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Vibrational modes of sulfur defects in GaP
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First principles calculations carried out on GaP containing sulfur doff&s(95%) and**S, (5%) show that
both the neutral and ionized donors are located on substitutional sites and have weak S-Ga bonds. For the
sulfur impurity in its positive charge state the calculations give gap mode¥%oand*S at frequencies close
to those found experimentally. Modes within the gap are also predicted for neutral sulfur at frequencies within
a few cm' ! of their charged-state counterparts. However, tﬁedéhor has a very low apparent charge.
oscillator strength its calculated integrated absorption cross section being-e8%6 of that for the $ defect.
These results support an earlier explanation of the failure to detect gap modesgfriorinﬁiared measure-
ments. Calculated and observed apparent charges fogtie®r are compared, and the importance of taking
due account of the different geometries that apply to the theoretical calculations and infrared experiments is
emphasized.
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It has been shown by electron-nuclear double-resonanagduction in the force constant makes the displacements in
(ENDOR) measurements that neutral sulfur donor§)(®  the gap mode highly localized: the nearest-neighbor dis-
GaP crystals occupy phosphorus lattice sites with tetrahedr@lacements are small and there is a large isotopic shift. These

T4 symmetry* The presence of these donors is also reveale§haracteristics are more usually found in localized vibra-
by infrared (IR) electronic absorption transitions s1 tional modes with frequencies above the maximum lattice

—2p% 2p*, etc., at 10 K when there is carrier freeze-but. frequency. Measurements involving two different calibration
The féilure”,to detect an IR-active gap mode fron®,S procedures indicated that an integrated absorption coefficient

_2 . + _
present at concentrations of up to'4@m 2 was initially not of %lgm _e?cs)rre_sponds to a concentratigf ]=2.2+0.3
surprising. The masses of’S (95% abundantand S X 10" cm *.” Since the displacement of the impurity is

. dominant in the eigenvector of the mode, it is reasonable to
Eéllbzg%afngnsh{) S|t“%rc])tllj)ll dgk;ia;errgggjnt;\h;tt?]fet?ﬁmgiir)ilt?/ﬁ% desapproximate the mass associated with the mode as that of the

o ) impurity alone. With this assumption, there is no significant
are located within the bf‘”‘j! of optic modes of GaP that exyjstinction between the oscillating charge associated with the
tends from 326 to 401 cnt.? However, in partially or com-

‘ mode and the apparent charge for the impurity, as defined in
pletely electrically compensated samples, strong modes fro

Pt et ° . 'Ref. 6: both will be denoted by. From the calibrations we
Sp and *'S; were detected at 272.5 and 266.2 cninthe ey ce thaty is about 3.8, a value at the high end of the
gap between the acoustic and optic bariffiem 255 to range found for similar centefs.

326 cm ). These modes were S'mglafd@’ Green'’s func- There are clearly outstanding questions to be resolved.
tion methods using perfect lattice eigenvectors and frequen-

cies determined byab initio theory and introducing force (1) If the mode from § is obscured because it lies in the
constant adjustments in the vicinity of the impurity by the  optic band, it is implied that there is a frequency down-
Lifshitz proceduré.Assuming that $ also hasTy symmetry, shift of greater than 50 ciit when § becomes ionized
agreement with experiment required that the stretch force to S5 . This would not be expected since the wave func-
constant for bonds between the impurity and its nearest tion of the bound electron of SSextends over several
neighbors be reduced to about 50% of that for Ga-P. The nearest-neighbor distances.
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(2) Although there is no evidence thait $noves off theT TABLE |. Frequencies of gap modes of S defects in GaP and

site, this possibility cannot be ruled out their downward isotopic shifts whef?S is replaced by*S (all in
7 . _1

(3) It was proposedithat[following (1) abovd there is only ™ -
a small difference between the gap_mode frequencies for Defect 225 695G s2g_ 34g
L and $ but the value ofy for S is no greater than
10% of that for § . The integrated absorption fronpS Cluster S 256.3 4.5
would then be only~1% of that from the same concen- S 260.2 5.0
tration of § , a_nd it woul_d not be detected. I_t was ar- g nercell st 275.9 70
gued that, provided certain conditions are satisfied suffi-

_ _ L 271.3 6.5

ciently well, the dipole moment produced by the
displacement of the Satom is almost completely can- Experiment S 272.5 6.3

celed by the accompanying displacement of the charg
distribution of the added donor electron. "Reference 3.

