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Piezospectroscopy of they, and Fano series of singly ionized zinc in germanium
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The absorption spectrum of singly ionized zinc in Ge has been studied using Fourier spectroscopy. Improved
experimental conditions give more details for §hg, series than previously. Quantitative piezospectroscopy
has been performed with compression al¢hyl) and(100). It is deduced that the final states of the compound
C line include I';, 3I'g, 3I's, and 4" . More reliable deformation potential constants of some energy
states have been obtained. Fano resonances associated with bound-hole states have been studied with and
without applied uniaxial compression. The piezospectroscopic behavior of these is compared with that of the
parentps, series.

[. INTRODUCTION of Cs,, the new impurity site symmetry, whil€g states

decompose into two doublefS, andl's+I'g(=1"5.¢) Sepa-

Since the first observation of their Lyman serietie  rated in energy by\},,=(d’/v3)s,,S. Hered' is a defor-
bound energy states of neutral acceptors in Ge have beefation constarft;s,, is an elastic compliance coefficient, and
investigated extensively both experimentally and theoretiSis the stress, which is positive for tension and negative for

cally, with and without external perturbatiofig: Acceptors compression. WittFIl(100), T and T, of Ty becomeT
studied include the group | element Cu; the group Il ele- —
ments Be, Mg, Zn, and Hg; and all the group Il eleméhts.
The hole bound to a shallow acceptor ion in Ge produce

discrete states near the top of either §he3/2 or thej
=1/2 valence band. Unlike acceptors in Si, only one serie

ggr?/gfjeg ?E;gbZin;:?nh Ilrr]‘:ls’ ;Z%gss}gni’ dii?esag een ob- nificantly simplified by Baldereschi and Lipé‘ﬂi,vyho intro-
" g’ /2> > P ' 7.1,  duced a formalism by which the acceptor Hamiltonian could

The P32 SEMes of singly |0£1|zed zinc, Zn in Ge, . be separated into two parts, one with full spherical symmetry
which will be denoted by G&n"), exhibits the characteris- 4nq the other with cubic symmetry. For almost all semicon-
tics of the neutral acceptors, except that the binding energie@ctors, including Ge, the valence band parameters are such
of the excited states are4 times larger.**The pz, Series  that the latter part is very much smaller than the former,
occurs in the spectral range 65-85 meV.(B¥€) also  permitting the cubic part to be treated as a perturbation. The
shows several asymmetric, broad features in the range 10Gubic term reduces the symmetry from that of the full rota-
120 meV. These are Faltresonances arising from interfer- tion group to5h 16 the symmetry of the intrinsic material.

ence between thes, band continuum and states com- . . —

pounded from bound-hole and localized zone-center optica\(\/here convenient below, the notation basedanW{II be

phonon state1* The Fano features are represented gy ( used for the unperturbed states since the retention of the
parity labels makes it less cumbersome to be explicit. For

+¢)?%/(1+¢&?), wheree, the reduced energy variabfgl* e th 1 state of Ziis of I . d
when zero, determines the energy of the resonance. The pngamp €, the ground state of zns ot 1 g Symmetry under

rameterq depends on the states involved in the transition.Td, the true site symmetry, while it is designated &g
The larger its magnitude, the more asymmetric the resounderO,,; the excited states of th® andD lines are also of

nance;q=0 is a pure antiresonance. Fano resonances have, symmetry undefl 4 but designated aE; underOy,. An
been observed for various dopants in Si and'Geowever, integer is prefixed to the labels starting with 1 for the lowest
Zn" is the only known acceptor in Ge, involving bound energy state of a given symmetry. Thus, the unperturbed
holes, exhibiting thes¥:'“In this investigation, a systematic s |ike ground state has the label'f and higher-lyingslike
piezospe;:tggcog)iﬁ sLudy of dphogon-?ssfisted Fano resQiaies pear the labels'g , 375, etc., whereas the odd-
nances o n ) has been made. Results for a compressive,, i 1 excited states are s , 2I'g , etc., and so on. This
force F along eithek111) or {100 are presented. During the ?;beﬁ/ngg unambiguously diIsj'gnguis%es the unperturbed state

investigation of the stress-induced behavior of the Fano resq, | "\ i b o stress-induced state has emerged, while retain-
nances, significant new and more precise data were obtain%? '

s ; o the notation used in the group-theoretical treatrfient.
for the ps, states, permitting a detailed description of the J group
complex comprising theC line. These results will also be

andI'; of D,q, respectively, whild'g reduces td"g andI’;

gvith an energy separatiof ;= 2b’(S11—S12)S, whereb’

is another deformation constérends;; ands,, are elastic
gonstants. Since the initial developméhité®of the theory of
shallow acceptors in semiconductors, the treatment was sig-

presented.
The symmetries of the states involved in thg, series Il. EXPERIMENTAL PROCEDURES
are 'y, T'7, andT'g of T4.*® Under FlI(111), the two The Ge samples were cut from single-crystal ingots delib-

Kramers doublets represented By andI"; each becom&,  erately double-doped with Sb and Zn to produce various con-
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T e TABLE |. Energies of some of the unperturbed transitions of

D | Gezn).

Ge(Zn,Sb) 437B#2

Line Energy(meV) Final state

10 G 67.80-0.022 1I'g
= 67.75-0.02
< D 75.016-0.003 2Ty
£ 3 c® 78.107:0.007 3rg
£ c® 78.327-0.002 1T;+3lg
S c® 78.57+0.02 ary
g 6 c® 78.85+0.02
% 3 rom piezospectroscopic measurements ofGgeeomponentsee

text). The value obtained in this same manner by BF76 was

67.80+0.07 meV.
bFrom a sample with-4 times the concentration of the sample of
Fig. 1.

65 70 75 80 85 squares curve-fitting algorithm using Lorentzian line
Photon Energy (meV) shape®’ and are given in Table I. The energiesa@f), C®,

FIG. 1. Lower curve: Theps, spectrum of GEn ) L is a  and c® agree with those reported in BF76 for, C, and
lattice band. Upper curve: The Fano spectrum ofZBe) shited ~ C’» respectively. The transition labelé®®) has not been
down in energy by 37.83 meV, the energy of the zone-center optica®Pserved before. Theoretical calculations predict that for
phonon of Ge(Ref. 32 and expanded in the ordinate by 20 times, group Il (Refs. 24, 25and Zr impurities™ the three states
relative to theps, spectrum. Inset: Detail of th€ line. Liquid ~ 1I';, 3I'g, and 'y , are very close in energy. The scaling
helium was the coolant. factor between energy states of Zand group Il impurities

