and Fe3 were added and compared 9 — 2 1S the ground state of Fewith an experimentay

—1_ 1
to the summed intensities &1 andR2 and of the three YalUe 0f0;=z=3.524. L
strongest lines in the shallow-donor series. In Fig. 1, the The delocalization of the shallow-donor states implies

normalized intensities are plotted versus annealing temperéhat the core of the residual Fémpurity will only weakly

ture. We find that Fel, Fq 2, and Fe3 have the same an- interact with the excited electron. In the final state of the
nealing behavior as the lines belonging to the shallow-donoVanf't'On’ th_e core may then be left in the different levels of
spectra at about 6300 c¢th The resonance structurB4 and the .Tl multlplet, and we would expect t_o see three hydro-
R2 behave similarly, and all lines are annealed out at a temd©NIC Series of,donor s_tates corresponding to the three pos-
perature of 200 °C. By inspection of the annealing spectra, i?'ble Va'“¢3 oD". Effec“_"e'm"?‘s$ theorQEMT_) can be used

is clear that the broad resonance which peaks at 5800 cm to (_jetermlne the energles within gach Series, anq the three
anneals out at this same temperature. These experime%%”es may be expected to be displaced according to the

with liquid helium, and the sample temperature was kept
10 K.

Annealing of iron diffused into an originallp-type sili-
con sample results in a decrease in intensity of the lines i
the range 5820-6420 crh High-resolution spectroscopy
measurements combined with photo-EPR have, in an earli
annealing study, identified the line spectra in the range
6300—6420 cm’ to arise from the excitation of Be

Two intense broad lineR1 and R2 are observed, an

strongly suggest that all lines and resonances in the ener ndeinterval rule, at least within a spherical model, where

range of about 58206450 cthhave the same origin, i.e., 1'€J =5/2(I'7,1'g) level remains unsplit.
the neutral interstitial iron center fe

V. 4T, CORE PLUS SHALLOW-DONOR STATES

IV. ELECTRONIC STRUCTURE .
A. Absorption measurements

Ground state of F& A S
We will first concentrate on the shallow-donor-like line

According to the LW modet,the neutral interstitial iron spectra in the range 6250—6400 tinand then on transi-
center in silicon has #3e? ground-state configuration. The tions having finap-like shallow states. The binding energies
six electrons in the, state form a'A; term and the twee  of the p-like states are rather insensitive to the details of the
electrons form a high-spifA, term, and together a totdA,  defect core and should be well given by EMT, since shallow-
term is formed. Sinc&=1 transforms a3, in T4 symme- donor states are delocalized andike states have a node at
try, the spin and the orbital part of th&\, term may finally ~ the origin. Silicon has six equivalent conduction-band
be coupled to yield &, level. This model has been verified minima along thg100] directions, and this implies that all



PRB 58

TABLE |. The experimental energies of tlelike shallow do-
nor states of the four seriés B, C, andD. All energies are given in
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excitation energy, labeled. The second series, label&]
we accordingly attribute to thd’=2 Fe" core level. The

wave numbergcmY). The energies given in parentheses are thethird and fourth series are labeld@ and D. Since theJ’
corresponding binding energy gf egch state, obtained by assuming 3 state s expected to split in a nonspherical environment,
that the 2. state of each series is given exactly by EMT. The the C and D series could be explained by the two final-state

EMT binding energies of each state, obtained from a Variationabomponents of thd’ =2 level with symmetricl’; and T’
calculation(Ref. 10, are given in the last column. 2 ! 8

respectively.
In Table I, the energies of the identified lines from the

Final state Seried SeriesB SeriesC SeriesD EMT B, C, andD series are given. Taking thep2 line in each
2po 6268.61 6310.83 6318.73 6324.34 series as reference, we have determined the ionization limit
(92.79  (92.66 (92.80 (92.89 (92.69 for all four series. Thel’ =2 level is found to lie 42.1 cmt
2p. 6309.72 6351.85 6359.80 6365.58 abovelJ’=1%. The Landeinterval rule then predicts th@’
(51.64 (5164 (51.64 (51.64 (51.64 =2 level to lie $x42.1 cm?® above thel’=2 level. No
3P, 6317.11 6359.34 6367.20 6372.95 spectral features, however, appear in this energy range. On
(4425 (44195 (4433 (4427 (4424  theother hand, it is tempting to associate @andD series
found 8.1 and 13.8 cit above thel)’ = £ level with the two
4p, 6334.55 6376.68 6390.42 ) 2 -
(26.8)  (26.81) (26.80 (26.69 split componentfj .andl“g of theJ’ =3 level. In this case,
3p. 6336.11 637820 6386.2  6391.88 h_ow_e_ver, the splitting of,the“Tl multiplet would deviate
N (2525 (2529 (25.3 (2534 (25.18 significantly from the Landénterval rule.
4p-. 6343.61 6385.74 6399.37
(17.79 (17.75 (17.85 (17.69 B. Zeeman spectroscopy
Sp- 6349.37  6391.88 In a magnetic field the line spectra involving transitions to
(1199 (1169 (11.69 shallow-donor-like states show a very complicated splitting
EL 636136 640349 641153 641722 pattern. To accoun_t for this be_havior, we must super_impose
£l £ 0 4213 5016 5586 the Zeeman behavior of the initidA, Fe state, of the final

donor states are at least sixfold degenerate in a first sing|
valley approximation. IfT4 symmetryp, states transform as
A, +E+T,, whereas thep. states transform as T2
+2T,. The valley-orbit interaction and central-cell effects

lift this accidental degeneracy.