In this Brief Report we investigate these questions bymethod. As a check, we calculated the energy double deriva-
means ofab initio density functional calculations for the tives for a bulk cell of 64 atoms and used these values to fit
defect systems. Most of the calculations are for approxia Musgrove-Pople valence-force potential, as done previ-
mately spherical clusters with tetrahedral symmetry consistously for the cluster. Phonon frequencies at special wave
ing of 309 atoms with composition G#PgsH12, but we have  vectors were calculated from the potential model and com-
also carried out parallel local density functional calculationspared with the accepted valuésApart from neglected
with supercells of 64 and 216 atoms, in cubic arrangementsO-TO splitting there is reasonably good agreement and, of
of 2X2X2 and 3x3X3 conventional unit cells, respec- particular relevance to our defect calculations, the predicted
tively, or 128 atoms, consisting of>44xX4 primitive unit  gap in the phonon density of states lies between around 247
cells. The radius of the clusters; 11 A, is significantly — and 324 cm?, agreeing well with that previously quoted
greater than the radius of the Bohr orbit of the ground-statefrom 255 to 326 cm?). The phonon dispersion shows that
wave function for $ (estimated in Ref. 3 to be 5.2)but  the 324 cmi! mode lies at thaV point (1,0.5,0, in agree-
even our largest supercell is too small for incorporat%cﬂos ment with theab initio calculations cited in Ref. 4.
be considered as an isolated defect. The computational meth- We first investigate the question of possible off-center dis-
ods for the cluster calculations and thePRrRoO code for su- placements when a P atom is replaced by S in either of its
percell treatments are fully described elsewHetén both  charge states. In the ionized form, the relaxed S-Ga bond
cases the atoms are treated using the pseudopotentials lefigth of the tetrahedral defect from the cluster calculations
Bacheletet al° is 2.48 A, about 7% greater than that for Ga-P bori@iae

For the cluster calculations the wave function basis coneluster yields 2.32 A compared to 2.36 A taken from experi-
sisted of 5 and 4, p Gaussian orbitals with different widths ment) For an $ atom at theT, site the bond lengtt2.47 A)
sited on S and the inner 16 host atoms, respectively, and ia slightly shorter than for S but again significantly larger
fixed linear combination of these Gaussian orbitals, for thahan the host crystal bond length. The supercell calculations
remaining atoms. Two Gaussian orbitals were sited on thalso reveal extended S-Ga bond lengths that are reasonably
terminating H atoms. The charge density was fitted with 8, 3jnsensitive to the cell size and charge state, lying between
and 4 Gaussian functions sited respectively at the S, H, an2.38 and 2.39 A in all cases, compared to the supercell bulk
the nuclei of the host atoms. The self-consistent energy wasond length of 2.30 A. The lengthening of the bonds to sul-
found along with the forces on the atoms. The cluster wadur in either charge state implies some weakening of the
relaxed and the second derivatives of the energy with respebibnds, and we need to determine whether the defect moves
to the coordinates of the inner 17 atoms found. These wereff the T site. Such off-center displacements are known to
then used in the construction of the inner parts of the dyoccur for O" in GaAs'**® although, as already mentioned,
namical matrix of the cluster. The remaining entries wereENDOR measuremeritseveal that & in GaP occupies P
described by a Musgrave-Pople potential with parameters desites with full Ty symmetry. The impurity was therefore
duced by fitting to the second derivatives of a relaxedgiven a trial off-center displacement along100] direction,
H-terminated 88-atom cluster containing only Ga and P atbut when the cluster was relaxed, the impurity returned to the
oms. T4 site. It is worth noting that in similar calculations with

