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Spin-flip Raman Scattering from Donors
in Diluted MaeneËic S

sKA, D. U. BARTHOLOI'ÍEW,

A. K. RAI"ÍDAS and S . RODRIGUEZ, Purdue Univ .

The spin-flip Raman line associated wj-th
t,he transition of an electron Ín the ls ground
state of an "effecEive mass" donor in a dilut,ed
magnetic semiconductor exhibits sÈriking
features caused by the presence of the large
number o f magnet, ic ions (!Ín' ' ) within its Bohr
orbÍt. We report the resulÈs of our studies on
the diluted magnetic semiconduct,or Cd1-yMn16Te
doped with Ga with a range of composition
0.01
tics of the Raman line convincingly demonsËrate
that it is due to an electron bound to a donor.
The very large sp ir^r:f lip Raman shif t is due to
the sÈrong e Mn'-exchange couplÍng and is
strongly dependent on both the magnetic field
and temperaÈure. 1 We have Ínvestigated the
behavior of t,his line in the Èemperat,ure range
I .8 40 K with external fields up to 60 kG.

For low Mn2* concentrations (x tu 0.0I),
this alloy is paramagnetic and the Ëemperature
and magnetic field dependence of the Raman

shift follows a Brillouin function. As x is
increased, the antiferromagnetic coupling among

.I

the Mn'- ions comes into play and manifests
itself in the behavior of the Raman shift.

For a sufficiently large I'1n2* concentration
(x
field shifc' ; this can be attributed2 to the
'bound magnetic polaron (BMP) | arising from the
mutual"fpin-correlation of the bound electron
and I.{n'- and effects of thermodynamic fluctua-
tÍons of the magnetízation. In Cd1-xMn*Te the
BI\'IP energy is observed to increase (decrease)
with decreasing temperature for composiÈions
less Ëhan (greater than) x = 0.05. Work on
higher composition alloys is in progress.
Results in Cd1-*!ln*Se for x
be presented and compared.
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MODEL OF PHOTOTHERMAL IONIZATION SPECTROSCOPY

IN HIGH PURITY GaAs

T. S. Low*, B. Lee, and G. E. Stillman

University of Illinois at Urbana-Champaign
Urbana, IL 68101

A model of far-i nfrared ( FIR) absorpti on by
shallow semiconductor impurities has been devel-
oped and 'i s presented for the speci f i c case of
shal I ow donors i n GaAs. The di el ectri c response
function e(ur) was calcul ated for the 1s-2p donor
transi ti ons us i ng i mpuri ty concentrati ons typ-
i cal of hi gh puri ty epi taxi al GaAs . The resul t-

ing complex refractÍve index N(r) was then used
to cal cul a te the refl ectance , transmi ttance , and
absorptance spectra of epi taxi a1 1 ayers both
wi th and wi thou t the presence of a semi - i ns ul a ti ng
substrate. Si nce the photoconducti vi ty due to
photothermal i oni zati on s hou I d be proporti onal
to the correspondi ng absorptance, s€guences of
calculated absorptance spectra were compared
with sequences of experimental photorhermal ion-
ization spectra in which various sample param-
eters were systemati cal 1y varied. These param-
eters included the neutral donor concentration,
the epi taxi al 1 ayer thi ckness, and the i nhomoge-
neous width of the donor transition. The cal-
cul ated spectra compare qui te favorably wi th the
experinental spectra. The model of donor di-
electric response accounts for many of the pe-
culiar features that are sometimes observed in
photothermal i oni zati on spectra , i ncl udi ng the
notched peak phenomenon, whi ch was the cause of
several emoneous donor i denti f i cati ons i n the
fi rst control I ed dopi ng experi ments i n GaAs .

The model al so corrects some commonly hel d mi s-
concepti ons concerni ng photothermal i oni zati on
peak wi dths and ampl i tudes , and thej r rel ati on-
ships to dcnor and acceptor concentrations.
These corrections are of particular relevance to
the proper i nterpretati on of photothermal i oni -
zation spectra in the study of shallow impur-
ities and theiri ncorporation in high purity
semi conductors.
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ELECTRON PARMAGNETI C RESONANCE ON SHALLOW
ACCEPTOR IMPURITIES IN SILICON

R. van Kemp and C . A. J . Annerl aan
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Amsterdam, Vàlckenierstraat 65, 1018 XE
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ïhe shal I ow acceptor i mpuri ti es boron , al u-
minum, gêllium and indium in silicon were inves-
ti gated by el ectron paramagneti c resonance ( EPR )
using a K-band superheterodyne spectrometer.
The tPR spectra of these impurfties were observ-
ed at low temperatures (1.4K < T < 4.2K) under con-
ditions of zero and small values of external
uni axi al stress.

The observed angular dependence of the res-
onance lines can be analysed using the effective
spin Hamiltonian H= Hr* H. with t=3/2 [1],

HB = us{gí (J*B**trur*J 
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By making a least squares fit to the experimen-
tal data, the g-val ues sí and eí qnd the defor-
mati on potenti al parametêrs b' ánd d' were ob-
tai ned .