4T, core, and of the shallow-donor states. The behavior of
the initial state is well known from EPR measurements, and
the Zeeman behavior of shallow-donor states, is treated in

e_

detail in Ref. 9. In order to account for the splitting of the
Fe" core, we need to have a better understanding of the large
deviations from the Landmterval rule. We postpone a dis-
cussion of the Zeeman effect for these states until Sec. VIII,

% when a more detailed analysis of the overall behavior of the
Fe center is carried out. We first turn to an analysis of the
final °T, state.

The electric dipole operator hak, symmetry. The
ground state has éez configuration, and when an electron
is excited from thet, shell, optical dipole transitions are
allowed to all one-particle states having transformation prop-
erties which appear in the reduction of the direct product

ToXTo—A+E+T,+T,. Although symmetry consider- | order to determine the origin of the three sharp lines

ations thus allow transitions to all valley-orbit-split states,Fql_FQ:; in the range from 5820 to 5875 ¢ih we stud-
they give no information on their relative intensities, for joq the behavior of these lines in a magnetic field.
which we would need to evaluate the corresponding transi-

tion matrix elements.

The four different series of shallow donor spectra are at-
tributed to the energy-level structure of the Feore® The The results for the sharp FE line at 5824 cm? are pre-
ground state of théT,; multiplet is thed’ =1 level, which  sented in Fig. 2, forB along the three crystal directions
we thus associate with the line series observed at the lowefd01], [110], and[111]. The line splits isotropically into two

VI. 5T, EXCITED STATE

A. Fe 1

5835

BII[001] BII[110] Bll[111]

5830

Wave numbers (cml)
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FIG. 2. Experimental Zeeman splitting of the_Edine for BI[001], BI[ 110], andBII[ 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 Peand Fe3 lines forBII[001], BI[110], andBIl[111]. The expected transitions from
a A, initial state to a)’ =2 level, neglecting the zero-field splitting and all couplings to other states, is indicgyedL(67). Full lines
represent transitions from;=—1 of A, to my=—2, —1, and 0 of)’ =2, and dashed lines those from a thermally populatge 0 state
of SA,tomy=—1, 0, and 1 of)’ =2.

prominent lines, disregarding a weaker high-energy compothen identify the component shifting upwards in energy in
nent. The final state of the transition can be written asFig. 2 as the transition to the finah;=0 state, an average
2ST1r | wherel is an irreducible representation ®f sym- initial ground-statey value of 1.9 is found, close to the value
metry. IfI" were one of the representatiofig, A,, orE, the  of g;4=2.0699 observed experimentally in ERRef. 1) for
Zeeman splitting would be determined entirely by the spin  F&’. Consequently, the component shifting downwards in en-
with a splitting between two adjacent componentsns  ergy is attributed to transitions to time;= — 1 state. Finally,
=1) given byAE=g.ugB. Here,up is the Bohr magneton, as transitions from am;= — 1 initial state to arm;=1 final
andgg the sping value (gs=2.0023). The experiment shows state are forbidden, this model predicts two observable com-
a clearly larger splitting. ThuF' must be of eithe; or T, ponents in agreement with experiment.

symmetry, and we associate an effective orbital momentum For two directions of the magnetic field, shown in Figs.
L’'=1 with I". Spin-orbit interaction will couple the spito  2(b) and Zc), however, we see an additional weak compo-
L', and split the term into multiplet levels with an effective nent shifting to higher energies, visible only at low fields.
total angular momentund’=L’+S. The Zeeman Hamil- We attribute this line to transitions from a thermally popu-

tonian can thus be written as lated level of the Zeeman-split initial ground state, i.e., from
the m;=0 component offA,. The line shifts to higher en-
Hzeemar= #eB(gLL " +9sS) = ugBg;d’, (1) ergies, and therefore it must be due to transitions tonthe

whereg, is the orbitalg value. The splitting of the line is — 1 component of thd’=1 state. From the shift of this line

then determined bAE=Am B, and theg, value is W€ objcain an approximate valug gf,=2.9, which agrees
obtained from expﬁriment Jg;lﬁ‘irther assur%Jirztgngl. well with the value of 3.05 obtained above. Thus, we have

From the data in Fig. 2, we deduce an average valug,of substantial evidence from annealing studies and Zeeman ex-
=3.05. In the weak-field limit, when the Zeeman splitting is genments that the Ié line is du_e to transn!ons from the
smaller than the spin-orbit splitting, we have, fpy, 't A, ground term of FRto an excited state witl’=1 of a

