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An explanation, using the logarithmic derivative method, is given for some previously unexplained features
of the temperature dependence of the conductivity for barely insulating Si:As foI0K78 K. The results
and analysis suggest an important high-temperature correction to the prefactor of Mott variable range hopping,
and also give more reliable values of the activation energy and the temperature-dependent prefactors of the
activated conduction. The two samples closesh@rovide evidence for temperature-dependent activation
energies. The activated contribution allows the determination of the moji(ity T) for itinerant electrons
above the mobility edge. This mobility is consistent with ionized impurity scattering in the impurity band. The
logarithmic derivative method also provides a method for determining the fraici{onT) of donor electrons
thermally excited above the mobility edge. The activated conductivity results are compared with Manfield’s
expression for impurity scattering as adapted to the impurity band 28&63-18289)06039-7

[. INTRODUCTION few detailed studies of the crossover between Mott VRH and
activated conduction, however, resistivity and Hall coeffi-
In the early period of semiconductor transport studiescient data® for insulatingn-type CdSe have been obtained in
Fritzsche® with resistivity measurements versus temperatureth® same temperature range. Zabrodskii and co-wotkers
documented the activation energies e,, ande; from the _have studied _the crossover.betW@moppmg and ES VRH
slopes of Ip(T) versus 1T plots. Forn-type materiale; was " (tjrahnsmutatlc()jn r(]jopl)ed G.eh.G.a V(‘j”th. a gompensat(enﬂ.?;
the activation energyfrom a donor or donor bando the and have used the logarithmic derivatileD) approach to

. L obtain theT dependence of the activation energy. The results
conduction bande, was the activation energy to the upper yithin jllustrate how incorrect activation energies can be ob-

Hubbard band, whilee; was the activation energy for tained from the slope of a s(T) versus 1T plot. In addition,
nearest-neighbor hopping when compensation was signifthe LD approach can yield information on tfiedlependence
cant. The theory for the latter was provided by Miller and of the prefactors of both activated and VRH conduction.
Abraham$ (MA). Then Mott put forward the notion of vari- Derivative spectroscopy has been valuable in magnetic
able range hopping/RH) with a temperature-dependent ac- resonance in resolving partially overlapping resonance lines,
tivation energy. Allen and Adkiffsfirst documented Mott While in tunneling studies the derivative technique has been
VRH for Ge:Sh. The Mott formulation neglected the effect USeful in yielding the density of states and features in the

2 . .
of electron-electron interactions, but Efros and Shklovskii [&ter such as theH—Eg)* dependence of the DOS within
the Coulomb gap. It is not practical to modulate the tempera-

(Ei) C':mr?du%ed VRHﬂT tge prtese]cr] cte tgsggrﬁ_c;]tlonsf alnd atureT by a constant amount because of specific heat varia-
Soft Loulomb gap [n the density of sta - TNere 101~ 4isns with T and thermal time constants. However, even with

lowed many experimental studies showing either Mott or E§pe jimitation of point-to-point data collection the LD tech-
VRH behavior and some studies showing a crossover behique, as pioneered by Moebifisind Moebiuset al,'® has
tween Mott VRH and ES VRH by varying magnetic fi€ld, peen valuable in MIT studies in determining whether a
decreasing temperatufe? and dopant density. Several theo- sample is metallic or insulating. They note for a metallic
retical formulation§”** have been given to describe the sample the LDS(T) must approach zero &0, while for
crossover. An early discussion of the crossover fighop-  an insulating sampleS(T) must continually increase &

ping to Mott VRH in the dilute limit has been given by —0. Frequently, one cannot decide whether a sample is in-
Shklovskiil? Very close to the metal-insulator transition sulating or metallic on the basis of just tbgT) data. The
(MIT) on the insulating side, Shafarman, Koon, andapplication discussed here gives a more accurate way of de-
Castnel® (SKC) studied the critical behavior of Mott VRH termining activation energies, in addition to providing in-
for weakly compensated Si:As and found the Mott charactersight on VRH conduction at much higher temperatures than
istic temperatureTy {Tox[1/N(Eg) &3]} scaling to zero as i§ possible with ju§t ther(T) data. S_imple theoretical no-
ND_>an A |Ogarithmic derivative(LD) technique, first tions Suggest an _|mp0rtant_ correction to the pl’efactqr for
discussed by Hill* was employed by SKC for the tempera- Mott VRH and this correction factor also allows a direct
ture range 0.8 T<78K. The results showed Mott VRH for Qetern"_nnatm_n of the mobility of activated itinerant electrons
T<8K, activated hopping folf >40K, and a broad nega- in the impurity band.

tive slope region between the two that was not understood at
the time. The present paper gives a detailed quantitative ex-
planation for this intermediate regime where both activated For barely insulating samples the Fermi le\& is lo-

and Mott VRH conduction are important. There have beercated in a region of localized states. The density of states for

II. BACKGROUND

0163-1829/99/6(20)/1418215)/$15.00 PRB 60 14 182 ©1999 The American Physical Society



PRB 60 DECONVOLUTION OF ACTIVATED AND VARIABLE-. .. 14 183

sion vyields a widthA~1 meV. The widths in Fig. 1 are
18Ty much larger and result from the width of an impurity band
: for a regular array of neutral donors, plus some additional
broadening from the randomness of the donor distribution.
The Fermi energ\Ec(T=0) is determined for the two-
band case(LHB and UHB only from the condition
fEFOCNLHB(E)dE:f_wEFNUHB(E)dE, namely, that the
number of holes in the LHB equals the number of electrons
in the UHB. This yieldsEg=—17.3 meV and the minimum
(Emin) in the DOSyiy (Iower dashed linefor this two-band
case is at-14.7 meV. Adding the 4-T, and 1s-E bands the
RHS of the condition involvesNyyg(E)+Nqg12(E)
+Nys.e(E) andEg is lowered to—18.1 meV, a decrease of
0.8 meV. The minimum in the DQg, (upper dashed line
for the many-valley case is at17.6 meV, a decrease of 2.9
meV. In both case€r<E,,, because the LHB width is
E (meV) smaller than that of the higher energy bands. In the relevant

FIG. 1. The DOSN(E) of the impurity bands for Gaussian many-valley,.four-band Caﬁ“i”_EFNO'S me\(, This value, ,
bands for the LHB, the UHB, thestT, bands and thestE bands ~ compared with the larger experimental activation energies
for Ny=10*¥cn. The Gaussian widths are, respectively, 6, 12, 8,Ea=E.—E obtained for the four Si:As samples discussed
and 8 meV, while the peak positions are, respectively; 25, —2,  herein, suggests th&.> E,, so thatE, andEg may lie on
—3.9, and—2.5 meV based on the constancy of the valley-orbitopposite sides oE,,,. Sincee,=E,(n) scales toward zero
matrix elements with donor density. The minimum in the totalasn—n__, bothE. andEg are close to the minimum in the
N(E) of all four bands is at—17.6 meV while Eg=pu(0)= DOS(E)’ but EF is much closer tOEmin than EC' For
—_dlS.l rrr:ev_. Iflone"removgsb th(ﬁaszdandEJs-li bands and cor(wj— broader band&g can be abové ;.
siders the single-valley Hubbard band moHg},=—14.7 meV an A weak random potential introduces localized states in the
Er=—17.3meV. . . .

tails of an isolated band and produces two mobility edges for

Si:As based on both the conventional Hubbard model and th%hls band. Howeyer, for. a sufficiently strong randpm poten-
many-valley case characteristic mtype Si is shown in Fig. tial all the states in this |sqlated band can be. localized. I!’n the
1. It shows the lower Hubbard barftlHB, 1s-A,-singly case of'strongly overlapplng bgnds, as in F|g. 1., effect'|vely
occupied, the upper Hubbard bar{tVHB, 1s-A,-doubly oc- there will be only a single mobility edge, , as indicated in
cupied, the 1s-T, band (threefold orbital degeneragyand ~ Fi9- 1 at an energy abovEp,. The position ofEc(n,T

the 1s-E band (twofold orbital degenerady Gaussian —0) depends on the magnitude of the screened random po-
shaped impurity bands have been employed, as utilized bigntial(weak just belown;) and is not accurately determined
Sterﬁo in Considering the screening |ength as-0, as a from calculations. While one might associdf@ with the
reasonable approximation for impurity band shapes for a rarlower mobility edge of the UHB, in the multivalley case with
dom distribution of donors. The positions of these handsthe 1s-T, and Is-E bands strongly overlapping the UHB,
relative to the conduction-band edBeg, are based on spec- should be identified with this complex of band states rather
troscopic datd and a self-consistent calculatfdnof  than with a single band. One should not expect diffeEers
E1s-a1(n, T=0) asn approaches;. For the specific case in for the UHB, 1s-T,, and 1s-E bands because this would
Fig. 1 the maxima in the DOS for the individual bands arelead to the coexistence of localized and itinerant states at the
Eivg=—25.0meV,Eypg=—2.0meV,Ejs12=—-3.9meV,  same energy. This is not expected to happen in single phase
and By g=—2.5meV. The valley-orbit splittings between random systems except in unusual circumstances. Because
the 1s-A; and the 5-T, and Is-E states, which result from  the upper mobility edge associated with the LHB must be
the very short-range, donor-dependent central cell potentialye|l pelow Er in energy, it will play no role inT-dependent

are not significantly affected by screening frae interac- transport at relatively [ov.