For our supercell calculations the wave function basissmaller clusters the neutral impurity did not return to the
consists of sets of five independenp, , py, andp, Gauss-  on-center site. It is imperative that in such tests for off-center
ian orbitals with different exponents sited at each atom sitdvehavior the cluster is sufficiently large to encompass the
and an additional set of independent Gaussian orbitals placesktended wave function of an impurity’s extra electron. Also,
at the center of each bond. An MB-2Ref. 1) set of k in all our supercell calculations, both the neutral and positive
points was used to sample the band structure for all supercatharge states were found to reside on the P Sitesfymme-
geometries. The charge density is Fourier transformed usingy) in preference to a trigonal symmetry.
plane waves with a cutoff of 150 Ry. The basis set yields a Table | gives the calculated frequencies for the gap modes
Ga-P bond length of 2.30 A, around 2.5% smaller than exof the sulfur impurity in both charge states with the observed
periment(2.36 A). This is within the typical accuracy of the frequency for3?S" for comparison. The modes quoted for
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the supercell were obtained from the 128-atom supercelto unit displacement of the normal coordinate of the mode.
The modes of the positively charged center obtained fronWe have calculated the induced dipole moment when the
the 64-atom cell were in close agreement with those of Tablatoms in the cluster are displaced according to the normal
[, with those of the neutral center being shifted down incoordinate of the T, symmetry gap mode. If the magnitude
frequency by around 10 cnt. For the neutral charge state, of this displacement isi, the total dipole moment for the
the 216 atom cell yields modes withinl cm ! of those  complete spherical cluster may be writtenas= ».u. The
obtained from the 128-atom cell, whereas for the positivecharges; is found to be 0.5& for the ionized €2S) defect
charge state the 216 atom cell modes are shifted downwardsit for the neutral defect it is only el Consequently the
by around 6 cm?®. For both charge states the isotopic shiftsstrength of the absorption from the mode for the neutral de-
were converged to less than 0.1 ¢hn The small fluctua- fect is predicted to be-3% of that for the ionized defect
tions in the gap-mode frequencies are not thought to baccording to the model. The reduced value of the dipole
physically significant. therefore supports the propostiat the induced dipole mo-
The 32S*-mode frequencies calculated by the two meth-ment is largely canceled by the addition of the donor elec-
ods correspond well with the detected mode and, of moréron.
significance, in both cases there is only a difference of a few The value of 74 for the ionized defect, 0.%7 is much
cm~ ! when the extra electron is added to form the neutrasmaller than the large value foy, 3.1e, deduced from in-
defect. Possible reasons for the difference in sign found udrared absorption measurements. This is to be expected since
ing the two methods includéa) the cells not being large the coupling of an external field to a redistribution of charge
enough to completely remove the influence of periodicity onin a sample, as measured by infrared absorption, depends on
the wave function of the extra electron oB &hd(b) doubts the shape of the sample. In standard experimental measure-
about the procedure of neutralizing the extra charge of thenents, the light enter&@t normal incidencea slab with par-
S, impurity with a uniform background. The assertion in allel faces of extent large compared with the thickness. Un-
Ref. 3 that very little change in frequency with charge stateder these boundary conditions the external figlg is equal
was to be expected is clearly supported by the calculationd0 Emac, the macroscopically averaged electric field inside
The low frequencies are a consequence of very weak bondhe sample. We may therefore achieve a definitiomothe
ing with Ga neighbors. The weak bonding can be inferreceffective (or “apparent”) charge, which is both independent
from the increase in length of the S-Ga bond over the P-G&f shape and consistent with measurement, if we define the
bond and may also be seen more directly by comparing theoupling of the gap mode tB,,c by — 7UEn,c.
force constants between the S and its neighbors, as obtained The connection between the effective chargg calcu-