R spin-orbit-split °T, or 5T, term. Such transitions are spin

1 forbidden, but may become observable if they couple to
gJ:m{(gL+gs)J J'+1) spin-allowed final states.
+(gL—g9)[L"(L'+1)=S(S+1)]}, 2 B. Fg 2 and Fq 3

and this expression is used to find the possible combinations Having assigned the line Fé to transitions to a’'=1
of SandJ’ that yield ag; value close to the experimental state, we also expect to find transitionsl)te=2 and 3 states.
value. Experimentallyy, = —0.28 was obtained for Feby ~ The weakly split lines at 5860 cm, Fq2 and Fe3, are
EPR!? The analysis shows that only spin value$ can give likely candidates for transitions to thE =2 state. This as-
ag; as high as the experimental value. We find that we arsignment is further justified by the fact that the energy dif-
most likely dealing with transitions to a state wilh=1, S  ference between these split lines and #ie=1 line is ap-
=2 andL’'=1, i.e., a)’ =1 state of a spin-orbit splitT, or  proximately the same as that between the two lowest
5T, term for which Eq.(2) gives g;=3.14 wheng, = shallow-donor series associated with the=3 and 3 states
—0.28. of the T, term. We will see that this is to be expected, when
According to this assumption, the state should split intowe consider spin-orbit interactions in Sec. VII. Ty sym-
three componentsn;=0, =1, when a magnetic field is ap- metry, alJ’' =2 state is further expected to split into compo-
plied. The shift of the line associated with th=0 com- nents ofE and T, symmetries, resulting in the experimen-
ponent is thus expected to be determined by the initial-stat&ally observed F& and Fe3 lines.
shift. Annealing experiments indicate that these transitions In Fig. 3, the Zeeman behavior of the Reand Fe3 lines
occur at the same center as the donorlike transitions diss shown for three directions of the magnetic field. In addi-
cussed above, and we therefore assume that also in thi®n to experimental data, shown as circles, we indicate the
present case the initial state iSA, term. The initial state of expected Zeeman splitting ofld=2 state(disregarding any
the transition(at ~2 K) is the my=—1 component. If we splitting at zero fielyl where we have used @ value of
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TABLE 1l. Experimental and calculated energy values of the

lp=a7T | BII [001

four lines in the®T; multiplet. The energies are given in wave B=4. kIIII (001

1 . . [110]
numbers(cm™ ). AE is the energy difference between each state Fe; 1 Fe;2,3
and the lowest level in the multiplet, ankE . is the energy de- =1 (J'=2)
rived from the analysis in Sec. VII.

ElIB

Final state Symmetry label Energy AE AE a1
Fgl J'=1(T) 582439 0 0 ELB
Fgq 2 J'=2 (E) 5860.77 36.38 36.6
Fq 3 J'=2(T,) 5862.64 38.25 37.6
Fg 4 J'=3 5872.80 48.40 44.2,47.7,49.6 | I Tmy=2 I

(Az, Ty, 0r'Ty) 5800 5850 5900

Wave numbers (cm-1)

1.67, calculated from Ed2) by arbitrarily setting the small FIG. 4. Transmission spectra recorded with polarized light for
g, value to zero. Full lines describe transitions from theBI[001], showing the Zeeman split F& (J'=1) and Fg2,3 (J'
my=—1 initial state of 3A, to my=—2, —1, and 0 ofJ’ =2) spectral lines, foElB andEL B. The peaks are labeled by the