tions at higher donor densities near and are assumed the  The fact that botiEr and E,, are relatively close td,
same as in the dilute limit. The band widths in Fig. 1 arefor the total DOS has important implications for the trans-
App=6.0meV, Ay 1=A15e=80meV, and Ayyg  port, namely, for the activated conduction and for the VRH
=12.0meV and reflect the larger Bohr radii of the conduction of the Mott form. It is the total DOS of the LHB,
1s-T,, 1s-E, and UHB states that are much less tightly the UHB, and the & T, and 1s-E bands that is important
bound (with respect toEcg) than the LHB. The energy for the VRH. This can be seen because the LHB consists of
Eisa1(n)~—25meV, which corresponds to that expectedsingly occupied donor states while the UHB consists of dou-
for n=0.8 based on results in Ref. 22. Reliable experi-bly occupied states. An electron in the LHB can be excited to
mental values 0Ecg—Ejs.a1(N) for SitAs forn just below  a state in the UHB, or to thestT, or 1s-E bands, or to a

nc are not available. In Stern’s case the width of the Gaussempty statghole) in the LHB. The same is true of the exci-
ian band at lowT arose solely from compensation and de-tation of occupied states in the UHB or the-T, and 1s-E
pended on the ionized acceptom ) and ionized donors bands. Thus, it is not the single Hubbard band DOS that is
(N3). For Np~8x 10" cm® and K~10 4 Stern’s expres- important for the Mott VRH, but it is the total DOS from all
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the overlapping bands that enters Mott's formulation ofmeasurel in energy units. The temperature dependence of
VRH. w(T) is discussed in Sec. lll. The second termdipin Eq.
The minimum in DOS,, is shallower than for the simple (1b) can also be written a&,,/T, whereA,=1/4(T3T,)¥*is
Hubbard band case with just LHB and UHB and this hasthe mean hopping energy. Qualitatively, bathand &, in-
implications for theT dependence of the chemical potential crease with increasing values ofT]/although the latter in-
w(T). Finally, the shape of DQ&,(E) in Fig. 1 can be creases at a slower rate sinae=1/4 for Mott VRH. The
significantly altered for the many-valley case by changingtotal conductivity o(T)=0,(T)+ o,(T) yields a total LD
the widths of the $-T, and 1s-E bands. If these bands are ¢, given by
broadened by 25% relative to those shown in Fig. 1 the mini-
mum in DOS,(E) will disappear and be replaced by an 6= (0alay) 65+ (oplay) by . (2
inflection point. However, even in this case the total DOS is
slowly varying in the immediate vicinity of the inflection The Mott VRH expression loy,=In[A(1/T)?]
point. —(To/T)¥* is established by the data at sufficiently low
For barely insulating samples the temperature-dependet¢mperatures where,< o}, ando~ o, . At higher tempera-
conductivity o(T) consists of two types of contributions, tures wheres, is comparable tar, an increasingly larger
namely, a hopping contributiow,(T) for transitions be- fractionf,(n,T) of electrons are thermally excited above the
tween localized states and an activated contributig(iT) mobility edge aE.. This in turn implies only (1f,)n of the
resulting from thermal excitation of electrons into extendedelectrons will be available for VRH conduction and suggests
states with energies above the mobility edge. For the an important high-temperature correction to the prefactor of
latter the thermal activation is to states WEQ<E<E g in Mott VRH. One can calculaté, using n,(T)+n,(T)=n,
the impurity conduction band. The impurity band conductionf,=n,/n, and the standard result
is characterized by an activation energy=E.— u(T)
=E,. Thermal activation to states with>E g [with acti- *
vation energye;(n)] can also occur, but will represent a fa= fEcN(E)f(E'T)dE' ®
negligibly small fraction ofo,(T) becauses;(n) is consid-
erably larger thare,;(n) asn approaches .. o,(T) results whereN(E) is the DOS and(E,T) is the Fermi function
from itinerant electrons in extended states ab&yein the  f=[eE~#(M)/T4+ 17171 with «(T) the chemical potential.
impurity band. These itinerant electrons have a mobility thafThe activated contribution  oy=n4(T)eu,(T)
is similar to itinerant electrons in the host Si CB. The acti-=nef,(T) u,(T) where u,(T) is the mobility of activated
vation energyez(n) from Ref. 1 is associated with nearest- carriers in extended states in the impurity conduction band.
neighbor hopping between localized states and results from(T) is analogous to to the classical mobility of carriers in
compensation. This contribution is negligible forjust be-  the CB[E>Ecg] and will be determined by ionized impu-
low n, for weakly compensated sampld$/Np<1, where rity scattering in then and T range of relevance.
Np andN, are the donor and acceptor concentratiofifie For a constantN(E) for E>E. one obtains n,
hopping considered below is Mott VRH because the hopping= N(E.) T In[1+e 5"T'T]. |f the DOS is expanded about
energyAp(T) is greater than the Coulomb gap width associ-E [N(E)=N(E,) + (dN/dE)g(E—E.) +- -] the next term
ated with ES VRH. This is the case for Si:As and Si:P forin the expansion fom, will be given approximately by
1-n/n.<0.1. (dN/dE)g T?In[1+e B¥T].  Adding this term n,
For the data analysis the VRH contribution is taken as=N(E.)T[1+ aT]In[1+y] where a(T)=dIn N(E)/dE|gq)
In o1,(T)=IN[A(N)(L/T)*] = (To/T)™ wherem~1/4 for Mott  andy=e 5¥T. The experimental results and the DOS in
VRH, A(n) is a density-dependent constant, &fd) is the  Fig. 1 both suggest thad(N/dE)g . T<N(E,) in the low-T
exponent for the prefactdr dependence. The activated term region. Based on the values Bf(n,T) and theu(T) results
is of the formo, =3 0;(T)P'e B(WkT whereE; is the ac-  in Fig. 2 it appears the DOS itself depends ®nfor T
tivation energy for theth activation process ang; is the ~ >15K. However, it is difficult to incorporate the effects of a
power-law exponent of the prefactor. Below only a singleT-dependent DOS of, and an empirical fornf, emdn, T)
component of activated conduction will be considered in the=BT9|n[1+e~ &MV has been employed in the data
data analysis, but the analysis is readily generalized to mulnalysis.B and g, which are coupled, are determined from
tiple components with differer; . Defining the logarithmic  the data near 77 K using the expressiQr o, /new,(T).
derivative (LD)é= —dIn o(T)/dIn(1/T) one obtains With oy, .= op(1—f,) ando, .= oy— o, ¢ the corrected LD
valueséy, . and &, . become
Sa=—dIno,/dIn(LT)=p+E,T)/kT—dE,/dKT,
(1a Sne=0n—[fal(1—f)ldInf,/dInT, (4a)

Sy=—dInay/dIn(LT)=—s+m(T,/T)™.  (1b) Sa.o=(Ua ) 08— on(1— ) (Sno)]- (4b)

The third term on the right of Eq(1a results from a Using the result &,.=dIno,/dinT=dInf,/dInT
temperature-dependent activation energy and is related to thedIn u, ./dIn T to eliminated In f,/dIn T from Eq. (4@ and
changes in the chemical potentigl.(T) and E((T). With  substituting Eq(4a) into Eq. (4b) one obtains the important
EA(T)=E.— u(T), where the Fermi energy ai=0 is result

un(0)=Eg, dE,/dT=dE./dT—dw/dT and d&,=p

+EL(0)/T+(T/)[d(u/T)/dT], where we have sé&t=1 and Sac=0at[faonl(oy—op)][dh—dInu,/dInT]. (5)
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This exact result is useful since it allows a determination of] one findsa=0.25/meV forE,~4 meV. Thus,aT might
8a,c if T4(T) is known sincef, determineso, ¢, tac, and  be of order unity in the middle of oUF range suggesting the
dln u,./dInT. However, this expression can also be used ircorrections might be important. However, fofl near unity

an iterative manner to calculafg(T) using 6, values de-  the dE,/dT terms will nearly cancel. In additiordu/dT
termined initially fromf, ¢yp. The expression fof(n,T)  and (1+aT) ! are of opposite sign above 20 K. Further-
from Eq. (5) does not depend on the magnitude ofmore, if E(T) approache€,,, at higherT,a(T) becomes
Mac(n,T). Arbitrary forms of f,(T) won't satisfy Eq.(5)  small and these corrections become small. At loWethe
and the requirement0f,<1. For example, iff,«T" and  fourth term in Eq.(7) will decrease ad leaving the third
gacxTT(m<n) one finds from Eq. (5) f,=[(o; term as the correction. It is only the first three terms and the
—op)l o[ (m=38,)/(8y,+n—m)]. f, changes sign fom last term that are known from the experimental results.
<3-5 sincedy(T) increases with I7 as shown in Fig. 6. Hence,d, . is calculated asl In o,./dInT and then one at-
Only a form f,xT% E¥T [dInf,/diInT=q+E,/T  tempts to infer the magnitude of the corrections.