in Ge is~4.21%12 50 it might be expected that these states
centrations of Zn acceptors:'° Uniaxial compressive forces are sufficiently separated for Zrthat transitions to them can
were applied using either lead weights or a calibrated presbe resolved. The featur&™) andC® have been identified
sure head; the lower stresses were obtained with lead masgereviously as having Bg and 1", , respectively, as their
<60 kg. The low-temperature quantitative stress cryostat anfinal states:? The piezospectroscopic data given below indi-
sample-mounting  procedure have been describedate thatC(*) has T, as its excited state while the final
elsewheré”?* Absorption spectra were obtained using astate ofC?) is the combination I'; +3I'y . Calculation&®
BOMEM DA 3.26 Fourier transform infrared spectrometer. syggest that B4 is the excited state oE(®.
Liquid helium was used as coolant. All spectra shown were  The sample that yielded the spectrum of Fig. 1 was used
observed with a mirror travel of 2.5 cm, i.e., an unapodizedg obtain Fig. 3 of BF76. This latter spectrum displays a very
resolution of~0.15 cm *. Where the spectral features were \eakG line obtained by averaging a number of scans of the
broader than this, smoothing was sometimes carried out tgrating spectrometer used. In the present instance this very
improve the signal-noise-ratio of the data. Cooled mercuryyeak feature was not observed. All acceptors in Ge exhibit
cadmium telluride detectors were used. The radiation wagjmilar spectrd. The dominant lines ar€ andD with the G

linearly polarized with a gold-wire grid evaporated onto ei-|ine being more than an order of magnitude weaker. For

ther a ZnSe or a polyethylene substrate. singly ionized acceptors Stark broadening is unavoidable and
is known to become larger as the orbital of the excited state
IIl. EXPERIMENTAL RESULTS AND DISCUSSION involved becomes largérThe G line, a transition to the first
excited state, should be the least affected and thus its absence
A. Unperturbed spectra is not attributed to this. A sample witk4 times the Zn

concentration of that of Fig. 1 exhibited@line and also an
E line. The energy of the former is given in Table I. The

The unperturbegbg, absorption spectrum of G&n™) is  energies of thes andE lines are indicated in Fig. 1.
shown in Fig. 1. The broad feature labeleds a Ge lattice

absorption band. The inset to Fig. 1 shows enlarged the fea-
tures of the line conventionally labeled for acceptors in
Gel*In addition to a strong central line there are three weak The Fano series associated with the bound-hole transi-
but identifiable shoulders evident, similar to those of Fig. 1tions is also shown in Fig. 1; this series has been shifted
of BF76 (where convenient, Ref. 10 will be referred to as down in energy by the energy of the zone-center optical pho-
BF76). The four closely spaced transitions are labeBét), non to illustrate its correlation with the,, spectrum. Figure
c®, c®, andC™, in order of increasing energy. A similar 2 shows the Fano resonances of three other samples. The
set of C lines was observed for a sample with slightly higherZn™ spectrum was used to gauge the relative concentrations
Zn~ concentration cut from a different ingttThe transition  of Zn™ in these three samples. The values obtained for the
energies of the fou€ lines have been obtained from a least- parameters characteristic of each of the resona@feD",

1. py, Series

2. Fano series
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FIG. 3. Fano angs, spectra of G&n") for FIl{111). The Fano
spectra(upper two curveswere measured at a stress of 45.7 MPa
while the pg, spectrallower two curveswere measured at a stress
) . of 44.0 MPa. The Fano spectra have been shifted down in energy by
andC" are given in Table Il for three of the samples. More 37,83 mev. The axis at the left applies to g, spectra; the Fano

. - 14
details are given elsewhet®! spectra have been scaled up in the ordinate by a factor of 20.

FIG. 2. Fano spectra of Gén") for concentrations in the ratios
(a):(b):(c) of 1:55:155.

B. Effects of uniaxial compression andE, , respectively. It is conjectured that in the previous

- . . . work, even though the resolution was sufficient to separate
Quantitative piezospectroscopic observations have been(i)

2 . .
made withF|[(111) and(100 and the electric vectdE of the 4 .3'.1d Ct%]) fotr B smallhfluctubatlor(;s m(;hti gEI‘.S presssuret
radiation polarized either paralleE() or perpendicularf, ) providing the SIress may have broadened the fines. spectra
to F. Such studies have been reported previdti9yor the obtained at _other stresses are also very similar to those ob-
P> spectrum; only where either new features are observeaerl\:'.eOI rrérezlvfﬁc?lys. the stress dependence of the eneraies of
or new labels are required will the present data be given. For Igu i f\|ly S D andC F')I'h bSCrints i gt
the Fano resonances, preliminary results have been reportggmponen S ofliness, D, andt. The Subscripls given on

elsewherd227 the labels are those of BF76 except ibhl,). Results for
lines a and B are not shown as they are identical to those
1. Applied force along &111) axis reported earlier. For th€ lines, the superscript identifies the

) i parentC line; the assignments will be discussed later. In Fig.
a. P3; spectrumFigure 3 shows the behavior of some of 4 'the full curves are the results of least-squares fits and the
the lines of theps, series forFil(111). Data forE; are  ya13 of BF76 have been included for tBeline. The least-

shown as the dashed curve; data Eor are the full curve. g ares fits to all the data have been used to determine the
This figure may be compared with Fig. 5 of BF76. The com-¢rq.stress values. Because of the linear nature of the depen-

1 . .
ponentC{; was not reported in the previous work although dence ofG; on stress, its intercefisee Table )l has been
examination of unpublished data reveals a hump and a shoulaken as the unperturbed energy of tRdine. If the zero-
der on the low-energy side @5 (here relabeled:(sz)) for E, stress value of th® line (see Table )l is omitted from the

TABLE Il. Comparison of Fano parameters for Zin different Ge samples.

GF DF cF

Sample hvy (meV) q hvg (MeV) q hvg (MeV) q

437B#2 105.530.02 0.86-0.10 112.650.01 —1.46-0.07 115.9%#0.02 —1.36+0.07
436A#4A  105.5%0.01 0.75:0.04 112.630.02 —1.58+0.15 115.950.03 —15*+0.2
436A#1 105.530.01 1.16:0.08 112.56:0.01 —1.56+0.20 115.85:0.02 —1.5*+0.2
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FIG. 5. Transitions for n~) with FlIl{11 r f 2
Stress (MPa) G. 5. Transitions for G&n~) with FlI(111) at a stress of 200

MPa. Dashed lines are fdllF; full lines are forELF. Cf,), i.e.,

FIG. 4. Stress dependence of tBe D, andC components of T'4(1g)—T4(3Ty), is not observed at this stress; neither Gre
Ge(zn™) for FIl{111). Data for theG line from Ref. 10 are in- andG,. C{? and C®) may not have the same excited stégee
cluded. text). The use of the symmetry labels of Ref. 21 for the unperturbed
] states permits unambiguous identification of the stress-induced
fits, the Comlponen@2 and D4, whose stress d(:*'pendencesstates, which are labeled according@gv notation (Ref. 8, the
are almost linear, yle.ld.mtercepts that are the Sa”.‘e as t propriate subgroup d_fd rather than that 053(1. It should be
unperturbed value, within experimental error. Thus it WOUIdnoted that transitions between states of even parity, although for-

appear that the force produced by the weights is all tr"jmsmltl:')idden undeO,, symmetry and its subgroups with centers of inver-

ted to the sample and hence the zero-stress value is also X = , . .
included in the least-squares fits as shown in Fig. 4. sion, are not forbidden fofy and its derivatives since the center of

The D line at low stress yields two components r, inversion is not part of such groups. The unperturbed site symmetry

the extreme energy componerils and D,. At low stress of a substitutional acceptor ;.