=2, while dashed lines represent transitions from the therm, value of the final state in the transition.
mally populatedm;=0 initial state of 3A, to my=—1, 0,
and 1 ofJ’ = 2. In contrast to this simple isotropic model, the ration can be responsible for such a coupling. The spin-orbit
experimental data show an anisotropic splitting, and onlyoperator will to lowest order only mix states with equl
some of the expected transitions are visible. The fit is ofvalues. Since’T; only contains)’=0, 1, and 2, we do not
course poor, especially for low fields, since we have ne£Xpectto see any transitions to thie=3 level. In summary,
glected the zero-field splitting of the line. However, the over-We are lead to assign the Fe Fg 2, and Fe3 to transitions
all splitting behavior is given rather well, considering the from the A, ground state of Feto different components of
fact that all parameters used in the model were obtained frorthe °T; multiplet.
an analysis of thd’ = 1 transitions. For higher fields we note  lgnoring for the time being that transitions from %A,
that the lines bend toward lower energies, probably due tground state to &=2 state are spin forbidden, and by con-
coupling to states higher in energy. sidering the overall symmetry of the levels, we can in a first
We do not see any strong lines that could be due to tranapproximation determine which transitions in principle are
sitions toJ’ =3, but a weak line 10 ciit above the split Symmetry allowed. The spin part 6, transforms ad,,
J"=2 line could possibly be attributed to such a transifion. and combining this with the orbit#l, symmetry, we have a
This line splits in a magnetic field but the components be-T, initial state. Thus transitions to states with overall sym-
come too weak to be traced. Further investigations have to baetry A, E, T;, andT, are possible. The final states con-
carried out to justify the labeling of the lines in Table I, sidered above havé =1 and 2 which transform &B;, and
where the energy of each transition is given. E+T,, respectively. Figure 4 shows experimental spectra
The important question at this stage is whether we carfior theJ'=1 (Fq 1) andJ’'=2 (Fgq 2,3) lines obtained us-
construct a®T; or a °T, final state for the excitation of Be  ing polarized light and a pronounced polarization depen-
Assuming that we excite an electron from thestate, as was dence is observed. If we neglect the weak zero-field splitting
the case for transitions to the shallow-donor states, we wilbf theJ’ =2 line, regardm; as a good quantum number, and
be left with a T, core and an excited electron with sg@in  only consider transitions from the lowest Zeeman-split com-
=1 If this electron interacts with the core, this will resultin ponent with my=—1 which transforms agT,,—1), a
two terms with total spirf5=1 and 2. For this coupling to be simple analysis of dipole-transition matrix elements yields
effective in separating the two terms, the excited electrorselection rules that agree with the observed behavior.
should be rather localized. A possible candidate for this state
is the shallow-donor 4(A;) state, but here strongly affected v/ MULTIPLET SPLITTING OF  *T, AND 5T, STATES
by the local impurity potential. This model thus naturally
leads to°T, and °T, terms of which the’T, term should be When considering spin-orbit effects in tH&; and °T;
lowest according to Hund’s rule. terms discussed above, we note that all orbital contribution
Taking a different point of view, we can consider the derives from the five electrons in ttg shell of Fe. The
atomic 4s state of iron. Calculations have sholrthat this — one-particle spin-orbit operator can be written
state gives rise to a shamgp, resonance due to the local
impurity potential, lying just above the conduction-band He=0.¢l" s ()
minimum. Within the local-density approximation, a spin- . . . . ] )
unrestricted calculation could not decide whether the Whereéis the spin-orbit paramete’, is the effective orbital
resonance leading to high total spin enters the band gap &fomentum,s is the electron spin, and, is the orbitalg
not. value. Within a?S*I" term, the spin-orbit Hamiltonian is
As mentioned above, transitions to tAE, state are spin 9eneralized to
forbidden, while those to th&T; state are allowed. A mixing
of th<'e.5Tl and 5T, states could, however, make tﬁé’ll Ho=g S él/-5=gAL'-S, @)
transitions visible. Spin-orbit interaction within our configu- i
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FIG. 5. The calculated Zeeman behavior of fiTg term after parametrization of thr; and 5T, states. Full lines represent transitions
from them;= —1 initial state, while dashed lines are due to transitions from the thermally popufgte@ state. Experimental data points
are shown as circles.

whereL’=E.Ii’ is the total gffective orbital aqgular momen- He=xL-S+Kq(L-S)2+ K2(L§S§+ |_§5§+ L§S§). (5)
tum, S=3 5 is the total spin, and the effective spin-orbit
parameter. We expect both th&; and °T; terms to have At this stage, the parametrization only serves as a way of
approximately the samg, and &, since we assume that all summarily including all possible interactions with states
orbital contribution derives from thg, shell of the core. In  higher in energy. The physical origin of these interactions is
the following, we will use the EPR valleg, = —0.28 for  discussed briefly below. By diagonalizing in the |T,,S
Fe'. =3, u,mg) basis of*T,, obtained as a direct product of the

For ground-state terms obeying Hund's rules, i.e., term®rbital|T;, ) and spin|S=3,m) functions, we recover the
with maximum spin, one finds = = &/(2S).2 The plus and  experimental energies of th&; multiplet with the param-
minus signs apply for less than or more than half-filled eleceters x=6.92cm?, K;=-7.12cm?, and K,
tron shells, respectively. Thus, for tH&; state we have =3.02 cm . These parameters were obtained under the as-
N[ *T,]=—&/3, and for the®T, stateN[°T,]= — £/4. Forthe  sumption that serie€ andD are associated with thié; and
splitting between the two lowest spin-orbit split levels®df, = I's components o)’ = 3, respectively. It seems likely that
and °T, we find the same values the weaker serie€ involvesI'; and this relative ordering of
I'; andI'g is in fact required to yield the observed ordering
of the E and T, levels of J’=2(°T;) below. In order to
determine the®T, levels we couple thdT,,S=3,u,mg)
states with an additiona, electron withs=3 and use

AE[°T,]=E(J'=2)—EJ'=1)=2g,\[°T;]=—3g.&. Clebsch-Gordan coefficients to obtain the statds,S