—dE,/dT] gives a result that can explain the data. The con-

dition 0<f,<1 and the data also restricts the values of

din ;U«a,c/d InT. For sample 8.41n=0.98.] Ill. TEMPERATURE DEPENDENCE OF THE CHEMICAL

—dIn p,ac/dInT>0.4 for T>60K to keepf,<1 because of POTENTIAL p(T)

the small values o6y, . Theq in the empirical expression can importance for determining the activation energy
depend onT and the series expansion approach SUggests ,,(T) appearing irf ,(T) is the temperature dependence of
q(T)=1+7(T) where 5(T)=In(1+aT)/In(T/T) whereTy ,,(T). The classical semiconductor reddifor the weak

is a constant such tha<T. This expression for(T) ne- compensation, valid foiC,T3%> N[ Co=2(27m*k/h?)32
glects higher terms in the expansion. In the intermediate _ gy 105 cmd— K32 for Si], is given by

regime the quantities; and &, are measuredry, and ,, are
extrapolated from the loweF- region where Mott VRH

dominates, and In u,./dIn T is inferred from the data. Us- #(T)=(Eca+Ep)/2+T/2In[(Np—Na)/2C.T*?]. (8)
ing the expression f (n,T)=N(E., T)KT(T/T,)"[In(1
+e EAn/M] one finds Equation(8) is based on discrete donor levels and therefore
ignores impurity banding. It also neglects the contributions
dinf /dInT=[1+(E,/T)d(y)]— d(y)dE, /AT from the 1s-T, and 1s-E states. It yields a positive correc-
tion for 2C,T%><(Np—N,) and a negative correction for
+dInN(E(T), T)/dInT 2C.T32>(Np—N,). For Si:As withNp~8x 10%¥/cn? and
+In(T/TYd7/dInT. (6) Na<<Np the crossover occurs at~76 K while at 40 K the

correction isu=+1.6 meV. The classical result is not rel-
Ea(n,T) is determined from the dateFig. 5 and it also  evant for the band situation shown in Fig. 1. UsingT)
determinesp(y) =y/{(1+y)In(1+y)]. The experimental re- from Eq. (3) and the density of localized electroms,
sults suggesti=1. The second and third terms are harder to= [E¢ N(E)f(E, T)dE involved in hopping, and the conser-

characterize, but WitIdEa/dedEC/dT_ d,LL/dT this Sug- vation Conditiond/dT[na(T)+nh(T)]=0 it is straightfor-
gests a coupling between these two terms. The last term i{§ard to obtain

positive and of order aT/(1+aT) where «(T)
=dIn N(E)/dEIECm. This term is very small at lowl com-

pared to the first term, but might be important at higfier Tdu/dT=— fx (E— p)N(E)f(1—f )dE/
Using d In N(Ep)/d In T=T/N(E)|dN(E)/dE|g(dE./dT) —o
=aT(dE./dT), and dE./dT=dE,/dT+du/dT, &,. be- .
comes f N(E)f(1—f)dE. 9
Oac=1+E,/T—dE,/dT
+aT[dE,/dT+du/dT+ (14 aT) 1] Using f(1—f)=—(9f/9E)T and that 9f/E) is sharply
a

peaked aboui(T), Eg. (9) can be evaluated by the Som-
+dInN(E,, T)/dInT+dInuy/dInT.  (7) merfeld expansion approac¢Appendix A). Alternatively, a
' direct numerical integration of the integrals in E§) can be
The ¢(y) term is dropped in Eq.7) when the data is fitto performed at a series of equally spaded
oace E¥T rather than to IfL+e 5¥T]. For aT indepen- Figure 2 shows the results fqr(T) for the total DOS
dentN(E) if du/dT<0 andu(T) decreases more rapidly N(E) shown in Fig. 1 using parameters appropriate for Si:As
than the increase iB,(T) thenE.(T) will decrease causing for Ny just belown.. Also shown is the classical depen-
N(E.) [and alsox(T)] to decrease sindg;(0) is well above dence ofu(T) based on Eq(8). This result, which neglects
Emin- On the other hand, ift(T) increasequnlikely for T the 1s-T, and Is-E states, shows a large positive increase
>20K) [or u(T)~consi while E,(T) increases witlT then  that peaks foil ~30 K and then steadily decreases. The cor-
E(T) increases and In N(E.)/dIn T>0. For aT dependent rectiondu(T) does not become negative unfi>80K. The
N(E,T) likely at higherT the situation is more complex, but negative decrease results from the conduction-band states
leads to a nonzerd InN(E.)/dInT. The paramete(T), with E>E~g=0. The band cas@®), calculated with Eq(9)
which is the fractional slope dfI(E) at E. plays a key role using the integrals, exhibits a very shallow maximum and
in the higher order corrections f@, .. For the DOS in Fig. Au(T) turns negative foilT~19K. For T>50K u(T) is
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dependent off. Experimental data show big increases in the
low-frequency dielectric responsg(Np ,w,T) at relatively
low T resulting from hopping. Fol >25K many electrons
are excited above&; ande’(Np,q,w,T) is not well charac-
terized experimentally. However, for largé, e(T)=¢€p
—(cupr)2 exhibits a plasma contribution whereog
=4me’n,/m*.  With a significant increase in
€' (Np,q,,T) at intermediatd for g~ m/d [d=Ng ] the
enhanced screening may push theT,, 1s-E, and UHB

up in energy and these bands may no longer be bound below
Ecg. QualitativelyN(E,T) for E just belowEcg would de-
crease, thus reducing the negative decreage(). A suf-
ficiently large decrease iN(E,T) betweerkE,,, andEcg can
causeu(T) to flatten to a new asymptotic valye(T*) for
T>T*. An example is shown in Fig. 2 where the-T, and

#(T) (meV)

0 20 40 60 8 100 1s-E N(E) are reduced at 33 K and again at 66 K, thus
T (K) leading to a nearly lineadu/dT~—0.5.
FIG. 2. The chemical potentigt(T) versusT for the discrete
level casgA) from Eq.(8) and for several impurity band case using IV. EXPERIMENTAL RESULTS
Eqg. (9). The discrete level case neglects excitadbhands. It shows
that CB states do not pusa(T) negative untilT>80K. For the For the data taken between 4.2 and 77 K the samples were

impurity band case the curvé®, Sommerfeld expansio® nu- ~ Mounted in thermal contact with a Cu block thermal reser-
merical integratiohare based on the DOS in Fig. 4(T) is pushed ~ VOir encased in a vacumn can containitrge exchange gas.
negative by the larger DOS well aboye(T) from the 1s-T,, A noninductive heater coil of manganin wire was used to
1s-E, and UHB states. The slight rise jp(T) for T<15K results  heat the Cu block above 4.2 to 77 K. The sample leads and
becauseEr= 1 (0) lies belowE,,, in N(E). A second cas¢<) the thermometer leads were heat sunk to both the external
with slightly broader bands arig-— E;,=1.05 meV shows a small liquid He reservoir and to the Cu block. The calibrated
negative slope fof <15K and a slightly greater chandeu at 78  (1.4<T<100K) Ge resistance thermometer was mounted in
K. When N(E,T) becomes smalletbetween the arroysbelow g hole in the Cu block. The absolute accuracy of the Ge
Ecg at higher T,u(T) drops less rapidly) and could flatten for  thermometer was-0.2%. The LD &, was calculated from
40<T<80K. the expression 6= — (L/o(To)T)[o(T3)—o(T1) /[ 1T,
—1/T,]. For o(T) changing slowly withT this expression
falling almost asT2. The curve(O) shows the same calcu- gives reliable values of,(T). For the data taken below 4.2
lation using the Sommerfeld expansion technique using th& a specific effort was made to take points equally spaced in
derivatives ofN(E) up to d®N/dE® obtained directly by nu-  1/T. For the data foT>10K the data was taken in equal
merical differentiation oN(E) in Fig. 1. Another cas¢<®) intervals ofAT. As an example, foAT=T;—T;=1.0K at
for larger band widths and a shallower minimum w T~20K the maximum uncertainty iA(1/T) is of order
—Enmin=1.05meV exhibits a small negative slope for 7.7% assuming thermal equilibrium and sufficiently low
<20K and an overall changAx=—5.1meV between 0 power dissipation to ensure Ohmic conduction.
and 78 K. For the same band parameters, but including only The §; vs 1/T data for 17<0.1 taken from Fig. 6 in SKC
the LHB and UHB E.i,=—13.0meVj u(T) increases for four insulating Si:As samples, which has been smoothed
from —14.7 meV @0 K to —13.0 meV at 78 K, but with a and replotted in Fig. 3, shows the high and intermediate tem-
substantial decrease @ (T)/dT asu(T) approache&,,, . perature regions. The latter region is of particular interest
For the impurity band cases in Fig. 2 the contributionbecauses; is decreasing with increasingTl/whereas at high
from the conduction-ban@CB) states abov&cz=0 is very  T§,«1/T and at lowT[ T<5 K] &8, (1/T)™ with m~ 1/4. The
small. At T=75K the CB contribution to the numerator intermediate region was not satisfactorily explained in SKC,
IN(E)(E— u(T))f(1—f)dE is 2.4% for u=—22.3meV  but can be readily explained with E(R). In this regiond,
and 4.75% foru=—18.1meV. Thencg correction for the > &y, but o,/0y is dropping rapidly with I¥, thus causing
denominator is in the same range. A=75K and u= 6i~(oalay) 6, to decrease with T/ until (o,/0) 8,
—18.7meV,ngg=1.7x 10"/cm®, or only 2% ofNp for the  ~ (o /0y) 8y, below whiché, reaches a minimum and then
8.41 sample. The maximum iN(E) at E~—4meV of rises slowly withs;~ &}, . In the intermediate regiom, /o is
3.28< 10 cmP-meV is large compared tdNcg(E)<(E  falling exponentially with 1T while &,/ 8, is only increasing
—Ecg)Y?for E just aboveEcg. Ncg(E) only becomes com- as (1T)*~™. Because thé, vs 1/T data can be satisfactorily
parable to mgN(E)] for E~ +200 meV. The large decrease explained with only the two componenis,(T) and o,(T)
in w(T) for the Si:As impurity band case results directly this provides the justification for the deconvolutionaf(T)
from the 1s-T, and Is-E bands. For the Hubbard band caseandoy(T) and a direct determination @,(T) and 5, ¢(T).
(single valley w(T) would remain abovey(0) for T up to 75 Two features of the original SKC data should be men-
. tioned. First, thel o= 0,-,— o, shows and even-odd varia-
A second crucial point about the results in Fig. 2 for thetion of about 10% that accounts for the bimodal feature of
impurity band case is that(E) was assumed rigid and in- the SKC data in Fig. 6 for the 7.57 and 7.90 samples for
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FIG. 3. The smoothed L3, versus 1T for the four samples in
the high and intermediaf€ regions. Larger data scatter occurs for
smaller intervals oAT. Thes-like “resonance” on the 7.57 curve
is believed to result from an experimental artifact and is partially
removed by removing the bump i (T) [more obviousr,(T)] for
0.05<1/T<0.062 K.

