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ABTRACT

By basing on the same physical model and treatment method, as used
in our recent work™, we will investigate the critical impurity densities
in n(p)-type
degenerate Sodium Chloride Metallic Liquid (NaCl-ML) or Fermi

in the metal-insulator transition (MIT), obtained
Liquid, being due to the effects of the size of donor (acceptor) d(a)-
radius, rqy, and the high d(a)-density, N, assuming that all the
impurities are ionized even at T=0 K. In such the n(p)-type NaCl-ML,
some important remarks are given and discussed in the following. (i)-
In Table 1 in Appendix 1, the numerical results of the pressure

variation [Ap(rd(a))]n(p) are given and computed, using Equation (3).

It should be noted that, for a given ry (), those increase with increasing

reduced effective electron (hole) mass in conduction (valence) bands,

%, in good agreement with Landau’s remarks on the Fermi Liquid.[z]

o

(if)-In Tables 2-5 in Appendixl1, the numerical results of the critical

impurity density Neprncpp)(Ta(ae)) in the metal-insulator
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transition (MIT), as that given in Eqg. (8), by using an empirical Mott parameter M,,,, =
0.25, are obtained and discussed. (iii)-Further, also in Tables 2-5 in Appendix 1, for a
given 744, the numerical results of the density of electrons (holes) localized in the
exponential conduction (valence)-band tails (EBT), N55, pp)( Taay, X), are obtained, using
Eq. (26), and taking the empirical Heisenberg parameter, ,,,) = 0.47137, as that given in
Eq. (15), giving raise to: N&pr cpp)( Tac@)) = Neonceopy(Tagay)» With a precision of the order
of 2.8826 x 10~7. In other words, such the critical d(a)-density Ncpnnpp) (Tacay)), 1S just

the density of electrons (holes) localized in the EBT, NE3T cpp)( Taca)), respectively.

KEYWORS: n(p)-type degenerate Sodium Chloride Metallic Liquid, critical impurity

density in the metal-insulator transition (MIT).

INTRODUCTION

By basing on the same intrinsic energy-band-structure parameters, physical model and
treatment method, as used in our recent works and also other works™®, we will investigate
the critical impurity density in the metal-insulator transition (MIT), obtained in n(p)-type
degenerate Sodium Chloride Metallic Liquid (NaCl-ML) or Fermi Liquid, being due to
the effects of the size of donor (acceptor) d(a)-radius, rqc,) and the high d(a)-density, N,
assuming that all the impurities are ionized even at T=0 K. In such the n(p)-type NaCI-ML,
some important remarks are given and discussed in the following.

(i)- In Table 1 in Appendix 1, the numerical results of the pressure variation
[Ap(rd(a))]n(p) are given and computed, using Equation (3). It should be noted that, for a

given rqc,), those increase with increasing reduced effective electron (hole) mass in

conduction (valence) bands, %, in good agreement with Landau’s remarks on the Fermi
[0}

Liquid.!?

(ii)- In Tables 2-5 in Appendix 1, the critical impurity densities Ncpncpp) (Tacay) in the MIT,
as that given in Eq. (8), by using an empirical Mott parameter M,,,, = 0.25, are obtained and
discussed.

(iii)- Further, also in Tables 2-5 in Appendix 1, for a given r4(,, the numerical results of
the density of electrons (holes) localized in the exponential conduction (valence)-band tails
(EBT), N&Bncop(Tacy,x) . are obtained, using Eq. (26), and taking the empirical
Heisenberg parameter, 7(, ) = 0.47137, as that given in Eq. (15), giving raise to:
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Nébmcopy(Ta@) = Neon(eopy (Tacay), With a precision of the order of 2.8826 x 1077. In

n

other words, such the critical d(a)-density Ncpnvpp) (Taay)). is just the density of electrons
(holes) localized in the EBT, NZJr cpp)( Taca)): respectively.

In the following, we will determine those functions: Nepncpp) (Taca)) @nd NEbtcop) ( Ta@)-

CRITICAL DENSITY IN THE MOTT MIT

Such the critical impurity density Nepncpp)(Taca)), expressed as a function of rqc,, is
determined as follows.