only two components are observed Br, whereas three are

allowed® At higher stress the higher-energy component forsublevels of the final substates of tBeand G transitions

E, separates into two components as repulsion increases bsee Fig. 5 this is also the origin of the decrease in the

tween sublevels of the final states of theand G lines!®  intensity of D5. (The origin of the growth of3; requires a

Thus at low stress the high-energy componentBorcon-  more complex explanatiori The repulsion between these

sists of two unresolved transition3z; andD,. From Fig. 4, two I'5, 4 states produces the crossingdof by D; andD,

it is seen that at high stress tbg component is common to by D; and hence the separation bf; from D, for E, at

both polarizations and thus, from the selection rules, must bligher stress. Interaction between the two excifedsub-

the transitionI’,—T',. Hence the order of the substates of states is expected but is predicttdo be significantly

both the ground and excited state involved are obtained ursmaller than that between the tWg ¢ States, as is borne

ambiguously. Application of the selection rules produces theout by the almost linear stress dependenc® gfandD, at

observed disposition oD components. The corresponding low stress. This is consistent with the upper sublevel of the

energy-level diagram for a stress of 200 MPa is given in Figexcited state of th& line being ofI's. s symmetry*® This

5. In this figure,A;,, designates the splitting of the ground ordering for the final state of th® line is given in Fig. 5 and

state® is the basis for the labeling of the observ&dcomponents.
Previously'®!! it was demonstrated that the stress en-The transitionsG; and G, from the upper ground state are

hancement ofG, is due to interaction between tHé;, ¢ not observed, presumably because depopulation of this state
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77— T T T T between corresponding excited states should occur at much
i 1 larger stresses for Zn In addition, the ground state for Zn
lies about ten times further below its first excited state than is
the case for the group Il impurities and thus should be even
. less affected by mixing than the excited states.
The stress dependence of tBieandD components should
give the deformation potential constant of the ground state,

Ge(Zn,Sb) 436 A#4A

E Fll<111> 1 1Ty , while the G and D components should give those of
g o8 o ¢P-¢® - 1I'g and A" , respectively. Because of the complex nature
2 s D,-D, 1 of the C line, the determination ol ;,, from theD line will

+ GG 1 be considered first. This splitting is the difference in energy

of eitherD5 andD; or D, andD,. SinceDj is not resolved
at low stresses arfd, is not observed at high stresgésie to
thermal depopulation of the upper ground-state sublevel
only D, andD, can be used. The stress dependence of their
splitting as determined from only the data obtained with lead
r——————————— ———— weights is shown in Fig. 6. The straight line drawn through
Stress (MPa) the data is the result of a least-squares fit, including the point
at (0,0), and yields the value oA;,, for the ground state
1T’y , and hence the value af given in Table Il for this
state. The linearity of the relation betweéd,; and S is
another clear indication that, for the stresses involved, inter-
actions from other states produce very little effect on the

, Il ad d bef h G splitting of the ground state.
is well advanced before stress enhancement occurs. Ghus The determination o %, andAD,,, the splittings of the

corresponds to a transition to tH& excited substate and 1T- and - states. respectivelv. is not as simole as for
hence its energy should have an almost linear dependence gné . 8 ’ P Y . P

. ay . P . gn since now at least one of the stress-induced substates
stress, as is the case.@g component is allowed foE; ; in .

this work and BF76 there is very little evidence for this tran-has a nonlinear dependence 8riThe stress dependence of

sition. For Ga in Ge, the intensity @5(E;) is almost zero the energy_dlfference @3 andG, is also given in Fig. 6;
for this orientation ofF.28 the curve is a quadratic least-squares fit to the data. The

Only interactions between the two four-fold manifolds of behavior is very similar to that obtained for Ga in &dut

the two I'g excited states of th® and G lines have been the effects in G@Zn‘)Goccur at much higher stress, as ex-
considered. Numerical calculations for group Il impuri

04 v GFL-GRm |

0.0

FIG. 6. Stress dependence of the energy spacirg,ofndD,
of GeZn™) for FI{111); this spacing gives the ground-state split-
ting, Aj,;,. The energy difference at{? andC{? is also given, as
are the spacings d&; andG, and of G5(L,Il) andGf(1).

25 Ppected. The value ok}, is the linear term in the fit to the

contain many more interactions and the results give a mor@ata in Fig. 6 and gives the value d§ shown in Table Il
complete picture of the behavior of the final states. Since théor the 1I's excited state; this deformation potential constant
excited states of G&n~) have energy spacings which are has not been determined before.

approximately four times larger than those of the group Il The value ofA?}; is much more inaccurate than that for
impurities, stress-induced interactions of a given magnitude\$;,. Again, only one pair of components can be us@g,

TABLE lll. Experimental deformation potential constants for Zim Ge, Ga in Ge, and theoretical deformation potential constants for
group Il impurities in germanium. Units are eV.

GeZn) GeGa) Gelll)
This work Previous work Previous work Theofy
State b’ d’ |b’| d’ b’ d’ b’ d’
iry —0.727-0.006 —2.267-0.012 0.730.02 —2.32+0.09 —1.20+0.00 —291+0.068 -1.20 —2.68
1I'g —1.43+0.05 0.21%0.00# —1.10+0.0€¢ 0.22 —-1.14
2I'g 0.599+0.004 0.3%0.05 0.65-0.02 0.53:0.0% <|0.04° 0.50 0.18
3ry ~0.73 —1.67+0.08 0.53-0.02 054 -1.10
3ry - + —0.22+0.08' 0.01  —0.40

arg + +

%Reference 10.

bReference 29.

Obtained from theD-line data; using lineC® data give—0.718+0.008(see text
dReference 30.

®Reference 28.

fEstimated from lineC® (see text
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andD,. Their energy separation is very small and increasestate ofC(1). The fit to the stress dependence of the energy
at first and then decreasésee Fig. 4. A quadratic fit over of C{Y), shown in Fig. 4, is a quadratic least-squares fit,
the range 0-70 MPa yields?,,, the linear term, and hence omitting the three lowest-energy points but including the en-
dy for the excited state 25, a quantity not determined ergy of C(%).
previously. The componeniC{? clearly originates from the lower
For stresses up te-25 MPa, theC line gives rise to two ground substatd],, and, since it is only observed fé, ,
well-defined components fdE, and one forE; (see Fig. 4 mystbe d°,—T's, ; transition, where th&s , ¢ excited state
Beyond this stress the higher-energy unpolarized Conlponerlﬂriginates from thd'g state which is assumed to be coinci-
C{ develops the well-resolved low-energy feat®§’.  gent with ;. (Itis not clear if the nature of its polariza-
This appears only as a shoulder fBy and disappears at tion can be used to argue that it is @ﬁE), which occurs for

stresses above-100 MPa. The three lowest-energy data o .
oints forC™® shown in Fig. 4 have been obtained by fitting both polarizations, since the clearly seen stress enhancement
b 4 : of Cﬁf) may affect the intensities differently for the two po-