FIG. 4. The conductivity contributions versusT1for the 7.57
and 7.90 samples. Shown arg(stars, oy, . (@,0), 0, (A,A), o,
(solid lines, and o, (solid lineg. The Mott VRH parametera and
Tq for o, were determined from the data fit in SKC fe+ 0.

not known and assumptions abdufE.,n) are speculative.

0.05< 1/T<0.10 that could result from an even-odd variation N(Eg ,n) can be obtained from low-specific heat results,
in the temperature intervdl T=T,,;—T,. Thisis removed but that is not possible foN(E.). The Si:As data shown
by the smoothing of;. Second, the 7.57 sample exhibits an below yieldséd, values measurably larger tha@p, thus lead-
s-like “resonance” feature for 0.055 1/T<0.066 that is be- ing to significant increases in the activation eneegyusing
lieved to be an experimental artifact resulting from a non-the LD technique and Ed2).
Ohmic effect from excessive applied current for eighil) Values ofo,, 0,c, o, andoy, . for the four samples
points that show a bump for 0.058./T<0.070. Most of this  [7.39, 7.57, 7.90, and 8.4110'¥ cc] shown in Figs. 2 and 6
“resonance” is removed by removing the bump. Thein SKC have been calculated using=o\— oy, 0,.=0y
smoothing procedure actually broadens the width of the-oy, ., and o, =on(1—f,) above and the parametefs
“resonance.” Despite these experimental difficulties, whichand T, for the Mott VRH contributionfor s=0 casé deter-
only become obvious in the LD plots, the overall trends ofmined from the data for 08T<5.0K in SKC. The results
6¢(T) are well established. for In o(T) versus 1T are shown in Fig. 4 for two samples

Figure 6 in SKC(Ref. 13 shows a minimum ir; vs 1T [7.57 and 7.90 For the more dilute 7.57 sample, shows a
at a temperatureT*(n) with T*~10K for n=7.39 reasonable fit to activated behavior with a single value of
X 10%cc andT*~3 K for the 8.41x10'%cc sample. The E,, although small deviations from a pure exponential fit are
minimum shifts to smallem asn—n._ because of the rapid observed. Howeves, .(A) shows some upward correction
decrease infy asn—n._. An important consideration at which the LD analysis will attribute to a prefactor depen-
higher temperatures is whether the weighting faetafo;,  dence. The 7.90 sampld) and also the 8.41 samp[data
becomes small enough at high(T>50K) so that one ob- not shown exhibit significant deviations from a pure expo-
tains 8;,~ &, at highT. The data and analysis show this is not nential fit, which might be caused by more than one activa-
the case if the low temperature form of Mott VRH is as-tion energy or by the temperature dependenceEgfT)
sumed to hold at higher well above 10 K. The magnitude throughE.(T) and/oru(T), but further discussion will fol-
of the activation energies obtained suggests an increasinglpw the presentation of the LD date(T) data for the 7.57
large fractionf, of electrons will be excited above the mo- and 7.90 samples is also shown in Fig. 4. The results suggest
bility edge at energ\E. with increasingT. E, will be ob-  there is still a significant contribution frorer,(T) for T
tained from the lower temperature dat&/T>0.05 where  >40K. The slopes of le; and Ino, or Ino,. vs 1T are
w(T) is nearly constanfsee Fig. 2 and thereforeE,(n) is  quite different, suggesting problems with obtaining activa-
E.—Er. In the empirical expression fdry(n,T) B andqg, tion energies from the slopes of thedpvs 1/T curve. For
which are coupled, will be determined from the data at lowthe 7.90 sample at 77.4 K the analysis shawgs-0.60+,
enough T that f, is small using o,c.=nsem,c(T) however, o, .~0.93;. The behavior ofo, ((T) shows a
=nefyu,(T). B is directly related to the DOB(E). broad maximum located &t,,,,~50, 38, 24, and 12 K for
Based on the possibility of an increasing DOS abBye an  the 7.39, 7.57, 7.90, and 8.41 samples, respectively. This
intermediate valuey=1.25 was initially assumed and this shift in T, With density is explained by the rapidly decreas-
yieldedB=0.0938 meV! for T,=1 K. The strongesh de-  ing Mott VRH T, (see Table)l The crossing of the curves
pendence off,(n,T) results from the activation energy for both oy, and o, . for the two samples in Fig. 4 results
E.(n), which is experimentally determined. One also ex-from the density dependence of the Mott VRH prefactor
pects somen dependence ofi(E,), but this information is  A(n), which increases with decreasing The rapid drop in
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FIG. 5. 07, /\T versus 1T is shown for the 7.39, 7.57, 7.90, 0.00 002 004 006 008 0.10

and 8.41 samples. The 7.39 and 7.57 cases yield a single activation g1 . LD for the activated componea{T) versus 1T for (a)
energy Whi_Ie the 7.90 and 8.4_1 cases show an activation energy thatag and 7.90 sampleth) 7.57 and 8.41 samples. The solid lines
changes withl, probably resulting from th& dependence &.(T)  are the uncorrected,(f,=0) and show a falloff at small values of
or u(T). The inset showEa(T)_for the 8.41 sample found from 1/ The peaks and dips forT0.05 K~* result from errors i, ,
Ea(T)=TLIN A(p) —In(0/T?)] with p~0.5. (A) for T>40K and  propably due to errors in the temperature intervls The 3, . for
p=1.17 (A) for T>30K. The solid line is the best overall fit for 16 7 90 and 8.41 samples show one activation energy affhégtal
Ea(T). aT dependenE,(T) for T<36K.

o is determined by the factdr,(n, T) with the most rapid ) )
drop occurring for the smallest activation energy. The rapicmoothed experimental values &f from Fig. 3 one calcu-
drop in oy, o(T) for T>2T . depends critically on the mag- lates values of,(T) using Eq.(1a) and ;= 0~ o7, Cor-
nitude of 1-f,(n,T) and is very sensitive to the correct respondingly,s, ¢ is calculated directly from the data for
value of E4(n). Nevertheless, this high-temperature correc-a,c Usingd, ;=dIn o,./dInT rather than using Eq7) be-
tion to Mott VRH is essential and is far more important thancause of the lack of knowledge of the correction terms. The
other prefactofl dependences far just belown,. Itis only ~ results for the four samples are shown in Fig. 6. The solid
the fractionn,,/n=1—f, of the donor electrons that can be lines showd,(T), while the data points represesy ¢(T).
involved in hopping because the fractibg above the mo- The slopes, which determine the activation enetgger-
bility edge E,, are involved in itinerant electron transport in 9i€9, monotonically decrease with increasiNgBecause of
the impurity band. the subtractions involved there is more data scatter at larger
It will be shown from the LD plot ofs, . versus 1T that ~ Values of 1T where the quantityé;—(oyc/0v)dhc [
the exponenp of the prefactor ofr . is close to 0.5. This —(on/ay) &, for the case without correctiohss small and
result agrees with the prefactor dependence 4h, T)[f, ol oy is also §mal|. The main problem in the a_naIyS|s are the
«T] and u, =T~ Y2 (see Fig. J. Thus, a more reliable de- larger errors in5(T) at larger values of T/, which was not
termination of the activation energg,(n) associated with fully appreciated during data collection. The wiggle for the
o, . can be obtained from a plot of, ./T¥? versus 1T as  /-57 samp!e f(_)r 0.0601/T< 0.070 K1 reflects theslike
shown in Fig. 5 for the four samplés. The 7.39 and 7.57€sonance in Fig. 3. The scatter is less for the 8.41 sarr_lple for
samples are well characterized by a single activation energyl/T<0.06 K'* because of larger interval§(1/T). The dif-
On the other hand, the 7.90 and 8.41 samples exhibit £renced, .~ d, is very small for 17>0.05K™* because
T-dependenE,(n,T). The inset in Fig. 5 demonstrates these %a,.c~ 9a*fa(n,T) andf,(n,T) becomes small a§—0. At
samples can be fit by a high-€,(T) that is slowly varying the largesfT for 1/T<0.02 K™ there is an apprguabl_e dif-
for T>50K and a lowT E,(T)—E,(0)xT for T<25K. ference between the slopes & and 6, suggesting differ-
These activation energies are listed in Table I. The 7.90 an@nt activation energies at high with and without the
8.41 samples show, .~ constant in the loviF range. This fa(n,T) correg’uon. The principal effect of the correction
suggests plottingr, ./ T versus 1T for the lowT range. Itis ~ factor f4(n,T) is the removal of the droop in thé, vs 1T
unlikely that dE,/dT~constant continues t§=0 K. The Curves at small values of T/which is largest for the 7.39

results in Fig. 5 also illustrate the difficulties in accurately@nd 7.57 curves. All of the curves fa, . show an intercept
determiningE, asn—n¢_ . nearp~1/2 as 1T—0. In addition the slopes for the 7.39

and 7.57 samples are reduced indicating a reduction in the

activation energye, (n). The data suggest a more complex

situation for the 7.90 and 8.41 sampled n/n.~0.92 and
Using the experimental values of(T), calculated values 0.98, respectivelybecause for T7>0.03 K ! the slope de-

of o, and &, extrapolated from the lowl region, and creases with increasing TL/consistent with the inset in