Here, the values of the intrinsic energy-band-structure parameters are found to be given by:
Me) _

the reduced effective electron (hole) mass in conduction (valence) bands,

o

3,4,5and 6, m, (= 9.109558 x 10728 g) being the free electron mass?, and the static

dielectric constant g, = 23.!

Therefore, the effective donor (acceptor)-ionization energy, Eqoao), is given by:

13600><[mc(v)/m0]

Edo(ao) = [eo]? meV, 1)

and the isothermal bulk modulus Bgo(ao), at Taca) = T'do(ao), PY:
— Edo(ao) meV

Bdo(ao) - (41'[/3)><(rdo(ao))3 (cm3)' (2)

Effects of impurity size

Here, one shows that the effect of the size of donor (acceptor) d(a)-radius, rqc,), strongly

affects the changes in all the energy-band-structure parameters, which can be represented by

the effective relative static dielectric constant £(rqa,)), in the following.

Al rgca) = I'do(ao), the needed boundary conditions are found to be given, for the impurity-
3 3

atom volume V= (41/3) X (Tae)) and Viogaoy = (41/3) X (Fdo(any) - bY:

(i) the pressure p, as: po(rdo(ao)) =0, according to the p-pressure variation,

[Ap(rd(a))] = p(rd(a))_po(rdo(ao)) = p(rd(a))1 being equal to 0 at I'd(a) = I'do(ao)v and

n(p)
(ii) the deformation potential energy (or the strain energy) o, as: o, (rdo(ao)) = 0, according

to the ¢ -pressure variation, [AG(rd(a))]n(p)E 6 (Td(a))~00(Tdoao)) = 0(raca), being

equal to 0 at rd(a) = rdo(ao).
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Further, the two important equations, used to determine [Ap(rd(a))]n(p) and [Ac(rd(a))]n(p),

do(ao) d do Bdo(ao)

are defined by: j= 2 an dp——— giving: ()= —;

Then, by an integration, one gets:

r a 3
[Ap(rd(a))] Bdo(ao) xIn ( do(ao)) = _Bdo(ao) X In (—rdigai)) =0, and
T'd(a 3
[Ac(rd(a))]n(p) Bdo(ao) X(V Vdo(ao) )x In ( Vdo( o) ): E:do(ao) X [(—‘"dozai)) - 1] X
3
T'd(a) >
In (rdo(ao)) 2 0. (3)

Then, in Tables 1 in Appendix 1, the numerical results of [AP(Td(a))]n(p) are given and
computed, using Equation (3). In particular, it should be noted here that, for a given ),
those increase with mcreasmg , in good agreement with Landau’s remarks on the Fermi

Liquid.”?

Furthermore, we also shown that, as rqc) > I'qocao) (Td(a) < Tdo(ao)) . the compression
(dilatation) gives rise to: the increase (the decrease) in the effective donor (acceptor)-
ionization energy Ed(a)(rd(a)) in the absolute values, being obtained from the effective Bohr

model, and then such the compression (dilatation) is represented respectively by:

t [AG(Fd(a))]n(p)'

€o

2
Edq) (Ta@) = Edo(ao) = Edocao) X [(s(rd(a))) - 1] = +[do(ra@)l, ) =

+ [Ac(rd(a))]n(p),
for I'd(a) = I'do(ao) and for I'd(a) < I'do(ao)

%o
€(rd(a))

2
Eq()(Ta@) ~ Edo(ao) = Edoao) X [( ) - 1] =~ [BoCra@)], )

Therefore, from above Equations (3) and (4), one obtains the expressions for e(rgc,)) and

Eaca)(Taqa) as:

€o

(i)-for rqa) = rdo(ao), SiNCe €(rq(a))= = =< &, and
fd@ " _ Td(a)
\]1+[<rdo(ao)) 1]Xln(rdo(ao))
T'd(a) 3 T'd(a) 3
Ed(a) (rd(a)) - Edo(ao) = Edo(ao) X [(—rdo(ao)) - 1] X In (—rdo(ao)) >0, (%)
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According to the increase in Eq(a)(rac) ), and

€0

> ¢€,, With a condition,

(ii)-for ryea) < rqoao), SiNCe &(rqea)) = j [(

_[(Fa@ )3_1 xln( Td(a) )3
T'do(ao) T'do(ao)

given by: [ ngE:l) — 1] rdiil < 1, and
T'd(a) 3 T'd(a) 3
Ed(a) (rd(a)) - E:do(ao) = _Edo(ao) X [(m) — 1] X ln (m) <0, (6)

corresponding to the decrease in Eqe)(raca))-

Furthermore, the effective Bohr radius agpgp)(raca)) is defined by:

2Ta@XM _ ) £3  10-8 em x STd@) )

dBn(Bp) (rd(a)) = Me(v)Xq2 Me(y)/Mo’

where —q is the electron charge; q > 0.