Lorentzians to the absorption lines and are believed to b?arizations)
less reliable than the others. It will be argued below that this Bef leting the di ion 62 it |
component is no€{?, which appears at higher stress only ~ >°'0'® cor(r;g) eting (tz)e Iscussion O™, it is necessary
for E, , but, again, on the low-energy side @gz) (see Fig. to/ return toCj’ .and CS(Z), Whoszcze)energy sp:_:\cmg should _be
4). At stresses above 70 MPa, two additional components, A111- The spacing of;™ andCs™ as a function of stress is
Cc? andC®, are observed foE, ; C?) is also observed Shown in Fig. 6 where it is seen to be larger than thaD gf
o3 . ’ AN ; i 2 2

for E,. Similar details to the above are exhibited in Figs.andD,. It might be that eitheiCt”) or C&*) (or both are
4—6 of BE76. composed of unresolved components and, since no such am-

The relative intensities, polarization, and depopulationbiguity exists for theD components, the value a,; ob-
characteristics of theC components at low stressS( tained from the latter can be taken as correct. It might be

<25MPa) are typical of the behavior of eitherlg(T,)  conjectured tr,‘at' since the energy spacin@§? andC{” is

—Te(Ty) or al'g(Tg)—I'7(Ty) transition forFI(111). Un-  9eater thamiy;, thel's. (I"g) stress-induced excited sub-
der such a perturbation, bofhs(?d) andl}(ﬂ) reduce to state ofC;”’ discussed above has an energy initially slightly

— o higher than that of ,(1I';). Thus, at lower stres8?)(E, )
I'4(Cs,) and the transitiond’s. o —I's(E,), F“fr“(E{)'_ could be a mixture of two transitions. However, the energies
and I';—I'4(E) have relative intensites 3:1:4,

(2) (2)
respectively’ This strongly supports the argument that theOf Cy (.Ei) and Cs"(E) are foun.d to be the same and no
mainC line, C®, has aI'; state as part of its final statsee such mixture appears to be possible for the latter. Also, it is

Fig. 4 of BF76. Consequently, the low-stre€scomponents difficult to see ho“:(la(Eﬁ) can be a cpmpound transition
are labeledC(? andC{) (see Fig. 5 That these two com- &S (€ transition’s, ¢(1's ) =15 6(I's) is not allowed for
ponents stem fronC2 is given further support from the Ei - ThUS, the reason that ti@?) andD components fail to

; s
results of linear fits to their energies in the stress range 0—g8/Ve the same value ai;, is not understood but the value

MPa, for which only the weights were used. These give in-obtained directly from thed components will be taken as
rrect.

(2) (2) co
:E;ng)s Iifr?écallt Zaer;gl(;?re;f;atl_?ri;efrii/scg(zg)e;zotlrgs?rlljergt;g/ of The stress dependence of the energies of the states in-
. . ' . 3 ?3) volved in theG, D, and C lines is given in Fig. 7. The
~200 MPa(including the data of Fig. 9 of BF76 faf3™)  gquations obtained from fits to the experimental energies
unamb|guously |3dent|fy these two components as stemmingaye heen used to generate this figure, assuming that the
from C(® and Cf ), respectively. _ energies of the two ground-state substates have a linear be-
(1|)t remaln(sz)to Ju.stlfy th(g)lden(tzn)‘lcatlon szt)he parent lines of hayior and assigning any hydrostatic terms to the excited
C,’ and C;”. SinceCi”, C;”, and Cs™ all appear to states. The behavior depicted in Fig. 5 as the states change
originate fromC(?), the final state cannot be simph'T . from their zero-stress energies to those at 200 MPa has been
As the theory places no oth&g; or I'; state near I'; , itis  obtained from Fig. 7. It is seen that the repulsion producing
assumed that Hg state is in coincidence withIl, , giving  the complex stress dependencelof and C{? at the larger
I'4(1T7), T4(I'g), andl's_ ¢(I's) as the stress-induced final stressegsee Fig. 4 appears to be caused by an interaction
substates o€, where it is necessary to identify whidh, ~ betweenl's, s(2T'5) and thel's, ¢ final state ofC{. This
state this is. BotlC?) andC{?) are observed in each polar- is presumably the reason why the intensitylbf decreases
ization thus exhausting all allowed transitions of the typemuch more rapidly with stress than predictedThis is a
| S However,Cfll,) is also observed for both polariza- large effect, suggesting that thg state almost coincident

. p— -_— . . . + .
tions and hence must bela— 1", transition and, because of with 1’7 is 3I'y (as depicted in Fig.)7and not 3'g , since

its energy, must originate from the lower ground state. If thdnteractions between states of opposite parity are expected to

; ) . . _ be small. This disagrees with the previous assignMeft
three lowest data points fdZ,,” are ignored as being rela 3I'g as the final state oE®). This coincidence is the same

tively unreliable then a linear extrapolation of the stress de- . . 0 : . .
engjlence ott{}) to zero stress ivgs an intercept that fallsas for theC line of Ga in Ge™ In constructing Flg. 7, inter-

P . 4 ?1) @) 1o P actions between odd- and even-parity states have been taken

approximately midway betwee@'™ andC'®. Itis thus as-  to be zero; thus states of opposite parity are shown as cross-

sumed tha’Cfll,) is derived fromC™) since anothef’,—I',  ing even if the spatial part has the same symmetry. Such
transition is now permitted whatever the nature of the finalinteractions, if they do exist, may be difficult to observe



7472

79 T T T T T T T T T T T

T,(05)
B Ts, (3T
I r e g
B r 4(3F§)

78

7 T5, (4T3

56T
ryery |

76

75

69

68

67

Hole Energy (meV)

Ge (Zn")

| Fi<ti1>

3y
50 100 150

Stress (MPa)

G. PIAO, P. FISHER, AND R. A. LEWIS

PRB 61

3.8

T |
F F
(@) $=20.1 MPa D" + D% _Dy+Dy
(I,L) Bﬁ (L)

3.

=2}

— GG

cFanLy

o34k \

g

et Gl e
-5 1 l L 1 1 1 I 1 1 1 1 I 1 1 L
g

< Ge(Zn,Sb) 436#4A - E,

S Fll<l11> —E,

£ 38 I T T

‘,5_'. FopF

s (b) S =75.6 MPa /Dz“ﬂl ; 4

= ~ (I,

“ Df+DSf /i

F.g,F Il,L
ol GG, (RN

110
Photon Energy (meV)
FIG. 8. Fano spectrum of G&n~) for FlI{111). (a) Stress of

20.1 MPa.(b) Stress of 75.6 MPa. The vertical arrows(ln) give
the positions ohv, for GF, DF, andCF.

same as those for Ga, while the signd{3I'g ) is opposite

FIG. 7. Behavior of the ground state and the final states of theéo that calculated for the corresponding state of a group Il

G, D, andC lines of Gézn™) for Fl{111). See text for details.

experimentally. The transitions assigned to thecompo-
nents are included in Fig. 5 except f@fll, , which is the
transitionl" (13 ) —T'4(3I'g) for both polarizations.