V. DISCUSSION
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TABLE |. Activated and variable-range-hopping parameters.

Sample Rin/é  Ap(meV) E,(meV) Ea, (meV) fa,calc Eac

10%cem®  To(K)  Thax T max Ref. 6 Fig. 5 T=25K meV p?

7.39 1470  0.87 2.44 3.9 6.04 0.1  0.018 6.2+ 0.2 0.50

7.57 278 0.62 1.30 3.8 5.04 0.1  0.029 53+ 0.2 0.57

7.90 141  0.38 0.29 3.4 2.6 0.2 0081 29+ 02 0.62
40 = 0.2 41+ 04

8.41 0.136  0.12 0.08 2.6 2.6 02 0.143 2.1+ 0.2 0.50
35+ 0.2 3.9+ 0.4

®Errors inp are 0.1, but are coupled to errors ..
PAt T=11 K—E4(T) linear in T for 10< T<32K.

Fig. 5. This supports a continuously varyikg(n,T) result-  culates the LD foré, one obtainss,~q+E,/kT for W/KT
ing from a T-dependentu(T). The larger slopes for T/ >1 and §,~r+(E;+W)/KT for much smaller values of
<0.03 are affected by th&, correction. Using the data for W/KT. The expression fob,(T) involves a crossover func-
1/T>0.04K™* and ignoring the downward curvature for tion ¢(T)/[1+ H(T)I[H(T)=(D/C)T™ 9% WKkT]. This ap-
1/T<0.04K ! one would obtain extrapolated intercegis proach can be shown to be inconsistent with the 7.90 and
~1.2 for the 7.90 and 8.41 samples. The uncorrecigd 8.41 results where for T<30K E,(n,T)—E4(n,0)
results for 1T<0.025K ! yield p~0 for 8.41 sample and ~C(n)T. As already mentioned one expects only a single
negative values gb for the 7.39 and 7.57 samples. All of the mobility edge aboveeg [ 1 (T)].
activation energies are listed in Table I. A more subtle issue Values of the activated electron conductivity mobility
concerns the sign o8, .— d, from Eq. (5). 5.— 8,>0 for  u, . are readily obtained fronu, .= o, ./nef,= (1/ne) (o
the 7.39, 7.57, and 7.90 sampl@gth the exception of two — o)/ f,+ o},]. Sinceo(T) varies slowly withT the key to
points for 7.90 where the errors iy, are large. The 8.41 the T dependence of, . rests with the ratio ¢;—o1,)/f,.
case hasd, .— d,>0 for T>22K and 6, .—5,<0 for T  For the more dilute samples with larggg, f, drops more
<22K (except for one point This is consistent with rapidly than oy—oy, with decreasingT and w,(T) in-
tac(T) reaching a maximunisee Fig. TnearT~25K and  creases. For the 7.90 samplg . shows little no change for
the quantity[ 6,—d In u,./dInT] changing sign for 2&T 14<T<30K implying o,— o, andf, are changing at virtu-
<23K. ally the same rate witfi. The results fop, .(n,T) in Fig. 7
The correctedg, . values are 56 10% larger than in- indicate a trend toward a universal behavior at the higfiest
ferred from the slope of Io; vs 1T in SKC for the 7.39 and  for T>50K that showsu, (> T~ ° with s=0.55, 0.48, 0.54,
7.57 samples. The smaller of the two activation energies iand 0.57, respectively, for the 8.41, 7.90, 7.57, and 7.39
scaling toward zero with (£n/n;) faster than values ob- samples. These exponents are close to the Conwell-
tained in SKC. The presence of bands associated with thé/eisskopf predictiorf s=1/2] for ionized impurity scatter-
1s-T, and 1s-E excited donor states lying betwe&p and  ing for high densities at relatively low where lattice pho-
the conduction-band edge Btg needs to be considered. It non scattering is negligible. The magnitudewf, at 77 K is
seems unlikely, based on the DOS in Fig. 1, that these banddose to the Conwell-Weisskopf value for Si at 77[&ee
can account for structure in the DOS abdyethat gives rise  Figs. 9-11 in Shockle€y]. The 7.57 and 7.39 samples show
to more than a single activation energy. It is plausible,a slightly more rapid rise at low thanT~ 2. This upward
though not possible, to prove in the absence of an accurateviation is in agreement with Conwell-Weisskopf theory.
DOSN(E,T), that the larger activation energy at larger val- Their expression, originally derived for electrons in the host
ues of T arises from the drop in(T) at larger values of. CBis
The intercept of5, . as 1T—0 yields the exponent of the
prefactor ofa, o(T). Figure 6 yields for the four samples w1 =C[eX(KT)¥IN, 1T (Xew), (10)
(p)~0.55+0.1. This is consistent with the prefactor of
Na(T9, q~1.15) andu, ;TS (s~0.55), as discussed be- Where the constantC= (8/)(2/m)"4e3m*2  f(Xcy)
low, in the regionT>50K. The s value is close to the =In(1+Xcy), € is the host dielectric constant minus a
Conwell-Weisskopfl(CW) predictiorf* for ionized impurity ~ plasma contribution that is important whép is large, and
scattering for this density arifiregime. The CW prediction N, is the density of ionized impurities, andXcy
was originally derived for itinerant electrons in the host con-=(3ekT/e2N,1/3)2. For the impurity band cas&,=f,n
duction band but it should also apply to itinerant electrons in+ 2N, , but the compensatio=N,/Np is believed to be
the impurity band, but with different parameters such as theery small[K<10 *] so thatN,~f,n except at the very
effective mass m*. The simplest explanation for a lowest temperatures. The CW theory does not take account
T-dependent activation energy, as seen in Figs. 4 and 5 faf screening resulting from the space charge distribution
the 7.90 and 8.41 samples, results freg=E.— «(T) with  around an ionized donor impurity. A refined treatment in-
u(T) (or E.) changing by about 1.5 meV for 20I  cluding this screening has been given by Brooks-Heffing
<78K. Alternatively, for two contributions ta,, namely, (BH). In the BH treatment the denominator in E®) is
0,=CTle BT DT7e  (FarW/KT "\whereW could be the replaced by [In(1+Xgy) —Xgn/(1+Xgy)], where Xgy
splitting between two separate mobility edges, when one cal=24m* (kT)?/ne?42. The BH result for lowT and large
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important special case relevant to the highegime occurs

+ 739 when X<1 and f(X) =In(1+X)~X=(e7kT/eNY}2. This
B ; 7795(Z allows an evaluation of the integral {€2) yielding
mqod e ey £ 0841 1= (e2/N)[AN(E) /3N (12K T/2m* ) V2R _ o ),
— LI
) b ‘f,ﬁ,«" (12)
~> where the Fermi integralF_ (%)= /55 e 7"
g +1) " Ydy= me” [1-e” IVZ+e*" [V3—--] (7=
5 * 171 —E,/KT). The result in Eq(11) is almost identical to the
;" > empirical  expression o,.=nef,u,. since f,
' M Hall,t =N(EQ)kTFo(7*) [Fo=In(1+e7)] andd In HacldIn KT~
—0.5 at higherT. The difference in thel dependence is
) small for T>30K. The experimental resul$rom Figs. 4
10 ] ) and 9 for o, for T>40K can be compared directly
10 T (K) 10 with Eg. (11) and directly yield estimates of product

N(E.)(m/m*)*¥2 These estimates are shown in Table II.

FIG. 7. The mobilityu, .= o4 c/enf, for samples 8.41, 7.90, The decoupling oN(E.) and m*/m requires an additional
7.57, and 7.39 versus$ in the intermediate regimgd s, /d(1/T) assumption. The original parameters usedfjn.,, were
<0] and the hight regime [dé,/d(1/T)~E,/k>0]. f,(n,T)  based onN(E.)/n=constant0.094meV?! and q=1.25
was determined from Ed3) using the empirical form and activa- =constant. The overall analysis suggesgtss closer to 1
tion energies _from Fig. 3. Also shown is the measured Hall mOb”ithecausea(T) decreases toward zero, either becalsgT)
for a 7.77 Si:As sampleRef. 30. The slope Ofuac VS T for  gjliges down theN(E) curve towardE,,, as T increases, or
40 K<T<70K is in approximate agreement with the CW predic- becauseN(E.(T), T) decreases witfT, or some combination
tion (Ref. 29. of both these effects. The results 5 and foru(T) in Fig.