=1,u,mg) and|T,,S=2,u,m,), corresponding t6’T; and

Experimentally we obtain AE[*T;]=42.13cm? and 5T, terms, respectively. From the matrix B in the 4T,
AE[°T,;]=~37 cm 1. We deduce approximate values 6f basis, we determine by this transformation the matrikigf
~340 cmi't (*T,) and £&~300 cnit (°T,), which compare in the (T4, °T,) basis. If we now assume a sufficiently large
well with the free-ion value of the one-electron spin-orbit exchange splitting betweefT, and °T,, matrix elements
constant of 345 cm' given in Ref. 15. Our spherical model coupling the two terms may be neglected. By diagonalizing
and the Landénterval rule predict that energies(J’=3)  the °T; submatrix we finally obtain the relative energies for
—E(J'=2)=3AE[°T;]~56cm ! and E(J'=3)-E(J’  the °T, levels in terms of the parameters characterizing the
=1)=2AE[*T;]=70 cm %, which are considerably larger 4T, term. These energies not only reproduce the experimen-
than the experimental values in Tables | and II. If @and tal energy spacings among tidé=1 and 2(E below T,)
D series are in fact related to the split=3 level (I'; and  levels of °T, to within an accuracy of 1 cit, but also
I'y), these states are strongly shifted toward lower energiesonfirm that the tentatively assigned, Bemay be a compo-
Also theJ’ =2 level of °T, is split into two componentéE ~ nent of thed’ =3 level; see Table II.
andT,). The weak component ¢ could be assigned to a The Zeeman behavior of theT; and 3T, multiplets can
substantially shifted component of thé= 3 state, made vis- now be calculated by adding the matrix elements of the Zee-
ible by a possible higher order interaction. man Hamiltoniar{Eq. (1)] to the ¢T,,5T,) matrix of Hg.

The experimental results indicate that the lines we idenThe result is shown in Fig. 5 for the split =2 level of °T; .
tify as transitions to thé'T, and °T, states are closely cor- The full lines in Fig. 5 are associated with the;=
related. We attribute the anomalies in multiplet line spacings-1 A, initial state, while dashed lines correspond to a ther-
and intensitiesto the F€ core, common to both final states. mally populatedn;=0 initial state. The calculated pattern is
The core is essentially uncoupled from the excited shallowin good agreement with experimental data, shown as circles.
donor-like electron in theé*T; case but couples to a rather This agreement can only be obtainedEifies belowT,. We
more localized electron in aa,; state via exchange interac- will use the same set of parameters when we treat the Zee-
tion in the 5T, state. In order to correlate the two multiplet man splitting of the*T, core of F€, discussed in Sec. VIII.
structures, we parametrize the observed splitting of ffig Since the spacing of the broad linB4 andR2 agrees
state using an effective Hamiltonian containing spin operaapproximately with the experimental energy difference be-
tors up to second ordéf: tween the lowest levels of both tH&; and °T, multiplets,

AE[*T;]=E('=3)—EQ'= 2)=39\["T1]= - 70.¢,
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we have considered the possibility that these features might

initial state of excited

be due to transitions to th&T, multiplet. If this were the | final core electron pelative
case, we would expect, in line with the findings for thE; wo| st | omital | probability

. . symmetry | spin state
multiplet, that the highesi’=2 level would have strongly  y=3/2 O s — . 5
reduced intensity and be shifted toward lower energies, closet electron 8 111 |r2:x> . o 0
to theJ’' =1 level. From the multiplet splitting withirf T, P 70> — 8 0
obtained in the calculation above, we find thHat might 9 ITgp> I-1> o 2/5
involve transitions to thad’ =0 level andR2 transitions to > E; :?’“b ::2';)“ p 8/45
both theJ'=1 level and the nearby components of the 4l lr::; lé; Oz g i;;
=2 level. However, this raises the question why these tran- 5 IMgv>  Ityl> 8 2/15
sitions are so much broader than the shafp transitions. y=1/2 i VT S a 0
As the expected Zeeman splitting is small compared to the , cectron 2 [3 o> Ig,-1> B 1/18
linewidth, no Zeeman effect could be resolved, which made spin 2 T B> It -1> o 1/2
it impossible to confirm any such assignment. 1 [1 ITef> '60> B 1/9

FIG. 6. Schematic Zeeman splitting of the= % and? levels of
the 4T, core when the spin splitting of the excited electron is in-
cluded. The symmetry of the core state reached in the transitions are
A. Initial state and Fe* core given together with the spin state and the orbital symmetry of the
initial state of the excited electron. The expected relative probability
ratios of each transition are derived from E¢®. and (7).

VIIl. ZEEMAN EFFECT OF THE SHALLOW
DONORLIKE TRANSITIONS

The Zeeman effect causes the ground stdtg of F€’ to
split into three componentsr(;=0,%£1), where each com-
ponent shifts byAE=m;g;ugB with g;=g,=2.0699. Similar expressions for th¢’ =3 and?$ levels can easily be
Since all measurements were carried out at temperatures bexitten down!” We note that only thél'gu) and the|I'gv)
low 2 K, we assume the thermal population of thg=0 and  spin functions in Eq(6) contain terms witHT;,—1) sym-

1 states to be negligiblat least at higher fieldsind thus the ~ metry for the twoe electrons, and thus represent the only two
m,=— 1 state is the initial state in the transitions, transform-Possible final spin states in the transitions if #electrons
ing as|T,,—1). remaln_unaﬁected in the gxcnatlop prfc))gess. Further, yvhen