The energies of the!? transitions have not been used in
the construction of Fig. 7 since it is not clear t@&f’ and
C® have a common excited statg{®) was used to give the
stress dependence bf(1I';). At low stress,I's  ¢(3I'g)
has an energy that is slightly higher than thatl{1I';).
This follows from the cubic fit made usin®® and the three
data points for its componeﬁlff) (see Fig. 4. This provides
a state with the correct energy close kg(1I';), which
might broaden theC{?) and C{?) components; however, it

has been argued above that thls cannot be the case. If a fitis

made to the more extensive data of Fig. 9 of BF76a a
similar result is obtained except thBt . ¢(3I'g) lies further
abovel'4(1I';) at low stress than is shown in Fig. 7.

impurity.2°

Even though the final state of the moderately inteBse
line is almost certainly ¥y , the stress pattern of this tran-
sition is remarkably featureless. This prevents a conclusive
identification of the excited state.

b. Fano resonancesThe effect ofFll(111) on the Fano
resonances is shown in Figs. 3 and 8; preliminary results and
the pertinent selection rules have been presented
elsewheré??’ The correlation between the Fano components
and the parenp;, components is illustrated in Fig. 3; the
data for the two series were obtained at slightly different
stresses. At 80 MPa the splitting of the phonon F¢111)
is ~0.023 me\2! while the shift in its energy is also very
small. Qualitatively the behavior of the Fano resonances cor-
relates well with that of thg,, transitions.

S Before commenting on the detailed behavior of the com-
ponents of the resonances, it is necessary to establish their
quantitative evolution. Because of the broadness of these fea-
tures, this is somewhat difficult when several components

Deformation potential constants determined for the stategverlap, as is usually the case. A method has been described
1Ty, 1F8 , 2F8 , and :«FS from the values obtained for previousl}* by which the parameters of an isolated reso-
Al AT, AT, andAS, (3T ), respectively, are given in - nance may be determined; this will be called the “straight-
Table 1ll. For comparison, the values obtained previotsly line” (I) method. This is successful in analyzing unperturbed
and the experiment&t®®and calculate® values for the cor- features but is of limited use in analyzing stress-split reso-
responding group Il states are also included. The signs ofiances. The dominant feature of a highly asymmetric reso-
the constants are deduced from the ordering of the substateance is its maximum, or pedg). The dependence qf on
involved in each cas&From the considerations above re- stress can be more readily determined than thatgf (the
garding theC lines, the signs of By and 4'¢ can be found; value ofhv ate=0)," except for isolated components such
these are also included in Table Ill. The signs of the deforas the high-energy component B bf. For D3+4, it is pos-
mation potential constants for Znwhere measured, are the sible to follow the stress dependence of bbiky andp; the
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! ' In the above two examples, the stress dependence of the
energies of the Fano components has been assumed to be
A E, } Pun linear; however, the behavior of the pardhtcomponents,
particularly D, and D5, is not linear. Each observed Fano
feature is a mixture of several components involving the
76 |- 4 E" } Fano Dy phonons and the parent line. The manner in which the latter
+ behaves is shown in Fig. 4; for comparison, this behavior is
D, 871 included in Fig. 9. If the energies &5, , andD, are aver-
aged and a linear fit made, the slope is 0.0129 meV/MPa,
which is in good agreement with the corresponding Fano
© data. Similarly, the slope of the line fitted to the average of
D, andD, is —0.0064 meV/MPa, which is close to the Fano
: results obtained from both tHeand p methods.
i 5 | The behavior ofGF for FIl(111) is significantly different
A from that of DF. At low stress, folE, , the resonance shifts
75 3 = i to lower energies and is IabeI@if+2(L). At S=30 MPa,
\\. i this component is no longer observed. B340 MPa, two
hv,—» ' | antiresonances appear at energies higher Banat zero
' stress(see Figs. 3 and)@&nd are labele®5 (L) andG; (L)
hvy 3 D, | (see below It was not possible to determine precisely the
A stress at which these two antiresonances appear due to the
_ =D, D presence of the interference fringes. There appears to be evi-
b DF,® ] dence of the two antiresonances-aB9 MPa while at~46
MPa there is no doubt of their preserisee Fig. 3. ForE,,
two resonances appear at the lowest stress used, one lower in
energy than the zero-stress resonance and the other higher;
74 ' ' ' ' ' : : the latter is labeleds!(ll). As stress increases, the lower-
0 20 40 60 80 energy resonance disappeésse Fig. 8 while another one,
Stress (MPa) G5(Il), appears at a higher energy than the unperturbed reso-
nance(see Figs. 3 and)8The latter component also seems to
ppear at-39 MPa and to be an antiresonance, similar to the
. components. The higher-energy compon@ﬁ(ll), ob-
served forg, at all stresses does not appear to be an anti-
resonance and has a shape suggestin@ and so of oppo-

results are given in Fig. 9. No data are included fjf,,  Sit€ Sign to theg of the unperturbed resonance.

beyond ~50 MPa since depopulation of the upper stress- In order toFobtaln quantitative information about the com-
induced bound-hole ground state reduces its intensity to thf0nents ofG", it is necessary to consider their shapes. If
of the weak interference fringes observed in all measureld|>1, the peak of the resonance is the sharper feature; if
ments. The unperturbed energy @F(p) is 112.455 |d|=1, the maximum and minimum are equally sharp; if
+0.005 meV, while the data label@f_ ,(1) are those from g/<1 the minimum will be the sharper; §=0 (a pure
thel method and givév,. Also included in Fig. 9 are simi- antiresonancdethe only feature is the minimum that coin-

. . _ _ F
lar results forD' ., although these are not expected to be afides withe=0 and thushvyin=hw,. All G" components
recise as those fap" It is seen that a given peak has a appear to fall into the last two categories. Thus energies of
P 3+4- .their minimawill be used to demonstrate their stress depen-

stress dependence that is close to that of the correspondl%%nce_ The results are given in Fig. 10 along with the behav-

h:‘)j[ This IS to ?ﬁ expelfted i th;vle;lue_l%ﬁs |;1d(_apr(]='.tn|Qent ior of the observed components of the parénline. There
ot Stress since the peak occurseat 1/q. 1he STAIGL INES 0 1y zero-stress data points shown @&Jt. The one of

dravm througlgth tr;el datta for the cf:_?mpogentsDﬁ:f in Fig. 9 greater energy iBv, (see Table ), while the other iy,
are the results of least-squares Tits and are which is 0.18 meV lower in energy thdm,.

_ First, from Fig. 10, it is noted that the data points @E
h =(112.476-0.005 — (0.0055+ 0.000) SmeV, P TS
vis2(P) =l 3~ 3 for bothE; andE,; coincide at all stresses. This implies that

_ . o g for this component is the same in both polarizations and, in
hvo1+2(1)=(112.622-0.009 ~(0.0061-0.0003 SmeV, particular, if one is a pure antiresonance so is the other. If a

linear fit is made to the data fdB5 for both polarizations
without including the zero-stress value lob,,,, the inter-
cept is close to the unperturbed valuehof,,. If the latter
value is included the fit is even better. The dependencof
whereSis in MPa. Thus, the stress dependence of the energyn Sis ~3/4 that ofG3; it is tentatively concluded thab;

of these asymmetric components is reasonably well reprgs the parent ofG5. Secondly, it is found that the data for
sented by the behavior of their peaks. GZ(EL) follow much more closely those &, than do those

r T r T r
- Ge(Zn,Sb) 436A#4A Fll<111> .