Then, the critical donor (acceptor)-density in the Mott MIT, Ncpnnpp) (Tacay), IS determined,

using an empirical Mott parameter, M, = 0.25, for each the conduction (valence) band, as:

1
[NCDn(NDp)(rd(a))] 3 x ABn(Bp) (rd(a)) = Mn(p) = 0.25, (8)
Noting that M, could be chosen in general case so that the obtained numerical
Nepnnpp) (Tacay) -Tesults, being found to be in good agreement with the corresponding

experimental ones.

In the following, these obtained numerical results can also be justified by calculating the
numerical results of the density of electrons (holes) localized in exponential conduction

(valence)-band (EBT) tails, NEBE(CDP)( Fd(a))-

Eg. (8) can be explained by using the definition of the reduced effective Wigner-Seitz (WS)

radius rsn(sp),m, in the Mott’s criterium, being characteristic of interactions, by:

1 1

3 3 1 3\3
r N=N r , T = ( ) X =(—) X4 =
Sn(Sp)'M( CDn(CDp)( d(a)) d(a)) 41TNCDn(CDp)(rd(a)) aBn(Bp)(rd(a)) (4")

2.4814,

for any (rqca), x)-values. Therefore, one also has :

1
Ncpn(epp) (Fday, X) /3 x agnep) (Td@), X) = 1/4 = 0.25 = My,

Explaining thus the existence of the Mott’s criterium.
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Nggﬁ(cnp) (l'd(a))- Expression
In order to determine N&BT cpp)( Tacay). We first present our physical model and also our

mathematical methods.

Physical model

In n(p)-type degenerate X-alkali metals, if denoting the Fermi wave number by: kg, p)(N) =
(3m2N)*/3, N being the total impurity density, assuming that all the impurities are ionized
even at 0 K, the effective reduced Wigner-Seitz radius rgnspy, Characteristic of interactions,

is defined by:

= 3 \'/3 1 — 8 1\1/3 M¢(y)/Mo
an(sp)(N, rd(a)) = (m) X m = 1.1723 x 10° X (ﬁ) X m. (9)

So, the ratio of the inverse effective screening length kg, sp) to Fermi wave number kg, p)
is defined by:

ksn(sp) _ Kengep) _
kenep)  Ksn(sp)

Rengsp) (N Ta)) =
RanS(spWS) + [RsnTF(spTF) - RanS(spWS)]e_rsn(Sp) <L (10)
These ratios, Rgnrr(sprr) and Rgaws(spws), are determined in the following.

First, for N > N¢pnnpp)(faa)). according to the Thomas-Fermi (TF)-approximation, the

ratio Rgnr(sntr IS reduced to

1
_ ken kg 4yTsnsp)(Nrgcay) (43
RsnTF(spTF)(Nr rd(a)) =5 TE(spTF) _ Fn(Fp) _ J s (spit d(a) &1, y= (§)3 ’ (11)

Ken(Fp) K ATR(spTF)

being proportional to N=1/6,

Secondly, N < Nepnnpp) (Tacay) s according to the Wigner-Seitz (WS)-approximation, the

ratio Renws(spws) is reduced tor*l: Ece(N, raca))
— Ksnws(spws) _ (3 _ d[rgn(sp)XECE(Nrrd(a))])
RanS(spWS) (N, I'd(a)) = Ken(Fp) =\= dFsniop) x 0.5, (12)

where Ecg(N, rqc) ) is the majority-carrier correlation energy (CE), being determined by:

0.87553 , (2[1-In(2)] _
E (N ) __ —0.87553 n 0.0908+rsn(sp)T( 2 )Xln(rsn(sp)) 0.093288
ce\\,Td@)) = 1.67378876
@)/ = 0.0908+rsn(sp) 1+0.03847728xr03)
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So, n(p)-type degenerate X- alkali metals, the physical conditions are found to be given by :