2 suggest a reduction IN(E) for E>E_ at higher tempera-

n(Xgy<1) yields u,; =T~ %2(n?/N,), which is a very differ-  tures. Howeverg(T) is not reliably determined since it is a
ent result than the CW result in the loly-high doping re-  higher order correction. The analysis suggests the original
gime. It has been well knowh the BH theory deviates choiceq=1.25 was too large. Th&, emp, however, seem to
strongly from the experimental results in this regime. Chatgive reasonable results and a 30% reductiof,igy,, values
topadhyay and Queis¢éhave given a detailed review of the yields poorer results. A decrease gnto the range 1.00 to
features and corrections affecting ionized impurity scatter1.05 requires a 50% increaseN{E,.) to maintain the same
ing. The best agreement with the Si:P resdii®@ T=77Kin  value off, at higherT. The third and fourth columns, which
this doping regime has been obtained by Sanborn, Allen, andre based oM, =nf,, in Table Il showN(E.) andm*/m
Mahar® using a random-phase approximation and calculafor the caseN(E.)/n=0.14meV %, which is 50% larger
tion of the phase shifts. However, these authors assumed alan the original choice. The results shol{E,) increasing
the electrons in the CB dt~ 77 K. For the Si:As results here with n and m*/m decreasing slightly witm. The m*/m
itinerant electrons are predominantly in the impurity band. values are larger tham*/m=0.26 for the CB valleys and

For Xcw<1 Eq. (10) yields x> T~ Y4N}3. However, they have the right dependence. For this strongly overlap-
N3~[nfy(n,T)]*? is a function of T and the parameter ping impurity band case one should not assuMgE.)
Xew>0.55 for the 7.57 sample andc,,>0.3 for the 7.9 o«m*. Such an assumption would lead to a much stronger
sample for 1&<T<78K implying the expansion In(1 change ilN(E.) with n and would requiren*/m to increase
+Xcw) ~Xew is not a good approximation. Moreover, with n (a factor of 2 between 7.39 and 8)4This is incon-
E./kT<0.6 at 78 K for the 7.90 sample meaning one is notsistent with the notions the bands must narrownas de-
in the classical regime. The general Mansfiélexpression creased. The fifth and sixth columns are basedNgs n.
for the conductivityo, resulting from ionized impurity scat- These results are similar to those in 3 and 4, but with almost
tering for arbitrary degeneracy can be adapted for scatteringo variation inm*/m with n. When one attempts to explain
in the impurity band and is discussed in Appendix C. Anthe T dependence o&, in Eq. (11) there is a substantial

TABLE Il. Estimate ofN(E;) and (m*/m) parameters fofl =78 K.

n N(E.) (m/m*)12 N(E.)/10 m*/m N(E.) (m/m*)*/?2 m*/m
8.41 1.9 1082 1.202b 0.39 0.39%¢ 0.35
7.90 1.69¢ 1082 1.132b 0.44 1.812¢ 0.38
7.57 1.63< 1082 1.082P 0.44 1.83¢ 0.34
7.39 1.56< 1082 1.052P 0.45 1.82¢ 0.34

aUnits meV -cm 3,

bBased omN,=nf,.
‘Based orN,=n.
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difference in the result depending on whether one chooses 78 K. For the 7.90 sample,;/2Ls~0.4 at 72 K and 0.9 at
N,=nf,(n,T) or N;=n. The first choiceN;,=nf, would 12 K, while for the 7.57 sample,/2~0.4 at 72 K and 0.6 at
require an nearly linear decrease NH{E.(T),T) with de- 12 K. If at low T wheref,<1 ando, . is very small the
creasingT for 25<T<78K for o, .=0,. This cannot be itinerant electron conduction is not homogeneous, but occurs
ruled out, but seems like too large a chang@l{iE.) with T.  in conducting channels because of the random poteaiia,
AssumingN, =n would require only a 6% reduction between Will be reduced causing the rati&/2L  to be even smaller at
78 and 36 K and an additional 16% reduction between 360W T. In effect, much of the screening is removed by the
and 25 K. However, the choidd,=n is not valid over the CW cutoff suggesting the corre€{X) is closer to the CW
entire sample and would have to be justified with substantiai(1+Xcw) than to the BH In(¥Xgy) —[Xgn/(1+ Xgp) .
inhomogeneity that becomes more important with decreasinghe correction to the CV¥(X) will slightly reducef(X) and
T. This is consistent with percolation ideas and with Poissorincreasex, . However, the analysis still has neglected the
statistics for random systems where the conducting channefi§rong short-range central cell potential that leads to donor-
would haveN, close ton and the insulating regions would dependent binding energies. This correction will lead to
haveN,<n. The uncertainty in the decoupling B(E.) and donor—erendent mobﬂmes such that for the same
m*/m is likely less than 3094a 20% increase iN(E,)  Mac(Si:AS)<iac(Si:P). ,
would require a 44% increase in* /m]. Mansfield’s expres-  |f one multiplieso = o, .+ 074 ¢ by the total Hall coeffi-
sion, adapted for the impurity band case and using phasg€ntRy . and identifies the hopping and activated Hall co-
shifts, yieldsa, s [Eq. (C5)], which can also be compared efficients asky , andRy 4 one obtains the relation
with the data aff=78 K. The first caseN,=nf,) gives a _
result independent ofi(E.) and yieldsm*/m values 0.36 pn 1= (Ru ¢ /Ry ) un+ (Ry /Ry 2) Apta e, (12)
and 0.19 for the 8.41 and 7.39 cases, respectively. The seghereuy =Ry (01, Ry n=(Alen,)expo4/T)Y4 based on
ond casel{,=n) yieldsN(E.) (m*/m)*?values of 1.71 and the theoretica? and experimentdf results [up,
and 1.45 for the 8.41 and 7.39 samples. Using the sameexy (T,,/T)Y*—(To/T)¥¥], R,=A(n,T)/en, and Ry,
decoupling scheme as above wiM(E.)/n=0.14meV' =A(n,T)/en. A(n,T) is the Hall correction factor that is
one obtainam*/m values of 2.03 and 1.88 for the 8.41 and slightly larger than unity and depends on the type of scatter-
7.39 cases. The agreement is less satisfactory than above aag and degeneracyA(n, T) doesn’t depend on the host CB
in both casesn®/m decreases with decreasingan unlikely  valley anisotropy because thes-&A; band is a symmetric
dependence. More serious problems occur when one tries um of the six Si conduction band valleys. The Hall coeffi-
explain theT dependence withr, . In both cases thd  cients Rh.a:» Run, andRy  are motivated byn,+np=n,
dependence of| s is such that the agreement gets worse asmplying (for T,,<T) Rﬁ,%N Rﬁ,thf Rﬁ,la- This relation be-
T is decreased. For the first casg, o VT(y/In(1+y)Xf,  comes an equality a%,—0 and is better satisfied as
while for the second case; s (kT)¥?yx[. The integral —.n__ . Equation(12) can then be rewritten as
varies slowly withT. Hence case one has too slowl ale-
pendence while case two has too rapid dependence. ,ugH,t=(1—fa)exp—(ToH/T)l’4,u,h'c+ faAN, T g c-

This difference between, and o, s arises from the en-
ergy dependence of the scattering cross sedtignwhere In the low-T region (T<10K) f. is nealigible and
Ur=Nv{o). For the CW cas¢o)cw=(27/4)N 2/3“”(_1 ~exp[—(T0H/'Dl%‘Mh,C(.T In the) ir?termed?atgé'- regionM(Hl’IO
+X)/X). This gives a consta}nt geometrlcalzcross section al 1 g K) f, increases rapidly and accounts for the rapid
low energy and falls 2ﬁ with en(_ergyX(ocE ) _for X>1 e in uy ¢ resulting from the second term in E@.3) while
However, (o) ps=(4/k%) (l +1)SiIF(§—8,1) IS Propor- e first term is decreasing. In the higherregion (T
tional to E for 50mE for smallE and falls off roughly as # =~ _ g K) the second term in Eq13) dominates andu
for large E. The different low-energy dependence(op ac-  _; A In this reaime the hooping t in E ;

) ) AN aAllac- gime the hopping term in E¢L3) is
counts for the difference in the two results.df<k' "+ then negligible. The above approach following EQ.2) differs
{)ps would approach a constant &-0 and the tWo re- o "an approach using /= Upn o+ Up, . based on the
_sults would coincide, howeve_r, _the theore_t|cal basis for th'sassumption the processes contributingui9. and . . are
is unclear. The two characteristic lengths in the problem a“?ndependent. However, because,(T)+n,(T)=n=Np

