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Local relaxations and electric-field gradient at the Cd site in heavily doped Si:Cd
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The full-potential linear muffin-tin orbitals method, within the local density approximation to density func-
tional theory has been employed to study the relaxations, anharmonicities of local modes, and the possible
appearance of an electric-field gradi€BFG) at substitutional Cd in silicon. Using the supercell approach, the
total energy variations associated to e, D,yq, andC,, local modes, which involve silicon nearest neigh-
bors (NN) to the Cd impurity were calculated theoretically, once the system achieved its relaxed energy
minimum at a 4% volume dilation. An outward breathing relaxation of 0.1&R) and 0.05 A(next-nearest
neighboy Si atoms around Cd was found to be the minimum enédg¢ volume dilation and th& distor-
tion), although theD ,4 mode showed a possiblbut very small further relaxation of 0.0B A , similar to what
has been found in the silicon neutral vacancy. At this energy minim@3), aliding mode distortion of Cd was
then investigated. This mode showed a strong anharmonicity with a double-well structure and an associated
electric-field gradient. On the basis of the agreement between our calculated EFG and the values measured with
time-differential perturbed-angular-correlation techniques together with the experimentally observed tempera-
ture dependence, we propose that of the models suggested in the literature, a dynamic Jahn-Teller mechanism
could describe the appearance of the EF80163-182806)07047-6

[. INTRODUCTION Other schemes have been used to evaluate lattice dynami-
cal properties in the context of defects in semiconductors

Time-differential perturbed-angular-correlati6RDPAC)  (i.e., ab initio molecular dynamics** and ab initio in con-
experiments-3have given information on the behavior of Cd junction with Keating model or valence force figft#19.
impurities implanted on Si. The main results of TDPAC ex-  In this paper, the electronic structure, bonding properties,
periments for Si:Cd are as follow$a) At low temperature relaxations, and frequencies of vibrations of the hogt
there is a sizable electric-field gradigBFG) at the Cd site. D24, andC,, local modes associated to the nearest neighbor
(b) At high temperature TDPAC gives evidence of a vanish-(NN) to the Cd defect in Si, as well as tl@&, sliding mode
ing EFG consistent with the cubic symmetry of the Si hostof Cd are presented. The latter is labeled as @4 and
latticel Furthermore, Hall experiments provide evidencecorresponds to a displacement of the Cd atom along any of
about the presence of at least two deep levels in the Si gdpe equivalent directions t@00). Because it has been well
associated with Cd impurityMany mechanisms have been characterized and due to its close relation to the Si:Cd prob-
proposed to explain the observed value of the EFG at lolem, the substitutional neutral vacancy in siliog®i:v°) was
temperatures(a) The presence of electronic holes, more oralso analyzed and used as a reference. In Sec. Il a short
less bound to the radioactive acceptor fofh) surface description of the calculational procedure is described. In
charge effect$,(c) Cd-charged states associated to possibléecs. lll and IV the results obtained for the unrelaxed, re-
Jahn-Teller distortions, and (d) “after effects” on the laxed, and relaxed-distorted situations are analyzed, includ-
electron-capture decay dfin to **Cd® ing the possible appearance of an EFG on aGzd distor-

At present the simple Si:Cd system is not completelytion. In Sec. V we consider results for the frequencies and
characterized experimentally and very poorly characterizethe force constants associated with the breatffigg D,g,
theoretically. It is the aim of this work to give an alternative andC,, local mode distortions studied.
framework for results previously found in silicon clusters
obtained by using the extendgd'ﬁel the_or;? and try to Il. METHOD OF CALCULATION
give insight into the microscopic mechanisms involved.

We have used the first-principles full-potential linear For the calculations presented here we used a fast and
muffin-tin orbital (FP-LMTO) method within the local den- precise FP-LMTO code by MethfesSeWwithin the LDA and
sity approximationLDA) to density functiona(DF) theory.  the Hedin-Lundqvist exchange-correlation potential. In the
A supercell geometry approach that has proyesing di- FP-LMTO, no shape approximations are made for either the
verse first principles approachesiccessful for the study of charge density or the potential. As is customary for a LMTO
the electronic structure, relaxations, vibrational propertiesapproach, the basis for the wave functions consists of atom-
and path of migrations of defet3?was used to model our centered Hankel functions that are augmented by numerical
system. solutions of the radial one-electron equation within the non-
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FIG. 1. Local mode distortion pattern for host atorf@:breath-
ing relaxation, (b),(c) low symmetry distortions, andd) sliding

- FIG. 2. Supercell band structure of,SCd, plotted along repre-
mode for the substitutional defect.

sentative high-symmetry directions.