In order to analyze the possible transitions, we initially the excited electron has spin-dgavingt; in B), the core is
limit ourselves to a simple first-order treatment where weleftin theJl_“gv) spin state; when the electron has spin-down
neglect all nonspherical effects. In the excitation process a (1€avingt; in @), the core is left in th¢l'gu) spin state. In
electron is excited to a shallow-donor-like state. The twothiS way we can easily estimate the probability ratios for the
electrons in thee state remain unaffected by the transition, transitions to the different final core states.
and retain their spin symmetry ¢T;,—1), while the five In a magnetic field, thd’=3(I') level is split by AE
remaining electrons in thé, shell have total spirS=3 =0ueB ar_ld, for the moment only taklng the spin-splitting
(spin-up and spin-down are denotedand 83, respectively of thg excﬂedl glectronAE=gSMBB, Into _account, e_ach

. . A 1,5 zero-field transition of thé series will in principle split into
and or-b|taI symmetrﬂ'z. (?ouplmgS—l(es) and S_E(,tZ) four components, as shown in Fig. 6. A possible additional
to a high-spin configuration results =3 spin functions  oita| splitting of the excited shallow-donor states will be
transforming ad’s in Tq symmetry, which can be written giscssed below. In Fig. 6 the transitions are labeled from 1
down using Griffith’s tables in Ref. 17 as to 4, and for each we give the final state of the core, the
orbital symmetry and spin of the initial state of the excited
electron, and the relative probability factors obtained from
Egs.(7) and(8) as discussed above. Transition 4 is found to

ITer)=|T1.Da, mg=3,

|Tgh)= \/§|T1,0>01+ \/§|T1,1),8, ms=3, be impossible if the initial state is the;= — 1 component of
3A,, and thus we expect three experimental components
ITgu)= \/g|T1,—1>a+ \/§|T1,0>/3’, Ms=—13, with approximate intensity ratios 2:9:1. From a similar
analysis of the)’ =2 core-state transitionseriesB), we find
ITgv)=|Ty,—1)8, mg=—3. (6)  that, of the eight conceivable final states, three correspond to

. . o . impossible transitions and only two of the five remaining
Coupling the total spirs=§ of the *T; core with its orbital  allowed transitions are estimated to be strong; see Fig. 6.
T, symmetry, we obtain the following expressidhgor the

components of thd’ =3 level with 'y symmetry which are B. Shallow donor states

involved in the transition series labeléd The linear and quadratic Zeeman effect of shallow-donor

) . . states in silicon has previously been studied within the
ITea')= \/;|T1 ,—1)|Tgr)— \/;|T1,0>|F8)\> framework of EMT® To analyze the transitions at Fehich
. . involve shallow donor states, we use the accurate description
VAT M), my=1, (7)  of the orbital splitting of these states as obtained in Ref. 9.
ITeB')= \/E|T1,—1>|F8>\>— \/g|T1,0>|F8M> C. Experimental results

When fitting our data we must take into accouintthe
+ \/g|T1,1>|F8v), my;=—3. Zeeman shift of then;= — 1 state of the’A, initial state,(ii)
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FIG. 7. Experimental Zeeman splitting of theline for (a) BI[001], (b) BI[110], and(c) BIl[111]. The predicted lines are labeled by
the number of the final state of the core; see Fig. 6. In the top of the figure, the Zeeman splitting pélealow-donor state is given for
comparisonRef. 9.

the final-state*T, core splitting, andiii) the shallow-donor 1 in Fig. 7a), with BI[001]. The core is left iNT'gB") (cf.
behavior as determined in Ref. 9. We will only consider therig. 6) and the initial state of the excited electron has spin
2pg, 2p-, and 3, states of the two series involving the down and orbital symmetnyt,,0), i.e., transforms az
J'=7 andj core states, i.e., theandB series. The third and  and/orxy. With the electric fieldE parallel to the magnetic

fourth series are too weak to be studied in a magnetic fieldse|q (£/Bjiz), only thep, state combination transforming as
In all calculations of the'T, core splitting below, the param- 22 is observed, i.e., thatA(E) combination involving=z
etn;aﬂon geshcrlbedhm iec. Vilis usled.f dine with valleys. No transitions tp, states ak andy valleys are seen
igure 7 shows the Zeeman results for thﬁ ine wit in this case. FOEL B, transitions to states transformingras
(a) BILOOT], (b) B”[.llo]’ and(c) BI[111]. In F!gs. @) and ndy, i.e., theT, combinations ofp, states attx and *y
7(b), the dashed lines correspond to transitions to states Q lleys, are allowed. Experimental data in Figa)7show

+x and =y valleys, while full lines are transitions to states " L
at £z valleys. In the insets above each figure, the corre:[hat only the transition to theqE) combination is strong

sponding theoretical splitting of a shallowpgstate is giveh enough to .b.e observed. Applying the same analysis to the
for comparison. The lines are labeled by numbers indicatinégther transitions foBI|[001] _a_md to those foBI[110], we

the final state according to Fig. 6, which includes a specificonclude that for all transitions tp, states those to the
cation of the F& core but only of the spin of the excited (Ai1E) combinations are the strongest. TransitionsTip
electron. The experimental data points closely follow the theSOMbinations have in fact not been clearly identified. Experi-
oretical lines, but it is obvious that shallow-donor states bements using polarized light confirm the results of the above
longing to different valleys are involved in the different tran- analysis. FoBII[ 111] no valley splittings occur, and for this
sitions; i.e., forBI[001], the =z valleys are reached for line Particular sample only transitions corresponding to line 2
1, whereast x and+y valleys are reached for lines 2 and 3. Were sufficiently intense to be detected.