—_n— 13 P —
'?h;: the g\ﬁ é:?oficgzgggr% It(e)nlgghiﬁevzzfnr:r?;{_;;f elé'tBS —Na=constant these processes are not independent. The
. 4 p 8
. Fig. 7 sh ~1.1 f 7.7 10% cm®
The use of the CW expression, rather than BH, for thedaté N HIg. { SNOWkH ¢ Ytac for a 0%e

function f(X) in the denominator of Eq(9) also requires sample, which is consistent with Ed13). Using the

additional discussion. The inverse screening lerofir) weighted average of the 7.57 and 7.90 samplesTat
—(eler)e#57 found for the general Mansfield case fis ~77.6K yieldsf,~0.76 andA=1.48, which suggests the

e ) i ) value of f, is about right aff~77 K. Blatf® calculated the
={(e%/ekT)[naFo(7*)/Fo(7*) 117 employing a constant 5 factor A(Nn,T)=puy/uqy for n-type Si and findsA in-

N(E) above E.. Fo(7*)=In(l+e”) is the Fermi creasing from 1.17 at 20 K to 1.55 at 50 K far
integral contained inn,. Keeping only the first term =10%cmd. Forn=2x 10'%cm? he obtainsA=1.12 at 20 K
for n, in the expansion ofN(E) about E. one obtains and and 1.42 at 50 K. At much higharjust belown, (n,
Bs={e’N(Eo)/e[y/(1+Yy)[}">. As T—0 Bs—0 and the —857+0.08<10'¥cmP) the increase iM(n,T) in this tem-
screening length ¢ diverges sincey* <0 andy—0. A nu-  perature range should be smaller. Newman, Hirsch, and
merical comparison of the CW cutoff radi@g/2=1/2N{"*  Holcom#® have obtained values @(n,T) between 1.4 and
=1/3n1’3f;’3 revealsa,/2 is always less thahg for 10<T 1.5 at 295 K neamn, for Si:As, while del Alamo and
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Swansor’ obtained A~1.3 near n, for Si:P [n,=3.7 10° 1
X 10'%cm?] at RT. With only a small change iA(n,T)
between 20 and 77 K, most of the increaseuig; with T
results from the increase ify(n,T) with T. Based on the
empirical formulaf  ¢mpwWill approach unity forT near 90 K
depending on the value oE, [n=7.57, E,=5.04 meV,

fa(94K)=1; n=7.90,E,=4.03meV, f,(88.5K)=1]. For 10 F
T>T, for f,(T.)=1 there is no change ify (although the
relative fractions between the impurity band and the conduc- f,(n,T)

tion band will continue to changend uy ; will flatten out

and change more slowly witll. For T>T. wy/mac

[ Ma,c= Marir] Will determineA(n,T). The empirical expres-

sion fa emd T) might yield an overestimate at 77 K. The

higher order terms in the expansion fby=n,/n, namely, 10 -

3 m=2(LmN) (d™N/d"E) e/ (E—E.)™f(E,T)dE probably s S

do not make a significant correction ty(n,T) because 0.00 0.02 0.04 0.06 0.08 0.10

(d™N/d™E)g. is positive form=2, but is negative fom T (1/K)

=3 and 4. However, the expansion approach will break )

down [just as it did for u(T) shown in Fig. 2 for kT FIG. 8. The fractionf,(n,T)=n,/n versus T for the 8.41,

>1/3(Ecg— E.)~5 meV~60K. The coefficient B 7.90, 7.57, and 7.3?E:$rTnples. The solid lines are basef}, ghy,

—0.00809 in f, vyields a DOS N(E,)~0.77 =0.008091 !n(l+e )whereq=1.25. Thef , exp Values were

x 109/meV-cr? that is within +25% of that shown in Fig. 1 calculated with Eq(5) and experimental values o, ;, 9, oy

for 3.2<E,<6.0meV, which provides additional evidence ~ " “h+ @nddInsac/dinT.

that the empirical values, ;mdn,T) are approximately cor-

rect. been neglected. Experimentalfy= o, ./neu, . cannot be
The nearly flat regiom, .(n,T) in Fig. 7 for the 7.90 and determined sincer, . depends orf, and u, . has not been

8.41 cases is explained lay— o, and f, having almost the independently determined. However, the LD approach pro-

sameT dependence sinae, is slowly varying and decreas- vides a means to obtairf,q, using EQ. (5), &,

ing asT is reduced. For the 7.39 and 7.57 casgsdrops =dIno, /dInT, &, [from Eq. (2), not Eq. (18], &, oy,

more rapidly thanoi— oy, as T is reduced because of the o— oy, anddIn u,./dInT. Although &, . could be calcu-

larger nearly constar, values, thus causing, . to con- lated from the various terms in E(¢) there is only experi-

tinue to rise. Conversely, for the 7.90 and 8.41 cdgeops mental information on the first three, and whipe-0.5 at

more slowly, particularly becaude,(T) drops linearly with  high T it is not known throughout the entire range, particu-

T for T<30K andE, /KT increases much more slowly with larly for the 7.90 and 8.41 samples withTadependenk, .

decreasingTl. Eventually, for theT<14K the 7.90 sample A Dbetter procedure is to calculate it fromd,

starts to rise more rapidly. The, . results forT<36K for ~ =dIno,./dInT directly from the results for, . based on

7.90 and 8.41 are rather sensitiveg(n,T) and are less the assumed, ¢mp- It is a nontrivial task to separate out the

reliable than those foif >36 K. However, the qualitative smaller correction terms in Eq7) because the fourth and

trends are correct. Strictly speaking one cannot employ théfth terms have opposite sign and the three parts of the

classical resultu, =0, ./enf, when the collision rate is fourth term also can have different signs since one expects

energy dependent. However when the cross secions  du/dT to be negative folf >20K. E, is known from the

nearly constant over the region wheé(d —f ) is large thisis  results for(ra,C/Tl’2 [or o, /T for p~0] vs LIT. The highT

a reasonable first approximation since themed/E varies results T>30K) suggesip~1/2 and this result extends to

slowly with E. However,o, . depends much less dg and it lower T for the 7.39 and 7.57 samples. Beldw-40K the

is better to compare it with theory. One possibly relevant7.90 and 8.41 sample results suggegt— constant leading

process for a-independent mobility is the neutral impurity to p~0.dE,/dT~0 for the 7.39 and 7.57 cases, but is non-

scattering resultu,=e/20ha* (Np—N,) of Erginsoy® It zero and positive in the middle of the range for the 7.90

yields u,= 48 cnt/V s for the 7.90 sample and slightly larger and 8.41 samples. The results for the chemical potential

values for the 7.57 and 7.39 samples. If neutral and ionize@d.(T) in Fig. 2 imply dN(E.,T)/dT is nonzero(probably

impurity scattering are independent processes necessar- negative for 20< T<30K, but it is not possible to infer how

ily true) this implies u, o= u; "+ up *, which would yield  N(E,T) varies quantitatively wittT for E just aboveE,.

Mac<mn sinceu,<u,, but this is not consistent with the The results forf, ¢,fNn,T) versus IT in Fig. 8 exhibit

data. Either the Erginsoy relation overestimates the scattereasonable agreement with the empirical expresssutid

ing from neutral impurities or the itinerant electrons in theline) for 1/T<0.025. The scatter increases at lowdmwhere

percolation channels are spatially separated from most of thieoth o,— o, and o16,— o}v 6y, are getting smaller and errors

neutral impurities. The lowl upturn for 7.90 is significant in the latter are increasing, particularly &], but there are

because it rules out @ independent mechanism like neutral some systematic trends. For the 7.39 and 7.57 samples the

impurity scattering. fa,emp Values lie belowf , ¢mp for T<30K. This can be ex-
fa,emd N, T) has been calculated with a realistic model, butplained by a reduction ig(T)=1+ »(T) asT is reduced, or