Ken(Fp) Nn(p) 1 Ken(Ep) Efno(Fpo)
< = < — =R N, r <1, A N, r = 109 (13
agnep)  EFno(Fpo)  An(p)  Ksn(sp) sn(sp) (N Ta@) n(p) (N Ta@) Mn(p) (13)

Here, +Epnorpoy IS the Fermi energy at 0 K, and n,, is defined in next Eq. (15),

V2nN 21.—1/2
S(I‘d(a)) X q kSIl(Sp)'

h?x Ken(Fp) (N)?
ZXmC(V)

as: +EFnorpo)(N) = 2 0.y (N, Faca) =

Then, the total screened Coulomb impurity potential energy due to the attractive interaction
between an electron (hole) charge, —q(+q), at position ¥, and an ionized donor (ionized
acceptor) charge: +q(—q) at position ﬁ]’, randomly distributed throughout X(x)- crystalline
alloys, is defined by:

V() = 3L, vi(0) + Vs, (14)

Where N is the total number of ionized donors (acceptors), V, is a constant potential energy,

and the screened Coulomb potential energy v;(r) is defined as:

_ q? xexp(—Ksn(sp) X |F_El)
e(taca)X[F-R|

vi(r) =

where kg, (sp) IS the inverse screening length determined in Eq. (11).

Further, using a Fourier transform, the v;-representation in wave vector E—espace is given by

2
N q 4T 1
vilk) = — X—=X —=—"
1( ) e(rg) 0 k2+k§n(sp)

where Q is the total X- alkali metal volume.

Then, the effective auto-correlation  function  for  potential  fluctuations,
Wapy (Vo) N, Taay) = (V(DV(r')), was determined, [4, 5] as :

— 2 ~Hn(p)¥Rsn(sp)(N.Td(a)) _ V2mN
W) (Vny N o) = Nnep) X €Xp Zjﬁ v M)\, Tq@) = oy X
n(p)
21,—1/2
q ksn(sp)’
_ FE _
Vn(p)(E’ N) = +Efno(Fpo)(N)’ Hngpy = 0.47137.. (15)

Here, E is the total electron energy, and the empirical Heisenberg parameter 3,y =

0.47137 was chosen above such that the determination of the density of electrons localized
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in the conduction(valence)-band tails will be accurate, noting that as E - +oo , |vn(p)| — 00,

and therefore, Wyp) = Ny

N[~

In the following, we will calculate the ensemble average of the function: (E — V)a‘% = Ei_ ,
h?xk?

fora>1,E; = v
c(v)

being the kinetic energy of the electron (hole), and V(r) determined

in Eq. (16), by using the two following integration methods, which strongly depend on

Wa) (Vo) N Taa))-

MATHEMATICAL METHODS
Kane integration method (KIM)

Here, the effective Gaussian distribution probability is defined by:

P(V) = (16)

1 -v? ]
— X exXp|——|.
Wy P [ZWn(p)

1
So, in the Kane integration method, the Gaussian average of (E — V)a‘% = EE % is defined by
1
((E = V)* 2w = (Ep Dam = S (E = V)2 x P(V)AV, for a > 1.

- -_ _ E no [\
Then, by variable changes: s = (E — V)/,/Wnq, and y = FE/, /Wy = % X Vp(py X
n(p)

" xR R . .
exp | “2®22S06P) ) and using an identity:

4X |Vn(p)|

fooo 377 x exp(—ys — %)ds =T(a+3) xexp(y*/4) x D_a_%(y),

where D_a_%(y) is the parabolic cylinder function and I'(a +3) is the Gamma function, one

thus has:
2a-1
a-1 exp(-y?/4)xW  *
(Ek 2)KIM = VZT = X F(a + %) X D_a_%(Y) =
2 a—%
exp(—y /4)><Tln(p) }(n(p)stn(Sp)x(Za—l) 1
= X exp| — xT(a+2) X D_a_%(y). (16)

8X |Vn(p)|

Feynman path-integral method (FPI1M)

1
Here, the ensemble average of (E — V)a‘% = Ei % is defined by
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_1 _ La—s I T(a+3) t
(E-=V)*"2)gpim = (E; *)ppim = i X T0 xf (it) 3~ 7 x exp {? —
2