overlapping atomic spheres. The charge density is repre- . , "
sented in the interstitial region by fitting a linear combination0Ntaining up to the cubic term were necessary for the fitting

of Hankel functions to the values and slopes on the spher@ all modes, except in the special case of the strong anhar-
boundaries. To provide sufficient variational freedom, it isMonic CdC,, where eight terms were used. _
essential in the method to extend the basis using LMTO’s_ 1he symmetry corresponding to the less symmetric mode,

with various localizations. The envelope function decays a& 2., Was used for all calculations, in order to preserve re-
e~ ", where— 2 is the kinetic energy of the Hankel func- uprocal space sampling precision. The points in .the B_rll-
tion envelope. louin zone were chosen according to the special points

The calculations are accomplished with supercells conScheéme. Twenty special points for the 16-atom supercell

taining 16 atomsSi;sCd). A 32-atom supercell was used for Were used in the irreducible wedge of the Brillouin zone.
tests of convergence. In the first case, the primitive cell corPue to the intrinsic dispersion of defect states introduced in
responds to a fcc lattice wita=10.86 A. the band structure with the supercell technique, and since
The calculations were carried out in one panel. The folthese levels are partially filled, our system was treated as
lowing orbitals were taken as valence electrons: Siadd metallic. The sampling points used are considered sufficient
3p, and Cd 5 and 4. Tests were made to check the pos- and were selected after studies of total energy convergence

sible need of inclusion of semicore states with the use of 4€StS were carried out with denser samplings.

second panel. We have usedx?=—001, —1.0, and The electric field gradient was calculaf@dsing the non-
—2.3. The basis set included 208 and 416 LMTO's for theSPherical part [(=2) of the crystalline Hartree potential,
16- and 32-atom supercell, respectively. The muffindiiT) from which . the secqnd derivative Fensqr
radii were 2.52, 1.92, and 2.13 a.u. for Cd,(BN), and Si Vij= Vi, —2/dxidx] was obtained. The correspondmg el
[next-nearest neighbof&INN)], respectively, for the atmo- 9envalues of Vi ; are denoted byV,,Vyy,Vz, with
spheric pressure structure. Empty spheres were added in dixl =[Vyy| <[V The EFG by definition i8/,,, while an
der to achieve better space filling. The resulting sphere paci@Symmetry parameter is defined gs- (V,x—Vy,)/V,, and
ing ratio (Vyr / Vigw) Was ~55%. The muffin-tin sphere lies in the rangd0,1] (the tensor is defined as traceless

radii were scaled to preserve this packing ratio in all cased "€ guadrupolar frequencyg was calculated asvq
where volume was varied. =eQcyV,,/h, where Qg4 is the experimental quadrupolar
The local mode distortion pattern studied is depicted inmoment" of the Cd nuclei in the intermediate staite-3,
Fig. 1. These were proposed first by Watkfhtor the va- € the electron charge, artdis Planck’s constant.
cancy in silicon. We have estimated the mean square dis-
placements of the local modes using Debye theory of har-
monic oscillator$® to be (ug)=0.04 and 0.07 A folT=0
and 293 K, respectively. We used distortions in the range of
0.07 A for the NN of Cd. The MT radii were chosen so as In this section we will analyze results for the unrelaxed
to avoid any kind of superposition between atoms and empti:Cd (i.e., a Cd impurity is introduced at a substitutional Si
spheres at the range of estimated atomic displacements fbost site(Si,sCd)]. Figure 2 shows the band structure plotted
all local modes considered. In the case of the@d mode, along symmetry directions of the Si fcc. It corresponds to a
because of the strong anharmonicity observed, we selecteglightly distorted folded-in band structure of Si, with the in-
the range of displacementacg)=0.15 A. For the local dis- troduction of defect states in the Si band gap. These states
tortion calculations presented here, the total energies werdgave dispersion due to our limited supercell and had to be
calculated for a sufficient number of displacements and #&reated as metallic, as already mentioned.
least-squares fit was applied, from which anharmonicities Figures 3a) and 3b) show our total and partial density of
and the vibrational frequencies were derived. Expansionstates(DOS and DOSPfor Si:Cd. Results for DOSinse)

IIl. UNRELAXED Si:Cd LATTICE: ELECTRONIC
STRUCTURE AND BONDING PROPERTIES
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FIG. 3. (a) Total density of state$DOS) of Si;sCd. The inset
corresponds to pure Sib) Partial density of state$PDOS of
Si;<Cd. (c) Partial DOS of Sj=V° (the inset shows total DOS for
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the same system

and DOSP for SW° are shown in Fig. ®). E; indicates our

determined Fermi energy.
Two extra peaks can be individualized in the total DOSconsistent Green’s-function calculations by Schéftfitar
curve of SiCd in Fig. 3a), which are not in the host-Si that case predicted an expansion of @&@01 A. Table |