P
-

Photon Energy (meV)

T
0O

LJ
P

FIG. 9. Stress dependence®fandD" components of G&n")
for FIl{111). The energies of the latter have been reduced by 37.8
meV for ease of comparison. See text for the meanindsaof p.

hvs, 4(p)=(112.462+0.006 + (0.0130+ 0.000)SmeV,

hvea: 4(1)=(112.595-0.005 + (0.0135+ 0.000) SmeV,
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Photon Energy (meV)
Stress (MPa) FIG. 11. Theps, and Fano spectra of Gén™~) for FlI{100) and

stress of 60.0 MPa.
FIG. 10. Stress dependencemy, and FanoG components of

Ge(zn") for F\I(ll]}I. The energies of the minima of tf@" com- the stress enhancement of the pa@rdomponents, leads to
ponents are shown; these have been reduced by 39 meV for ease R o .
comparison. The datum labeléd ., is the energy of the minimum the .va.rlatlon observgd. Howeve'):r, the consequence of this on
of GF at S=0; hvy is defined in the text. D is just as dramatic and yé;. , does not appear to be
affected, although the data are more difficult to analyze be-
of G4(E,); the latter has a much larger quadratic term tharcause of the superposition of the tBocomponents. There is
either of the other two. The energy differenceGJ(E, ,E, ) not a very large mixing effect for the final state G and
and GZ(EL) is plotted in Fig. 6, from which it is seen that thus the value ofj for Gg would not be expected to vary
there is a close correspondence with the data for the differvery much from this cause. On the other handy#0 for

ence in energy 063 andG,. Within experimental error, the G at all stresses, mixing would produce no effect.
linear part of the fit to the former difference is the same as

that obtained for the latter. Thirdly, the energy spacing at
low stress betweeiG5(E,) and GY(E,) is very close in
value toAj,,, implying thatGE(E”) hasG, as its parent. a. Pap s_pectrumThe behav_iorl of th@s, transitions for a

The origin of the broad low-energy component for is not ~ compressive force along00 is illustrated in Fig. 11. The
clear but, since it lies betwee®), and the energy at which results are almost identical to those of BF76 except that for
GF is predicted to occur, it could be the two unresolvedStresses=40 MPa, theD, and D; components folE, are
componentsGF(E,) and G5(E, ); this is the basis of the distinguished more clearly. The intensity of tBg compo-

label in Fig. 10. These low-energy components are not ophent decreases with increasing stress as a result of depopu-

served as the stress increases because of depopulation 0N of the upper stress-induced ground state, and as a con-
fects. sequence can be detected over only a limited range of stress.

Finally, it would appear thatBZ(EH) hasG, as its parent Since theD components were not well resolved, a Lorentz-

transition. If the above considerations f8f;(E, ) are correct lan curve-fitting program was used o _obtam their energies.
L . : N The C components are labeled according to the scheme de-
and it is a pure antiresonance thenlitg,,;, must coincide

i for FII{111). Fig. 12 which sh h
with its hvy. Since the energy of the minimum G’j(E”) is scried forFI(11D). See Fig Wwhich shows the stress

F dependence of all but the transitions. The stress-inducéd
larger than that oG, (E, ) theng<0 for the former, and the componentsG; and G, start to appear at a stress o#5

value ofhwya=hu for G4(E,) will determine the value of \pa and their intensities increase with stress, but not as
hvg for G4(E)). Since the energy of the minimum of dramatically as forFil{111). The calculations by Buczkd

G} (E,) varies nonlinearly witl8, gfor this component must  for group Ill impurities yield the same sign bf for the final

vary with stress. It remains to determine WQZ(EH) be- states of theD and G lines and thus predict that stress-
haves differently from the other observéd components; it induced states of the same symmetry are not adjacent to each
might be noted that the parent compon&(E,), is forbid-  other, unlike the case fofl(111); this is presumably the
den in theps, series. It is conjectured that the mixing be- reason for the observed smaller stress enhancement & the
tween the bound stress-induced substates, which producesmponents fof[(100).

2. Applied force along 100 axis
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T | T l I I that when the energy difference between two such compo-

Ge( Zn, Sb) 437B#2 Fli<100> . nents is being considered the poift 0) can be included in
A Ey the fit. A linear fit to the energy difference &, andD,
* E gives the value of A+ A2 ; the result obtained is-6%

smaller than that given in BF76. Linear fits to the few data
points for the spacings @, andD3, andD; andD,, yield

.”/‘__r___,__‘___—k‘——*’“ o Ajoo and AD,,, respectively. The sum of these two agrees
3 @
a ¢ well with that obtained above directly frord,; and D,.

These values oA, and ADy, are ~4% and~8% smaller,

N S respectively, than those_of BF76. o
~ Co C(sz) The spectrum of th€ lines forFII{100) is richer than that
g C((f)’: s for FI(111) and resembles that for Ga in &®A linear fit to
5 C32 the data of Fig. 12 fo€® without including the zero-stress
§ cy value gives an intercept identical, within experimental error,
F: . | @ to the zero-stress value. This clearly identifies the parent line
g of this component and thus the linear fit @&* shown in
£ Fig. 12 includes the zero-stress value. In what follows, it is
s D, | assumed that eadb component has a linear dependence on
stress. This assumption is well borne out in all cases, pro-
N D, vided it is recognized that the two data points labe@{f
75% ey D, +C%®, occurring at~11 and 16 MPa, are composed of two
unresolved component@s implied by the labgland the
5 energies olC?) andC!® at 21 MPa have been obtained by
.

curve fitting. At the smaller stress, the energy of the com-
pound component?) + C{?) approaches that &%, indi-
- | | | ! . ! cating that it is the more intense component.

0 10 20 30 40 50 60 70 Linear fits to all components, omitting zero-stress values,
give intercepts that clearly identify the parent lines in each
case except fo€§"). Considerations to be given later indi-

FIG. 12. Stress dependence Bf C, a and B components of ~Cate thatC) is the parent line ocgl). The zero-stress en-
Ge(Zn™) for FII(100. ergy is now included in the linear fit to each component

resulting in the straight-line fits shown in Fig. 12. If the

The results given in Fig. 12 are much more detailed tharenergy spacings between eaChcomponent and those of
those of BF76 over the same range of stress and permit ligher energy are determined it is found that three pairs have
much better opportunity to follow the evolution of ti® values that are the same as or close to the valud gf
components. For this to be carried out as effectively as posdetermined from th® components. These pairs a§" and
sible, the ground-state splitting must be obtained indepenc{t) | c(?) andC{?), andC{® andC®. The data points at
dently of theC Ilnes_. The_sphttlng o_f théd Ilne_pro_wdes the 21 MPa have been omitted for the pa(tﬁf),c(f)), Of the
oqu means for doing this. There is no amb@mtxabqut thec(zz) components, only those f@ were used since they are
ongin of theD components. The t_ran3|t|or1“J§—>2F_8 SPlits  luch more clearly defined than those tor. The values
into four components, two of which are allowed in both PO- Jbtained forA’y, from the C andD components are in ex-