2h2

(t\/wn(p)) }dt, iZ — _11

noting that as a=1, (it)‘g X exp{ (J_) } is found to be proportional to the averaged

Feynman propagator given the dense donors (acceptors). Then, by variable changes: t =

E ‘7-[1'1 RSHS
" oand y = FE/ Wy = —m0R9 ey o x exp | —2BZOR) | for  n(p)-type

[Wn(p) MIn(p) 4x [[vne|

respectively, and then using an identity:

ffooo(is)_a_% X exp {iys — %} ds = 23/2 x I'(3/2) x exp(—y?/4) x D___1(¥y),
2

one finally obtains: (EE_E)FPIM = (EE_E)KIM, (EE_E)KIM being determined in Eq. (16).

In the following, with the use of asymptotic forms for D_,_1(y), those given for {((E —

V)a‘%)KIM can be obtained in the two following cases.

First case: n-type (E > 0) and p-type (E < 0)

As E — too, one has: v,y = +o0andy - +oo. In this case, one gets: D_,_1(y » +) =
2

FE/_) X ey4 X (+y)a“ and therefore from Eq. (16), one gets:
(Ei_E)KIM ~ E%72, (17)

Further, as E — +0, one has: v,y = +0 and y - +0. So, one obtains:

D_,_1(y - ¥0) zB(a)xexp((va + 13>y—f—;+24f> p@), @) = mm—.

16a2 2 4 TG+

(18)

1
Therefore, as E —» +0, from Eq. (16), one gets: (Ei “Yxm — 0.

Thus, in this case, one gets

(Ei_E)KIM = E%72. (19)
Second case: n-type-case (E < 0) and p-type-case (E > 0)
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1

a—3z
As E - 10, one has: (y, vypy) — 20, and by putting f(a) = % x ['(a +1) x B(a), Eq. (18)
yields:

al
(Ey ) Hp(py¥Rsn(spy X (2a—1)
Hu(p) (Vo) = £0, N, Taqay, @) = kf(a)K]M = exp | — 2R snGp) _ <\/5 +
8% |Vnp)|
3

e R 0
16a

Further, as E —» +o0, one has: (Y, vyp)) = £oo. Thus, one gets: D_,_1(y > £ ) =
2

2
1
a-—3 y

y “z2xXe 2 0.

Therefore, from Eq. (16), one gets:

al
_ (E, 2 1 (Ancp)XVn(p)?
Knp) Vo) = £, N, gy, a) = kf(—a)KIM = o X exp(= R X (Anpy X
—a-l
Vn(p)) 77 > O, (21)
noting that B(a) = % being equal to: ———— v for a=1, and 23% fora=5/2.
272 TG+ 22xI(5/4)

1
a3
It should be noted that those ratios: % obtained in Equations (20) and (21), can be

taken in an approximate form as:

Fop)(Vnepy N Taay @) =

Ko@) Vnepy N Ta)» @) + [Hngp) (Vnpy, N Tagay, @) = Ky (Vngp), N Tagay, )] X exp[—c; x
(Ane)Va) (22)

So that:  Fpep)(Vnepy NiTaay, @) = Hypy(Vnep), Ny Tgap,@a)  for 0<v, <16 , and
Fr) Wy Ni Tagay @) = Koy (Vnep), N, Tagay, @) for vppy = 16. Here, the constants ¢, and
c, may be respectively chosen as: ¢, = 107*% and ¢, = 80, as a = 1, being used to determine
the critical density of electrons (holes) localized in the exponential conduction(valence) band-

tails (EBT), N¢éphccopy(Ns Tagay). given in the following.

Here, by using Eq. (18) for a=1, the density of states D(E) is defined by:

g 2m 2 L g 2m 2 exp(—ﬁ)XW%

— 5&c(v) c(v) \2 2 __ bc(v) c(v) \2 4 n _
(D(E))kim = Py (—hz ) X (EX)kim = oz ( — ) X T X F@) X D_%(Y) =
D(E). (23)
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Going back to the functions: H,, K,, and F,,, given respectively in Equations (20-22), in

1

( k)KIM

which the factor s is now replaced by:

1
(EE)KIM _ D(E=0) _ —
fa=D) Dy Fug) (V) N, Ta@ya = 1) ’