Under a vari ety of condi ti ons pecul i ar I i ne
shapes and widths were observed. [.le considered
the fol I owi ng npchani srm to expl ai n the observed
characteri sti cs of the resonance I i nes: double
and tri pl e quantum transi ti ons , 1 i near and qua-
drati c effects of strai n , dynami c Jahn-Tel I er
di storti on , transi ti on probabi I i ti es and the
effect of relaxation tinB on spin dynamics.

Doubl e and tri pl e quantum trans i ti ons can
occur in this system because J =3/2. They can
be recogni zed because thei r i ntensi ty i s propor-
tional to the square and the cube, Fêspectively'
of the microwave power. However, in the experi-
rnent no such dependence on the mi crowave power
was found. The effects of 1 i near and quadrati c
strain were calculated using second order per-
turbation theory. The expressjons thus obtained
can account qualitatively for the lÍne widths
and asyrnnetry when i t i s assuned that the strai n

di stri buti on i n the crystal i s approxi mately
Gaussian. These effects can not account for a

pecul i ar narrow di p that i s present i n the cen-
ters of the resonance I i nes vri th al'Ít=1 and
MJ=2 [2]'
A dynamic Jahn-Teller distortion of the acceptor
atoms woul d have the resul t that there are no
s i tes wi th s tra i n zero . Toge the r wi th the ran-
dom strains present in the crystal, the effect
will be a shift of intensity away from the mag-
netic field at which the center of the line
occurs.
Calculation of the transition probabilities for
the API;= !,2,3 transi ti ons showed that these do
not becone very smal I i n any of the cases.
An explanation of the dip in the center of the
resonance line can be offered in the following
way [3J. The broad resonance lines for the
a}lg=l and 41,13=2 transi ti ons are a superposi ti on
of-spin packets which are shifted due to the
random i nternal strai ns. For smal I val ues of
the strai ns, packets wi I I overl ap, al 1 owi ng a
form of cross-relaxation to occur. This results
i n broadeni ng of the homogeneous wi dth and
smal I er i ntensi ty at the center of the resonance
line.
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FOUR-WAVE P I EZO-MAGNETOS PE CTROS COPY

OF SHALLOI^I DONORS IN SILICON AND GERMANIL'M*
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Four-wave mixing spectroscopy has Proven to
be a powerful Èechnique for studying energy dif-
ferences beÈween levels for which there is a

Raman-allowed transition. trle have applied this
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technique to the investigaÈion of the valley-
orbit split ls manifold of donor levels in Si
and C€ under stress and magneÈic f ield. By
measurlng the transition energy between the
ls (Af) donor ground state and effective-mass-
like excited ls states in As and Prdonors in
Ge as fr:nctions of magneÈic f íeld,' hre have
been able to deduce the mean square radius of
the envelope functions associated with the ls (A1)
level. Application of stress along [110] in Ge
brings the conduetion band edge of the two sÊress-
deepened valleys closer to the donor ground staËe
enetqy. ApplyÍng, Ín additÍon, a magneÈic fleld,
we have measured wÍÈh inereasing stress the
expansion in size of the ground staËe envelope
functions associated with the stress deepened
valleys. Measurements on P donors in Si under
stress have yielded the effective deforrnation
poÈential^ constants for various levels of the ls
rnanif old.z PrelÍminary experiments on As d,onors
in C,e under stress sugges t that heating of the
electrons by the sÈrong opÈical pulses employed
populates excited levels Ín the ls manifold,
allowing observation of transitions starting
from the excited states even when the initial
lattice Èenrperature is very low.
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TE},IPERATURE DEPENDENCE OF DONOR LINESHAPES
BROADENED BY ELECTRÏC FIELDS
IN COI.{PENSATED SEMICONDUCTORS
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It, is well known that donor absorption lines
in high purity partly-compensated n-type semicon-
ducËors can be significantly broadened by the
elecEric fields and field gradients of surround-
ing donor and acceptor ions, Recently reported
compuÈer experiments have shown that, aÈ T = 0
Èhese fields are strongly quenched compared to
fields generated by placing electrons on donor
sites at random, provided that the compensation
ratio K (K=N6/Np) is noÈ too close to 1. Thus,
for K= 0.5 it is found that the distribution of
the square of the electric field , e2, seen by
neutral donors has a Fï^IHM which is less than
L/LO of that for the random ion system! Although
this result suggests that in partly-compensated
semiconduc t,ors ihe linewidths o f donor trans i-
Èions which are inhomogeneously broadened by
the quadratic Stark effecÈ might, be strongly
temperaÈure sensitive, it seems that the
temperaÈure dependence of the field broadening
of donor transitions in compensated semicon-
ductors has not been studied prevÍously. This
paper describes a numerical simulation devised
for the purpose of calculating the ÈemperaÈure
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