L?rlZE;thﬂS V;h"e thgz other t\L{vH(%}atr]e oAn,Iy per?gged B It cellent agreement. Deformation potential constants thus ob-
as been observed previo that Ajpo andAjgg are not oo are given in Table IIl.

very different in value. This is the reason the two compo-  Thage results indicate the transitions with common final

nentsD, andD3, common to both polarizations, are difficult ¢iate5 The energies and stress dependence of the intensities
to resolve. I_:rom_ the selection rules an_d the experlment f the extreme components are an indication of the ground-
result that this pair of components are of intermediate energyate sublevel involved. Together with the fits to the energies
it is deduced thab" and by have opposite signs. It is ot of the components and their polarizations, it is possible to
possible from the experimental behavior of fhdine alone  construct an energy-level diagram that accounts for essen-
to determine the signs of the deformation constants, i.esally all the observed transitions. This is given to scale in
which of the two stress-induced substates is of lowerrig™ 13 for S=50 MPa with the ordering of the ground-state
energy—the one ofl'¢(D,g) symmetry or the one of sublevels taken to be that predicted theoreticilljhe value
I'7(D,g) Ssymmetry. of b’ for 3T'g and the signs ob’(3I'y) andb’(4l'g) have
Linear fits to the data fob,; andD,, without the inclu- been determined on the basis of this construction and are
sion of the zero-stress energy, yield intercepts that agree witincluded in Table III.
the latter within experimental error. From these results it is The construction of Fig. 13 will be discussed. First, since
clear that, for any of the data shown in Fig. 12, when a lineaat least four distinct components are attributed>@ and
fit is made to a component whose parent line is unambigutheir energies and polarizations are not compatible with ei-
ous, the zero-stress energy of the parent can be included, atiter a singld’; state or a singl&'g state as the parent excited

Stress (MPa)
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o ! e : : FIG. 14. The Fano spectrum of G ~) for FIl{100 at stress of
e | | 31.2 MPa.
T
R R
: T I L AR it is predicted” that for group Il impurities the intensity of
/ ! I the transition to I'; will be significantly stronger than that
T N I I to 3I'g and, thus, at very low stress, the former should pro-
! ! vide most of the intensity of the stress components. If this
: : argument can be sustained, then the ordering of the ground-

+ . . . . . .
LA state sublevels is determined immediately. However, in this

: : 2
FIG. 13. Observed transitions, their components, and origins context, the growth of the intensity @ needs to be un-
for Ge(Zn™) with FIl(100 at stress of 50 MPa. Dashed lines are for derstood.

EIIF; full lines are forELF. C™ is not included(see text The The deductions regarding the nature of the components
labeling of the stress-induced states is in the spirit of that describegind excited states &), C(?), andC® proposed in Fig. 13
in the caption to Fig. 5. have been made without reference to the interpretation given

elsewher? for the C line of Ga in Ge. However, there are
state, it is concluded that the two states;1and J'g to-  clear correspondences between the stress-induced spectra of
gether form this final state. The choice of g rather than  the two impurities. A comparison between the spectra shows
3I'y is based on the observation that most of the total intenthat essentially all the components fif “freeze out” at
sity of the components is invested in those attribute@%  high stress leaving the dominant high-enef§y compo-
and it might be expected that the matrix elements would béents, while at low stress there is one main component for
significantly smaller for transitions toI3 than to I3, E,. The accidentally superimposed transitions proposed here
noting that very little mixing occurs for this direction &f that comprisecﬁf) are well separated in the Ga spectra and
Secondly, the componer€{? has been demonstrated to their intensities exhibit a behavior which, when combined,
arise from the upper ground state and yet its intensity showgoy|d give that observed fa€{?) of Zn~. The transitions are
very little variation with stress. Thus it is com_:l_uded that th'sseparated for Ga becausg(1l;) is significantly larger
component is the superposition of two transitions, one fro , _ s s ¥
the upper ground state and another of almost the same e 1an b (EFS)' I addition, - the transmon I7(11 )
ergy from the lower ground state. If this is so, this is the only—1's(3I's) appears only foE, for Ga and is a very weak
transition observed t6'4(3T';) and requires the B; state compqnent wh|!e for Zn it is not obsgrved at all; it is this
to have the same deformation potential constant as thgansmf)n that is required to establish the energy of the
ground state. Thirdly, the previous results indicate g~ 's(3I's) state. .
also appears foE, (see Fig. 13 of BF7pand thus its final b. Fano resonancesThe piezospectra of the Fano reso-

state is labeled 4(4T';). Fourthly, there are insufficient nances under €100 compression are presented in Fig. 11,
transitions seen to permit the energyIﬁg‘(SFg) to be de- which shows the correlation between the Fano series and the

ps, series. The behavior of the Fano spectra only at a lower
stress is given in Fig. 14. The stress dependence of the en-
ergies of the peaks of tHe™ components is given in Fig. 15
T - - along with that of theD components. The lines are the re-
d|sF|ngU|sh|ng I'7(1I'7) and I'7(3l'g) need(sz)to be ex- sults of linear least-squares fits. The datum point represent-
ple;med. At low stress, the component;(E) and ng the zero-stress energy of the peakdS for this sample
C{(E,) appear to be the dominant ones while there is alsgs at 112.48-0.02 meV and has been included in the fits to
a weakC5”(E,) component. These have a pattern similar top¥ and D5, , but not forD% . The value forhv, (see Table
that expected for & (T4)—T'7(Ty) transition® In addition, 1) is indicated in the figure.

termined unlesstgl’ originates from the upper ground state,
which is unlikely since this small but distinct component
persists even at large stregsee BF76. Finally, the basis for
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76.5 T T T T T T mum is at lower energy than, and extrapolates to, the zero-
Ge(Zn,Sb) 437B#2 Fli<100> stress minimum. There is or®&" component foiE, ; this is
relatively strong but, again, because of the superimposed
fringe pattern and the changing background absorption, it is
difficult to determine its shape. The energy of the minimum
of this component increases linearly with stress and, like
DZ, extrapolates to a zero-stress value that is higher in en-
ergy thanhv,. Because of the lack of data for the behavior
of the parentc components at the low stresses involved, it is
not possible to identify with which of the latter the former is
associated. Analysis of the™ components is also difficult;
these components are very broad, presumably because of the
number of overlapping components arising from the pagent
line.

As is the case foFll(111), the energy of the zone-center
optical phonons is known to split and shift but, again, these
effects are small at the stresses used here. For example, for
FI(100) at 200 MPa a splitting of only 0.02 meV occui's.

The width of the Fano components makes such a small split-
ting unobservable at the stresses used.

A E"}p
- @ E_L 372

E" } Fano
E.L

5.5

Photon Energy (meV)

0 10 20 30 40 50 60 70
Stress (MPa) IV. CONCLUSION

FIG. 15. Stress dependence mfi; and FanoD components of A state-of-the-art spectrometer has permitted more de-
Ge(Zn") for FI(100). The energies of the peaks of tB& compo- __tailed and accuratps, absorption spectra of Gn") to be
nents are shown, reduced by 37.83 meV for ease of comparisoRy vine than previously. The results on the piezospectro-
The value ofhy, for D' is indicated. . . o b

scopic behavior for th& andD transitions of thepg, series
are in excellent agreement with those reported previously.