8c(v X(mc v xmo)g/zxwmn Vm
Do(N, Tgay,a = 1) = =2 <;nzh3 B xp@),pla=1) =5 (24)
22XT(5/4)

Therefore, NEp 1 cppy) (N, Taga)) can be defined by: NE3 T cppy (N, raga)) = [°_D(E < 0) dE,

EB
NCDn(CDp)(N T4a)) =

gery*(Me))” An X Erno(rpo)) 16
- e SRR X {fo B(a = 1) X Fyp)(Vagp) NoTagay a = 1) dvngy +
he) (@)

where
2
w ~(AnmVnm)
Ing) = Jiq B = 1) X Knp) (Vo) NoTaay 2 = 1) dvag) = [y, e ?

-3/2

(An)Va)  QVnp)-

Then, by another variable change: t = [An(p)vn(p)/\/?]z, the integral I,p,) yields:

o _ T'(b,Zn(p)) 2
In(p) = m Xf tt~letdt = ﬁ, where b = —1/4, Zn(p) = [16An(p)/\/§] ,

Zn(p) 25/4X n(

and T'(b, z,p) is the incomplete Gamma function, defined by: T'(b,zy,)) :z}l’(‘pl)x

]

e~ [ 4 316, DD 1)]
Zn(p)

Finally, Eq. (25) now vyields:

gc(v)x(mc(v)) VNn(p) X (& EFno(Fpo)) 16
Nconeop [N = Nepnovop) (Fa@): Tagay] = e {fo Bla=
I'(b,zn(p))
1) X Fugp) (Vagpy No Tagay, @ = 1) dvngp) + J57an s A(:()p)}, (26)

being the density of electrons (holes) localized in the EBT.

In n(p)-type degenerate X - alkali metals, the numerical results of NEp.cpp[N =

Nepnvop) (Tacay)s Tay] = Nébnccopy(Tacay). for a simplicity of presentation, evaluated using
Eq. (26), are given in following Tables 2-5 in Appendix 1, in which those of other results

such as: Bgo(ao), & and Nepn(cpp) are also given and computed, using Equations (2), (5), (6),
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and (8), respectively, noting that the relative deviations in absolute values are defined by:

NEBT . .
IRD| = ‘1 — PP 1t should be noted here that the maximal value of |RD| is found to be

N¢pn(cpp)

given by: 2.8826 x 10”7, meaning that NEST = Ncp,, according an important conclusion

that such the obtained critical d(a)-density N¢pnnpp) (Facay)), is just the density of electrons

(holes), being localized in the EBT, N&p ! cpp)( Taca))-

CONCLUDING REMARKS
In Tables 1-5 in Appendix 1, some concluding remarks are given and discussed as follows.

(1)-In Table 1, the numerical results of the pressure variation, [Ap(rd(a))]n(p), are given and
computed, using Equation (3). It should be noted that, for a given 7,4, those increase with

increasing ? in good agreement with Landau’s remarks on the Fermi Liquid.'?

(2)-In the n(p) type degenerate NaCl — ML , while E(Fd(a)) decreases (), the functions:
Ncpn(epp) (Tdcay) @nd NEBacop) (Facay) increase (), with increasing () rqc), due to the
impurity size effect.

(3)- In those Tables (2-5), one also notes that the maximal value of |RD| is found to be given
by: 2.8826 x 1077, meaning that NEBT = N¢p,. In other words, such the critical d(a)-

density Ncpnvpp) (Tdacay))s is just the density of electrons (holes), being localized in the EBT,

NEbnccop) ( Tda)-

(4) Finally, once Ncpn(cpp) is determined, the effective density of free electrons (holes), N¥,
given in the parabolic conduction (valence) bands of the n(p)-type degenerate NaCl — ML
can thus be defined by:

N*(N,rg@)) =N —Nepnvop) = N — NEBT cpp)s

Being equivalent to the “compensation effect”.
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APPENDIX 1
Table 1: In the n(p) type degenerate NaCl — ML, the numerical results of the pressure variation, [Ap(rd(a))]n(p), are

Mc(v)

given and computed, using Equation (3). It should be noted that, for a given 74, those increase with increasing ,in
()

good agreement with Landau’s remarks on the Fermi Liquid [2].