DOS[compare with the inset of Fig(&]: a narrow and high
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the surrounding atoms. The second peak that falls inside the
host-Si energy gap has contributions that are mainly derived
from the Cd atom and to a smaller degree from the surround-
ing four Si NN. The contributions to this peak from Si NNN
appear unimportant. This gives an idea of the degree of lo-
calization of the defect states. In FigicB which serves for
comparison the DOSP for the 8P case shows a different
pattern since the main contribution to the defect states in the
gap comes mainly from Si NN surrounding the vacancy.

IV. RELAXATIONS, LOCAL DISTORTIONS,
AND C,, SLIDING MODE IN Si:Cd

The introduction of the defect in the lattice induces a
strain field that extends throughout the crystal. The relax-
ation of surrounding atoms lowers the lattice energy. This
effect was simulated in our supercell calculation by isotropic
lattice relaxation, searching th€(Vspercel Minima. We
found a 4% volume dilation. This implies that NNN move
outward 0.05 A from Cd. As a comparison, we applied the
law of relaxations that for the different shells of atoms sur-
rounding the As substitutional impurity in Si was proposed
by Scheffler and Dabrowskiusing the Keating approach.
We obtain a radial relaxation of the same order, 0.035 A.
The quantitative difference could be due to processes that are
not taken into account in the Keating model.

But, the most important strain suffered by the lattice after
the introduction of the defect is localized in the NN host
atoms. We have then, first, distorted the lattice around the Cd
center following ary symmetry, Fig. {a). After the minima
of Etot(u=qu) is found, we have allowed for two other

different distortions §=urqo+Uu;) of NN silicons (=D

and C,,) as shown in Figs. (b) and ¥c). From the fitted
curve of Ei,(u) to a polynomial, force constants, distances
of equilibrium and the vibrational frequencies can be calcu-
lated for each studied mode.

A charge density contour plot of the Si:Cd system with
Cd at the substitutional, after thig relaxation, is shown in
Fig. 4. The charge redistributes shifting to bonds between
NN and NNN host shells.

A T4 outward relaxation of 0.12 A(5% of NN distance
is predicted. We have found that this relaxation does not
depend on the cell size when comparing a small 8-atom su-
percell to the 16-atom one. This coincides with the behavior
observed in extended x-ray-absorption fine-structure mea-
surementgEXAFS) for As implanted on silicoff with three
very different concentrations: 0.1%, 0.7%, and 7%. In par-
ticular, the last impurity concentration is analogous to the
16-atom supercell studied here. However, in that case the
predicted NNN radial relaxations were in the range of
0.005-0.01 A(an order of magnitude smaller than our pre-
diction for Cd. On the other hand, parameter-free self-

resumes our results for the different relaxations here consid-

valued one, located at 8.8 eV fromE;, and another that ered. Similar, outward relaxations were also found by Schef-
falls within the energy gap of the undoped host. Figui® 3 fler and Dabrowski in other doped systems: $8i:@.2%
serves to analyze the character of these peaks. The first ofieef. 23 and Si:As" (1.7%.%2

has contributions that come mainly from the Cd drbitals

The D,4 mode is slightly anharmonic and shows a small

and because of the relatively small dispersion of the correrelaxation,u,=—0.003 A. TheC,, host mode, Fig. (), is
sponding band reflects a small bonding of the impurity withsymmetric and harmonic. This is a natural consequence of
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FIG. 5. Double-well potential felt by the Cd probe when it is
displaced along each equivalent directid®0).

perature the anharmonicity of the Si NMN,; mode could
tend to suppress the double well. In this way one can explain
the results for the strong dependence of the EFG with tem-
perature observed experimentally.

We have calculated the EFG at the Cd site and the corre-
= BN /c;\ sponding vo using the nuclear quadrupolar moment

Q=0.83 b?! A quadrupolar frequency ofo=22 MHz was

FIG. 4. Contour map of valence charge density ofsSd in the obtained for a dlsplacement of the Cd. _atou(Cd- .
plane [110], after T4 relaxation, with contour steps of 0.015 Ca) :0'917 A, avalue that is ex?remely sens_ltlve to the size
ela.us. of the displacement. Our predicted EFG is close to the
T=24 K experimental value of 20 MHz obtained in intrinsic

the way the bonds between Si NN and NNN are distortedS!1€On samples.
This mode is the most dependent with the cell size.