from the second derivatives of the total energy, with those ofated from our spherical cluster and the measured apparent
bulk GaP. It is also reflected in the high degree of localizachargen may be established in several ways. In all argu-
tion found for the gap modes: from the cluster-based calcuments, it is essential to mirror the experimental determina-
lations, the amplitude of the displacements of the Ga nearetipn of » by considering the coupling to electric fields. Prob-
neighbors is less than 10% of that for the S impurity and theably the simplest way of deducing the correction factor is to
corresponding ratio from the supercell calculations is lessiote that for a sphere of dielectric constantn a uniform
than 2%. The close agreement between experiment and tlexternal fieldE.,;, the (uniform) field inside isE,,.=[3/(e
frequencies of both the gap limits and the gap mode as cak2)]E.,: see, for example, Ref. 14. The coupling of our
culated by the supercell method is encouraging. Although thealculated dipole momeniyus= 75U, t0 Egy IS — 7sUEqy
agreement is less good for the cluster calculation, both methwhich can be reexpressed aq (& +2)/3] 7sUEmae. Com-
ods demonstrate large reductions in the force constant bgarison with the definition above immediately gives
tween the impurity and its nearest neighbors.
As shown in Table I, the calculated isotope shifts for the e+2
frequency of the $ mode when®?S is replaced by*S are in N=Ns——s—
fair agreement with the observed shift of 6.3 ¢ The 3
tabulated frequencies correspond to all four nearest neigh-
bors of the impurity beifyGa atoms. When one of the  Another version of the argument, in which electric fields
neighboring ®°Ga atoms is replaced by*Ga the triplet is are introduced at a later stage, involves relatingto the
split into a doublet and a singlet separated by abougctual dipole moment when the cluster is embedded in a
0.1 cm L. The splitting due to Ga isotopic mixtures has notmedium of dielectric constant. The latter dipole corre-
been observed experimentally because of the large naturaponds to the “internal momentj; in Appendix A2 of
width, ~1.5 cm %, of the absorption band. Frohlich'® and the relation is giverfFrohlich’s equation
It was previously arguédthat the absence of detectable (A2.32)] as us=[3/(s+2)]u;. The coupling toE .., the
IR absorption arising from the neutral center was due to itsnacroscopically averaged electric field inside the medium, is
very low oscillator strength or, in other words, we expected— u;Enac, from which the above connection betwegrand
the effective charge associated with the gap mode for neutraj follows immediately.
S to be significantly smaller than that fof SWe now con- The use of this correction factor assumes that the
sider supporting evidence provided by our calculations.  calculated dipole moment has converged with increasing
We may define an effective charge associated with aluster size and that a macroscopic dielectric treatment is
highly localized mode as the dipole moment correspondingippropriate.
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The constant required for the correction factor is thedent of the charge state but the effective charges of the defect
purely electronic dielectric constant, since the nuclear posiin the two charge states are very different with that for the
tions are independent variables in the expression for the coureutral defecty, being greatly reduced. This demonstrates
pling energy. Withe =8.85 (a value deduced from the low that the conditions for the argument of Ref. 3 to hold are
temperature data and interpolation scheme given in Ref. 16&ufficiently well satisfied. Finally, when a shape-dependent
andns=0.57e we obtainy=2.06e, in better agreement with  correction factor is included, the agreement between the cal-
the value of 3.& deduced from the infrared absorption mea-cylated effective charge for the'yap mode and the value

surements. _ o deduced from absorption measurements is greatly improved.
In summary, the calculations shda) that the ionized and

neutral S donors in GaP are both on-site defects(bhthat J.P.G. thanks thel, network for financial support to
there are gap modes associated with each charge state arisivigit J. Torres at Aveiro. S.Ghanks NFR and TFR for finan-
as a consequence of very weak bonding with Ga neighborgial support and also HPC2N and NSC, respectively, for time
The frequencies of the gap modes are essentially indepeion the SP and T3E.
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