If the spectra for the two polarizations are combined, theyThe origin of the complex, closely spac€dtransitions has
indicate qualitatively that the splitting @" follows that of  been partly clarified by examining their stress behavior. The
the parenD line. While allowed by the selection rulésit is first three lines of th&€ complex,C™M), C?, andC®), have
interesting to observe how strong tl¥ and D compo- the final states B; , 1I'; +3I'; , and 4" , respectively, in
nents are fol;, since the parent bound-hole to bound-holereasonable agreement with theory. More reliable deformation
transitions are strictly forbidden. Also interesting is the de-potential constants of some energy states have been obtained
crease in intensity with increasing stressf. 5 for E;. by analyzing well-defined spectral components.
This is not the case for the supposedly same compound com- The Fano resonances of @a~) show typical Fano line
ponent forE, . This might suggest that fdf, the component shapes. These piezospectroscopic observations of Fano reso-
is mainly composed oD%, whose intensity will diminish nances of acceptors in Ge reveal that the resonant states ex-
with increasing stress due to depopulation of the uppehibit behavior similar to that of their parent transitions in the
ground state, an effect clearly observed Bf(E,). How- ps» series, although some interesting anomalies remain un-
ever, this conjecture is difficult to reconcile with the energyexplained. The phonon splittings due to stress are too small
dependence db5. 5(E,) given in Fig. 15, where it is seen to be determined from the behavior of the Fano stress com-
that the energy of the peak of this Fano component followgonents in the experiments reported here. The selection rules
that of D5 and notD,. for py, transitions are greatly relaxed for the phonon-assisted

From Fig. 15, itis seen th@' (E,) has approximately the Fano features, resulting in the observation of several striking
same stress dependence[hls The ComponenDE(EL) is phenomena; for example, the observed intensities of some of
very weak, making it difficult to separate it from the small the stress-induced Fano components whose parent compo-
interference fringes which were present in all the results ofi€nts are strictly forbidden. Another interesting effect is the
this set. The stress dependenceDgf, which appears to be Way In th|ch the resonance shape changes for the compo-
the same for both polarizations, is very interesting. The enfents ofG", particularly forFI(111).
ergy of the peak of this component follows the stress depen-
dence ofD, but extrapolates at zero stress to an intercept
that is greater thahvo(DF) (see Fig. 15 this is not under- ACKNOWLEDGMENTS
stood.

The GF components foE, are weak and difficult to sepa- The work was supported in part by the Australian Re-
rate from the interference fringes for stresses abe8®  search Council and the University of Wollongong Board of
MPa. At lower stresses there is one component whose minResearch and Postgraduate Studies.



7478 G. PIAO, P. FISHER, AND R. A. LEWIS PRB 61

1P. Fisher and H. Y. Fan, Phys. Rev. Lett.456 (1959.

2F. Bassani, G. ladonisi, and B. Preziosi, Rep. Prog. P&Ys.
1099(1974; M. Altarelli and F. Bassani, itHandbook of Semi-
conductors edited by W. Paul(Amsterdam, North Holland,
1980, Vol. 1.

3S. T. Pantelides, Rev. Mod. Phyg0, 797 (1978.

4A. K. Ramdas and S. Rodriguez, Rep. Prog. Phisg. 1297
(1982.

SR. Buczko and F. Bassani, ifroceedings of the Third Interna-
tional Conference on Shallow Impurities in Semiconducteds

16G. F. Koster, J. O. Dimmock, R. G. Wheeler, and H. StRizp-
erties of the Thirty-Two Point Groupg®IT Press, Cambridge,
MA, 1963).

7W. Kohn and D. Schechter, Phys. R&8, 1903(1955.

18, Kohn, in Solid State Physi¢csedited by F. Seitz and D.
Turnbull (Academic, New York, 1957 Vol. 5, p. 257.

19D, Schechter, J. Phys. Chem. Sol23; 237 (1962).

20K . s. Mendelson and H. M. James, J. Phys. Chem. Saii329
(1964.

2. Baldereschi and N. O. Lipari, Phys. Rev.882697(1973; 9,

ited by B. Monemar, IOP Conf. Proc. No. 9Bistitute of Phys-
ics and Physical Society, London, 198%. 107; (private
communication

R. Buczko and F. Bassani, Phys. Rev4B 5838(1992.

"P. Fisher and H. Y. Fan, Phys. Rev. L&t.195 (1960.

1525(1974; in Proceedings of the 13th International Confer-
ence on the Physics of Semiconductadited by F. G. Fumi
(Tipografia, Rome, 1976 p. 595; N. O. Lipari and A. Baldere-
schi, Solid State CommurR5, 665 (1978; N. O. Lipari, A.
Baldereschi, and M. L. W. Thewalipid. 33, 277 (1980.

8s. Rodriguez, P. Fisher, and F. Barra, Phys. Revs B219
(1972; 7, 2889(1972.

9F. Barra, P. Fisher, and S. Rodriguez, Phys. Rev7, 55285
(1973. 24R. Buczko and F. Bassani, Phys. Rev4B 5838(1992.

10N, R. Butler and P. Fisher, Phys. Rev.1B, 5465(1976. Note  2°Yu. A. Kurskii, Phys. Rev. B48, 5148(1993.
that, where convenient, in the text this publication will be des-2%V. Fiorentini and A. Baldereschi, Solid State Comm®#, 953

22y/_J. Tekippe, H. R. Chandrasekhar, P. Fisher, and A. K. Ramdas,
Phys. Rev. B6, 2348(1972.
23C. A. Freeth(private communication

ignated as BF76.

K. J. Duff, P. Fisher, and N. R. Butler, Aust. J. Phg@8, 73
(1980.

12G. Piao, R. A. Lewis, and P. Fisher, Mater. Sci. For65&66,
313(1991).

13y, Fano, Phys. Rewl24, 1866(1961.

1G. Piao, R. A. Lewis, and P. Fisher, Solid State Comnin835
(1990.

(1989.

21G. Piao, R. A. Lewis, and P. Fisher, Proceedings of the 21st

International Conference on the Physics of Semiconductats
ited by Ping Jiang and Hou-Zhi Zher{gVorld Scientific, Sin-
gapore, 199p p. 1609.

28p . D. Martin, P. Fisher, C. A. Freeth, E. H. Salib, and P. E.

Simmonds, Phys. LetB9A, 391(1983.

2%R. Buczko, Nuovo Cimento [, 669 (1987).

15See, for example, G. D. Watkins and W. B. Fowler, Phys. Rev. B*°R. E. M. Vickers, P. Fisher, and C. A. Freeth, Solid State Com-

16, 4524 (1977; M. Kleverman, J. Olajos, and H. G. Grim-

meiss,ibid. 35, 4093(1987); 37, 2613(1988; M. Suezawa, A.
Kasuya, K. Sumino, and Y. Nishina, J. Phys. Soc. 54021
(1988.

mun. 65, 271(1988.

81F Cerdeira, C. J. Buchenauer, F. H. Pollak, and M. Cardona,

Phys. Rev. B5, 580 (1972.

323, Menmdez and M. Cardona, Phys. Rev.2B, 2051 (1984).