The most interesting structural reconstruction found in V. FREQUENCY AND INTERATOMIC FORCE
this study is the strong anharmonicity of the potential energy CONSTANTS
felt by the Cd atom when it is displaced in the equivalent
directions(100). The structure becomes unstable. A double The changes in total energy for the relaxations around the
well is predicted in each directioa total of three exigtwith defect already described determinate the magnitude of force
a barrier on the order of a few meV as shown in Fig. 5. Theconstants and consequently, vibrational frequencies. These
minimum energy is ati(C,,)=0.017 A(see Table). The are shown in Table I.
height of this barrier will have a crucial incidence in the For the Ty case the calculated force constant and fre-
dynamics and the Jahn-Teller restructuring of the Cd atomguency for the SiCd supercelliwhich represents a 12.5%
Because of its mass, the Cd atom will possess a low kinetigilution  of the impurity are k,=50.6 eV/A?
energy. This will be of the order of 1.5 meV if estimated v[Tq]=10.49 THz. If we take the $iCd supercell we re-
considering the Cd atom in a quadratic potential withduce to 6.25 the percentage of Cd, and obtkj48
kp=1 eV/AZ (extracted from an eight-term polynomial fitto eV/A? and »[T4]=10.2 THz. These values are close to
the double-well potential It is then expected to be localized those found in the literaturd, =47 eV/A? for Si:As* and
at one minima of the energy potential curve. Since charge#i,=53 eV/A? Si:P*.3 On the other hand pure silicon has a
surface states could exert an external electric field over thbigher value ofk,=63.4 eV/AZ.
probe, and localize it on one side of the double-well curve, For theD,q4 distortion the calculated force constants are
the appearance of a sizable EFG could be explained in this,=41 eV/A? for Si,Cd, which increases to 44 eVi&or
manner. But, the low barrier height inhibits the process ofSi;sCd. These values are lower than those of Thebreath-
localization: there exists a possibility of hopping between théng mode. Thek,, for the C,, distortion of the Si host is the
wells, a process favored by temperature. Also, at high temmost sensible to supercell size, changing from(S6Cd) to

TABLE I. Calculated relaxations, force constants, and vibrational frequencies corresponding to host
modes; relaxations and quadrupolar frequency in the Cd site correspond to the defect after Jahn-Teller
distortion. The units areniA , eV/A 2, and THz; quadrupolar frequency is expressed in MHz.

Tq D.d C,, Cd-C,,

u k, v (THz) u kd v(THz) u k, v (THz u vq (MHz)
Si;sCd +0.12 48 10.2 -0.003 44 9.8 0.0 42 9.6 +0.017 21
Si7Vo —0.005 23 7.1 —-0.004 41 9.4 0.0 33 8.5




54 LOCAL RELAXATIONS AND ELECTRIC-FIELD ... 16 705

44 eVIA? (Si,sCd). It is interesting to note that for th€;  well structure that gave rise to the appearance of an EFG.
distortion of the neutral vacancy we obtaik,=22.4 The EFG was found to be very sensitive to the magnitude of
eV/IA? [experimental estimations give 20.4 and 27.2the displacement of Cd atom with a value close to the
eV/A? (Ref. 24], which is half the value for Si:Cd, while for T=24 K experimental prediction far=0.017 A.

the D,4 andC,, cases the values for Si:Cd and\8i:are of On the basis of these findings, we speculate that at very
the same order. low temperatures, due to its heavy mass, the Cd atom could
be localized at one minima with an associated sizable EFG.

VI. CONCLUSIONS This process could be enhanced by charge surface states that

could exert an electric field over the probe and localize it on

Several models have been proposed in the literature tgne side of the double well. The small barrier height of the

interpret the temperature dependence of the EFG, which igouble well could allow a hopping of the Cd with tempera-
observed in TDPAC experiments for the Cd impurity im- tyre that could make the EFG disappear as temperature in-

planted in Si. creases. In this way we identify the dynamic Jahn Teller

Through the evaluation of the variations of the total en-effect from all models proposed as an explanation for the
ergy we have studied possible local mode distortions of NNrDpAC experimental findings.

silicon atoms. The minimum energy of the system includes
an outward breathing relaxation of 0.12 A&and 0.05 A for

the NN and NNN silicon atoms, respectively, with a further

(very smal) D,4 mode relaxation of 0.003 A. The magnitude  The authors are grateful to Dr. S. Sferco and Dr. M.C.

of the force constants are found for each of the studied locdPasseggi for valuable and stimulating discussions. This work
modes. We have found that a furth@g, sliding mode dis- was partially supported by Secretaria de Ciencia y Tecnica of
tortion of Cd showed a strong anharmonicity with a double-the Universidad Nacional del Nordeste, Project No. 42-01-3.
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