For BII[110], +=x and =y valleys are reached regardless of ~Forming the f;E) and T, combinations above actually

the final state of the core. FdBI[111] there will be no implies multiplying ap, envelope function with a properly
splitting, since all valley orientations now are equivalentSymmetrized linear combination of Bloch waves from the

with respect to the direction d. corresponding valleys. For, e.g., thé combinations of

In order to interpret the experimental results of Fig. 7 we(A1E), this linear combination will contain a factor skx),
must consider the transformation properties of the shallowWhile for thex combination ofT, the corresponding factor is
donor states in somewhat greater detailpAstate contains C0SkX), Wherek, is the Bloch vector of thes valley. The
valley combinations of symmetrie&,;, E, and T, at zero cosk,x) term significantly reduces the amplitude of the wave
magnetic field, and transitions to all these combinations aréunction at the four nearest-neighbor sites compared to the
symmetry allowed. The quadratic Zeeman shift gfpestate ~ Sin() term, which may in part explain the experimental
depends on the angle between the magnetic-field directiofPservations. _
and its valley axis. Thd, combinations, behaving as 'y, Figure 8 shows the experimental and calculated Zeeman
andz close to the origin, only involve valleys along the samebehavior of the line complex (&, 2p5, and 0 for
axis, and remain eigenstates when the Zeeman HamiltonidBll[ 001]. A manifold of lines is expected, but only a few of
is included. TheA; andE components, on the other hand, in these correspond to transitions with sufficiently high transi-
general involve inequivalent valleys and may be mixed bytion probabilities to be detected experimentally. Lines ex-
the magnetic field. Fop states we expect valley-orbit inter- pected to be weak, based on the results of Fig. 7, are, for
actions to be negligible, and we may thus instead\ pfind clarity, omitted in Fig. 8; see the discussion below. We ex-
E consider combinations of valley states transformingZas ~pect the D7 states to split bye#iB/m,, while the =Y
y2, or z? associated with the-x, *y, or =z valleys, re- states only show a small second-order split as they couple to
spectively. These combinations are label@dH) combina- 3py* Y. Each of the corresponding final states splits into
tions. Consider now, e.g., the transition corresponding to linghree components due to the Zeeman splitting of the core and
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FIG. 8. Experimental and predicted Zeeman behavior of tl
2p”% , 2pg, and P} lines forBI[001]; see text for details. Experi-
mental data are marked &sfor unpolarized light,+ for EIIB, and

X for ElIB. The transitions that are predicted to have high transition
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he FiG. 10. Experimental data and theoretical behavior of the
2p%, 2p5, and Py states forBI[111]. Only transitions to core-
state numbers 2, 7, and 9 are indicated.

probabilities are shown as full and dashed lines, corresponding to

transitions to shallow states atz and =x,*y valleys, respec-
tively.

the spin of the excited electron. The@? lines are labeled by
the final state of the corél—3), according to Fig. 6. Solid
lines mark transitions to shallow states aatz valleys, and

dashed lines those th x and =y valleys. For the superim-
posed 2)5’ line, only two finalJ’ =3 core states are shown,

We assume that the results obtained for the intensities of
the 23’3 components in Fig. 7 are applicable to ap, states
in the spectrum. Transitions top3” states for line 1 and
3p, * Y states for lines 2 and 3 are therefore expected to be
most prominent. For line numbers 7 and 9 of the%ﬂine,
the initial state of the excited electron has orbital symmetries
|t,,0) and|t,,—1), respectively, similar to lines 1 and 2 in
the A series. We therefore expect transitions i 2 states to

. ) ) . ) | oty
corresponding to those transitions expected to be stronget€ strongest for line 7, while for line 9 transitions tpe

i.e., lines number 7 and 9 in Fig. 6. In addition to this cor
splitting, the 3)3 state splits due to the quadratic Zeema
effect, with 2p,* states higher in energy than the2" Y
states, according to the results for tl‘pﬁ?state in Fig. 7a).
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FIG. 9. Experimental data and theoretical behavior of tpé 2
2pS, and P} states forBII[110].

estates are expected to be strongest. Experimental data points
nare given in Fig. 8 for unpolarized ligh©), for EIB (+),
and ELB (X). The fact that some transitions are observed

only for polarized light is due to the weak intensity of the
spectral lines.