Donor
mc
mq

Forrg =rp = 0.110 nm

8
[Bp)l, () 7 7960733 10.614311 13.267888 15.921466

cm3

Forrg = rps = 0.118 nm

8
[Ap(r)],, (“’c:;") 6.6026108 8.8034811 11.004351 13.205222
Forry = rgp = 0.136 nm

8
[Ap(r)n (1""';9") 3.856154 5.1415387 6.4269234 7.7123081
Forry = rg, = 0.140 nm

8
[Ap(r)],, (“’c:;") , 32953816 43938421 5.4923026 6.5907631
Acceptor
v 7 3 4 5 6
mq
Forr, =rg, = 0.126 nm

8
[Ap ()], (“’m";e") 5.3336119 71114826 8.8893532 10.667224
Forr, = ryg = 0.141 nm

8
[Ap ()], (“’m";e") 7 31576920 4.2102561 5.2628201 6.3153841
Forr, =, = 0.144 nm

8
[Ap()], (1°c:;"’) 7 2.7504076 3.6672101 4.5840127 5.5008152
Forr, =r¢q = 0.148 nm

8
[Ap()], (wm':‘:") 7 2.2203663 2.9604884 3.7006105 4.4407327
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Table 2: In the n(p) type degenerate NaCl — ML, in which 740(q0)=7nq=0.166 nm, mc,)/m, = 3 and &, = 23, the

meV.

numerical results of Byg(ao) = 6-4484321 X 108 (—), ¢, Ncpn(cpp), and NEBE(CDP) are computed, using Equations (2),

cm3

(5), (6), (8), and (26), respectively. It should be noted that the relative deviations in absolute values are defined by: |RD| =

’1 _ NEB T (cop)

Ncpn(cdp)

, giving rise to their maximal value equal to 2.8826 x 10~7. It means that such the critical d(a)-density

Ncpnvpp) (Td(a)), determined in Eq. (8), is just the density of electrons (holes) localized in the EBT, NESE(CDp)( Td(a))»

determined in Eq. (26), respectively.

Donor P As Sh Sn Na
rq (nm) 0.110 0.118 0.136 0.140 166
e(ry) N 65.1343 39.2223 26.9038 25.7871 23
Nepn(rq) in 102° cm™3 » 0.10254862 0.46963489 1.4551766 1.6525444 2.3290329
NEET(ry) in 102 cm=3 0.10254859 0.46963476 1.4551762 1.6525439 2.3290323
|[RD| in1077 2.8826 2.6643 2.8629 2.7682 2.5929
Acceptor Ga Mg In Cd Na
r, (nm) 0.126 0.141 0.144 0.148 166
e(ry) 31.4571 25.5492 24.9192 24.2482 23
Nepp(ra) in102°cm™3 2~ 0.91034037 1.6991366 1.8312967 1.9875584 2.3290329
NEB;T, (rp))in102°cm™3 ~ 0.91034013 1.6991361 1.8312962 1.9875579 2.3290323
|[RD| in1077 2.6910 2.7331 2.7596 2.7071 2.5914

Table 3: In the n(p) type degenerate NaCl — ML, in which rgo(a0)=Ina=0.166 nm, m¢,)/m, = 4 and &, = 23, the

meV.

numerical results of Byo(ao) = 8.5979094 X 108 (—), ¢, Ncpn(cpp), and NEBE(CDP) are computed, using Equations (2),

cm3

(5), (6), (8), and (26), respectively. It should be noted that the relative deviations in absolute values are defined by: |RD| =

EBT
| _ Ncpn(cepp)

Ncpn(cdp)

, giving rise to their maximal value equal to 2.7234 x 10~7. It means that such the critical d(a)-density

Nepnvop) (Facay)» determined in Eq. (8), is just the density of electrons (holes) localized in the EBT, N&ptcpp) ( Tdca))-

determined in Eq. (26), respectively.