Figure 9 shows the results for the same line complex, now
with BI[110]. The information from Fig. {®) that transi-
tions to 2oy~ are strongest, no matter what core state is
reached, is used for thepd and 3} states, and only the
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FIG. 11. Experimental data and theoretical behavior of th§ 2

and aog states foBlI[ 001]. Transitions to core-state numbers 7 and
9 are indicated.
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6390 able. Thus, very little conclusive evidence is available to
BII[110] determine what mechanism is responsible for this “abnor-
~6380F _ mal” behavior. The simplest explanation would be a second-

order spin-orbit coupling to electronic terms higher in en-
ergy. Although the electronic structure of these higher states
is rather uncertain, an inspection of the relevant matrix ele-
ments shows that it is unlikely that this could be a dominat-

6370

Wave numbers (cm
(=23
o
(=23
=)

6350< :ébggggggso,eamo,_@,_g ing effect. I.n. particular, it V\{ould be difficult to explain the
2p,B £O0e 000 0--7 strong modification of the highest component in view of the
6340/ fact, that the lower components are well understood within
our model. A much more natural explanation is based on the

6330 w i . . w s Jahn-Teller(JT) effect, and for many systems it has been

0 1 2 3 4 5 6 7

Magnetic Field (T) shown that a dynamical JT interaction strongly modifies en-

ergy spacings and intensiti&!®
FIG. 12. Experimental data and theoretical behavior of thg 2
and 3§ states forBII[110]. X CONCLUSIONS
strongest theoretical transitions are included in the figure. The ground and excited states offave been studied by
For the 2% state, no transitions can be ruled out, and allmeans of high-resolution Fourier transform spectroscopy
possible lines are marked together with the experimental dateombined with a magnetic field. The analysis confirms that
points, corresponding to unpolarized light. The characteristithe ground state of Eehas A, symmetry, and that two
avoided crossing behavior betweep:2"*Y and 3,* Y is  different kinds of excited states are observed. The first arises
clearly observed. when an electron is excited to a shallow-donor-like state,
Figure 10 shows the experimental and theoretical result§lose to the conduction band. The excited electron is delo-
for BI[111]. Since all valleys lie at the same angle to thecalized and does not interact with the'Feore, which is left
magnetic field, the splitting pattern is less complex. Due tdn & “T, state, i.e., a state with an effective angular momen-
the low concentration of Fecenters in this sample, only tumL’=1 and spirS=3. This state is experimentally found
transitions with very strong intensity could be detected. Into Split into four components, as four series of shallow-
Fig. 10 we therefore only show the theoretical lines corre-donor-like states are detected. The behavior of the dere
sponding to transitions to one of the final core states ofthe differs both in energy splittings and relative intensity from
series, i.e., core state number 2, and two forBteeries, core  What is expected within a spherical model. First-order spin-
state numbers 7 and 9. orbit interaction causes the state to split into three compo-

Figures 11 and 12 show the Zeeman behavior of th 2 nents labeled’=3(T'), J'= %(,FB)S’ andJ'=3(T'7+T).
and 333 states forBI[001] and BI[110], respectively, to- Experiment indicates that thd' =3 state splits into two
gether with the theoretically predicted lines corresponding t&OMPonentsl’; below I'g), and that these components are

core states 7 and 9. The agreement is excellent and justifi§i'ongly shifted toward lower energies in disagreement with

our assignment of thB series the Landeinterval rule. The experimental intensities for the
. s _3 5 -
The almost perfect agreement between experimental rdf@nsitions toJ’=5 and 3 are also much smaller than ex

sults and our model for thé and B series supports our Pected theoretically. _
interpretation that the initial state of the transitions ist#ag ' "€ second kind of excited state occurs when the electron
m,=—1 component of F& and the final states are thi is excited to a more localizesllike a; state which interacts
=1 and? states of the spin-orbit-splitT, state, with the with the T, core. This results in ,éTl_term whose multiplet
excited electron in a shallow donor state. Due to the lowstructure, when compared to L?fr?lmterval rule, is found
intensity of the transitions to what we may presume to be thd® Pe as distorted as that of the; core. The first-order
splitd’ = state, and the fact that these states are expected gpin-orbit interaction splits the state into three components
H ! __ ! r__
split into several even weaker components in a magneti®/ith 3'=1(Ty), J _,2(E+T2)’_ and J'=3(A;+ T, +Tp).
field, the assignment of th€ and D series could not as ExPerimentally, the)’=2 state is seen to split into two com-
convincingly be verified by Zeeman experiments. Those?Onents, with theE state lowest in energy, and thé=3
components, however, that were observed followed the pres_tate is very weak in intensity and strongly shifted from its

dicted behavior satisfactorily. expected energy position. o o
The experimental observation of a significant deviation

from Landés interval rule for these two final-state multiplets
suggests a substantial interaction either with higher elec-
Our analysis of the electronic structure offms led to a  tronic states or, what is more likely, with vibrational modes
consistent interpretation of all available data, especially foidue to a dynamic Jahn-Teller distortion of the Eenter.
the lower components of théT; and °T, multiplets. For the
highest components, the experimental evidence indicates
large deviations from the Landaterval rule and a strong
decrease in intensify.Unfortunately, as the corresponding  The authors acknowledge financial support from the
lines are very weak, little detailed information on their be- Swedish Natural Science Research CoufidiFR) and the
havior in a magnetic field or under uniaxial stress is avail-Swedish Research Council for Engineering Scien@éxR).
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