Donor P As Sb Sn Na
rgq (NM) 0.110 0.118 0.136 0.140 166
e(ry) N 65.1343 39.2223 26.9038 25.7871 23
Nepn(ra) in 102 cm=3 ~ 0.24307820 1.1132086 3.4493074 3.9171422 5.5206707
NEBT(rq) in 102°° cm™3  ~ 0.24307814 1.1132083 3.4493065 3.9171412 5.5206692
[RD| in 1077 2.6312 2.5153 2.6984 2.6456 2.7234
Acceptor Ga Mg In Cd Na
ry (hm) 0.126 0.141 0.144 0.148 166
e(ry) N 31.4571 25.5492 24.9192 24.2482 23
Nepp(ra) in 102 ecm™ 2 2.15784380 40275830 4.3408514 47112495 5.5206707
NEBI(ra) in 102° cm™ 2 2.15784320 4.0275819 4.3408502 4.7112482 5.5206692
[RD| in 1077 2.5818 2.6572 2.7093 2.6561 2.7218
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Table 4: In the n(p) type degenerate NaCl — ML, in which rgo(a0)=I'na=0.166 nm, m¢y)/m, = 5 and &, = 23, the

meV.

numerical results of Byg(aoy = 1.0747387 X 10° (—), &, Ncpn(cpp), and NEBE(CDP) are computed, using Equations (2),

cm3

(5), (6), (8), and (26), respectively. It should be noted that the relative deviations in absolute values are defined by: |RD| =

’1 _ NEB T (cop)

Ncpn(cdp)

, giving rise to their maximal value equal to 2.7447 X 10~7. It means that such the critical d(a)-density

Ncpnvpp) (Td(a)), determined in Eq. (8), is just the density of electrons (holes) localized in the EBT, NESE(CDp)( Td(a))»

determined in Eq. (26), respectively.

Donor P As Sh Sn Na
rq (nm) 7 0.110 0.118 0.136 0.140 166
e(ry) N 65.1343 39.2223 26.9038 25.7871 23
Nepn(ra) in 102° cm™3 2 0.47476211 2.1742356 6.7369285 7.6506684 10.782560
NEET(ry) in 102 cm=3 0.47476198 2.1742350 6.7369267 7.6506664 10.782557
|[RD| in1077 2.6390 2.6593 2.6847 2.6769 2.7447
Acceptor Ga Mg In Cd Na

ry (nm) 7 0.126 0.141 0.144 0.148 166
e(ry) 31.4571 25.5492 24.9192 24.2482 23
Nepp(ra) in102°cm™3 2~ 4.21453870 7.8663730 8.4782254 9.2016593 10.782560
NEB;T, (rp))in102°cm™3 ~ 4.21453760 7.8663709 8.4782231 9.2016558 10.782557
|[RD| in1077 2.6211 2.6221 2.7158 2.7332 2.7432

Table S: In the n(p) type degenerate NaCl — ML, in which rgo(a0)=Ina=0.166 nm, m¢)/m, = 6 and &, = 23, the

meV.

numerical results of Byo(ao) = 1.2896864 X 10° (—), ¢, Ncpn(cpp), and NEBE(CDP) are computed, using Equations (2),

cm3

(5), (6), (8), and (26), respectively. It should be noted that the relative deviations in absolute values are defined by: |RD| =

EBT
| _ Ncpn(cepp)

Ncpn(cdp)

, giving rise to their maximal value equal to 2.8198 x 10~7. It means that such the critical d(a)-density

Nepnvop) (Facay)» determined in Eq. (8), is just the density of electrons (holes) localized in the EBT, N&ptcpp) ( Tdca))-

determined in Eq. (26), respectively.

Donor P As Sb Sn Na
rgq (NM) 2 0.110 0.118 0.136 0.140 166
e(ry) N 65.1343 39.2223 26.9038 25.7871 23
Nepn(ra) in 102 cm=3 ~ 0.8238893 3.7570791 11.641412 13.220355 18.632263
NEBT(rq) in 102°° cm™3  ~ 0.8238871 3.7570781 11.641409 13.220351 18.632258
[RD| in 1077 2.6671 2.6330 2.4579 2.6791 2.5297
Acceptor Ga Mg In Cd Na

ry (hm) 2 0.126 0.141 0.144 0.148 166
e(ry) N 31.4571 25.5492 24.9192 24.2482 23
N¢pp(ra) in 102t cm™3 2 0.28272290 1.3593093 1.4650373 1.5900467 1.8632263
NEBI(ra) in 1022 cm™ 2 0.28272100 1.3593089 1.4650369 1.5900463 1.8632258
[RD| in 1077 2.6425 2.8198 25183 2.6330 2.5281
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