any T variation of the DOSN(E,T) for E just aboveE. has by a reduction in N(E.(T),T) (less likely. For 1T
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>0.055K ! the agreement deteriorates for the 7.57 casemK, or much less than the measuring range. Delahaye
The 7.90 samples shows good agreement down to 20 ket al®! obtain values ofs<0.01 and their results more
Below 30 K the scatter increases and the,, points lie both  closely approach the case of “pure” Mott VRH wits=0
above and below, ¢, but with more points abové, .,  than any other experimental results. No known experimental
than below, the opposite of the lowirend for the 7.39 and results showry(T,n)—0 asn—n.. Instead the results show
7.57 cases. The 8.41 case is both the most interesting angh(n) approaching a constant at,, and asn is reduced
difficult case because of the small values&{T) and the increasing slowly for 0.95n<n; and more rapidly fom
reversal of sign ofdIn u, /dInT at 28 K(1/T=0.036 K1) <0.9,..
shown in Fig. 7. Despite reasonable agreement Tor An effort*?> was made to extend the MA theory to the
>50K, f,ep drops precipitously for 0.0281/T  critical regime, but still within the pair approximation. In the
<0.032K ™. (0y—01,) (84— 8a) in the numerator changes low-T regime (T<1K) for 1—n/n.<0.1 one findsqR,p
sign atT~22K (see Fig. 4 The small values of both nu- <1 [qg the phonon wave number for phonon absorption and
merator and denominator and the subtractions account fdR,;, the hopping distance between si@sndb] and terms
the large deviations inf, ¢p—faemp for 0.033<1/T  dropped by MA in the dilute limit are no longer negligible.
<0.055K 1. There is a slight improvement, but with large This effort, which neglected the spatial dependence of di-
scatter for IT>0.06 K 1. Overall, taking account of the in- electric screeninfe(n,r); e— e, asr—0,e— e(n) which di-
creasing scatter for T>0.04 K ! and the delicate nature of verges asm—n._] did not yield a sensible dependence for
the subtraction i, .— J, at lowerT the agreement between the Mott prefactor am—n,. Two new approaches, one
faexp@ndfy empis satisfactory. based on Mott’'s phenomenological approach and the second
It is worth speculating about the form df(n,T) asn on a different, modified MA approach, lead to a new prefac-
—n. in the lowT regime (T<10K). For N(E—E,) tor dependencey(n,T)=f(A,R). In this case Mott's ansatz
~constantf,(n.,T)=N(E.)kTIn2, while for N(E—E,) AxR™3 and minimization leads to a prefactog(n) inde-
< (E—Eq)Y?f4(ne, T)xT¥2 There is a large body of data pendent ofT and &(n) that can describe the density depen-
on many different MIT systems that shows(n~n.,T) dence ofoy(n) shown for the Si:As and Si:P data. A detailed
« T2, If one relates these results 9, .(ng,T) one would  theory of VRH in the critical regime and comparison with
conclude u, =T Y2 for N(E—E)~constant andu,. the most extensive data will be presented elsewhere. All of
« T~ for N(E— E.)*(E—E.)Y2 This apparently paradoxi- the data discussed above are in the critical regime where the
cal notion of diverging mobilities a3 —0 would suggest crossover parametar= An/2kT=(1/8)(To/T)¥is less than
1/T(nc)oc\/T for N(E—E.)~constant and X{n.) =T for 0.44. The pair approximation is likely to be inadequate in the
N(E—E.)<(E—E.)Y2 The former is smaller than expected critical regime forn just belown,. Here £(n)>d= Np 3
theoretical dependences, while the latter agrees with the 1And there are of ordeg(d)® donor sites within a localization
from electron-electron interaction theory. An alternative aplength. A localized eigenstaté,(r —R,,E,) =2 {"Co i (r
proach employs the expressioifn.,T)<2e?/hL(T) where  —R,) with energyE,, where theg;(r —R;) is a donor wave
L(T)=[D(n.,T)7(T)]*? [note thatD(n.,T=0)=0]. For  function localized about théth donor. A second localized
D(n.,T)=T, appropriate for the nondegenerate regi& ( eigenstate),(r —R, ,Eb)=2]mcb,j¢j(r—Rj) with energyE,
> er), this leads to a result 4% T2 analagous to quasiparti- s in the vicinity with R,,<&. For the 7.39 samplen~10
cle interactions and Fermi-liquid behavior. Using the Ein-while for the 8.41 samplen>1000. The orthogonality re-
stein relation for a nondegenerate syst&tn.,T)=kTu  quirement({,|¢,)=0 andR,,<¢ requires the coefficients
one finds a finite mobility ah.. This suggests caution in c,; andc, ; to be both positive and negative. Calculation of
using the relatiornr, ;=enf,u, ¢ in the critical regime a3 the hopping matrix eIemer(tdxb|e‘q'r|¢a) is complex and
—0. Nevertheless, the behaviorfgf{n., T) described above features much cancellatigunlike the pair cagebecause of
is correct asT—0 and depends only on the form dKE  the fluctuating signs of,; andcy ;. It is plausible that this
—Eg). matrix element is of the formgg(c, ;i ,cp;)e 272" and the
There has been some disagreement about Mott VRH ipreexponential factog is only a weak function oR,,/& for
the limit T>T, and R,/£(n) <1, whereRy(T) is the hop- R, /£<1. Obtaining the orthogonalized localized statgs
ping length andi(n) is the localization length. It has been and 4, for a random distribution of donors for 0.85<n
suggested that in this limito(T), which is slowly varying  <0.9o, is a difficult computation well beyond the scope of
with T, but is still a good fit to the Mott law, is not really this work. However, the experimental fact thatis very
Mott VRH. The original Mott derivation was for the regime small in the critical regime suggests the matrix element
To>T andR,,>&(n) and included a prefactdr dependence <¢b|eiq'f|¢/,a> does not depend much dR,,/&, except for
of oo(T)x(1/T)%. Mott's derivation led to a prefactor the envelope factoe™R2%¢, thus leading to & dependence
oo(T,n)=AR?, which after minimization of the exponent of Mott VRH arising only from the exponential dependence
yields g Ay RZ (KT)¥4(1—n/ny)V'%. This givess=—1/4  exp—(To/T)¥. It has been arguélifor the caseT,/T<1
for isotropic envelope functions angy(T,n—n.)—0. Nei-  one cannot separate the prefactodependence from that in
ther of these predictions are consistent with the data in théhe exponential. The LD approach, as used by SKC and
critical regime. The SKC Si:As data shoys<0.04, while  Delehaye, Brison, and Berdérin the low-T regime where
the Si:P lowT datd® yield |s|<0.02. Recently Delahaye, o,~ oy, allows one to separate the prefactor and exponential
Brison, and Bergét have found that-AlPdRe (icosahedral T dependences.
phasé quasicrystals exhibit Mott VRH in the temperature  The above results for the 7.90 and 8.41 samples exhibit a
range 20—600 mK and yield Mofiy's in the vicinity of 1 good fit to the Mott law withs— 0 up to temperatures above
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or well above the MotiT, determined from the data for 0.5 however for 1-n/n.<0.02 one cannot get cold enough to

; bserve the deviations from Mott VRH.
<T<5K. The Mott hopping energy,=1/4(T3T)¥ at © .
. o In summary, the LD approach has permitted the deconvo-
Tmax Shown in Table | is still well belovi, . Furthermore, lution of Mott VRH and activated hopping conduction in a

the ratioA,/E, ¢ is decreasing as—n._ . In addition, even  region where both are important. A simple high-temperature
though the values dR,/¢ are less than 1, the values B,  correction to Mott VRH has improved the determination of
are safely above the mean donor spadihgecause of the the activation energies and the temperature-dependent pref-
large increase ig(n) asn—n... R,/& varies between 0.86 actor exponents of, ((T). T-dependent activation energies
and 0.38 asT increases from 0.5 Kt for the 7.90 are obtained for the two samples closesnio possibly re-
sample whileR,, decreases from 164 to 71.6 A f&(7.90) sulting from T-dependent changes in the chemical potential.
—191 A with the mean donor spacitt=50 A [for a Pois- This v_vork illustrates the problems of evaluating activation
A ) X energies from the slope of p{T) vs 1T plots and suggests
son distribution the most probabie distance is 0.58]. The  careful studies of transport using the LD approach may yield
number of states in the hopping eneryy range and mean new and useful information on the DOS in the region just
hopping volume for Mott VRH isN(Eg)[47R3/3]A,~1.  above the mobility edge. The fractidg(n,T) of thermally
This result is independent of magnitudeTof/ T and is valid ~ activated itinerant electrons has been obtained with a theo-
for R,/é<1 andR,/&>1. The number of donor sites in a retical expression, but can also be_z determined directly using
. . 3 the LD expressions and the experimental data. The deconvo-
mean hopping \3/0Iurr?e IS @'ﬂnls)Rh:NDth(n'T)>1' The lution determiningo, (N, T) andf,(n,T) permits the direct
result (47n/3)R;>1 is an essential feature of Mott VRH determination of the mobilityu, .(n,T) of itinerant elec-
and is satisfied over the entire range U<77 K for all four  trons in the donor impurity band. The results fog .(n,T)
samples discussed abo(@nd also for more dilute samples are in approximate agreement with Conwell-Weisskopf
whereNp, p, is even larger For the 8.41 cashl, ,,~67 at  theory, although the two samples closeshgexhibit nearly
1K, 38 at 10 K, and 23 at 77 K. This leads directlysq ~ 1-ndependentuc(n) values at intermediatd that are
—1/(N(Ef)Np_ny<n/N(Ef)~7 meV for N(Eg)~N(E,) wg!?&gefl){hegcrmsstent with the modified Conwell-
(see  Table N An(841,1K)~0.013meV  and prEheory.
Ap(8.41,77Ky~0.34meV. This inequality, usingRy ACKNOWLEDGMENT
=3/BE(To/T) ™, can also be rewritten asR,/¢ This work was supported in part by the National Science
<10.60/N(Eg)KT. This is satisfied for botRR,/é>1 atlow  EFgundation Grant No. DMR-83-06106.
T and forR,,/¢<1 at highT. The notion that one does not
have Mott VRH wherR,,/¢<1 is not supported by the ex- APPENDIX A: THE TEMPERATURE DEPENDENT  p(T)
perimental results, or by simple theoretical notions. The most ysing Eq.(6) and the Sommerfeld expansion approach
important correction for Mott VRH prefactor far/Ty>2 is and the fact thaf(1—f)=—(9f/9E)T is an even function
the factornp(T)/n=1-f, discussed above. Of course, the aboutu(T) with the property/ “%— (#f/JE)dE=1 one ob-
Mott VRH form of o(T,n<n;) does not survive a§—0, tains

[2a,T(dN/AE) ,+4a,T3(d*N/dE?) , +6a3T>(d°N/dE®) , +- -+ 3ncp(T)/2]

GORIAT= = N + & A @PNIAER) , 8, T (@NTAEY) , + a5 T(OONIGED) 4+ ng(T)]"

(A1)

where a;=m?/6=1.6449, a,=77%/360=1.894, anda; large enough to be at least 8 meV above and belpw
=(31/16)7%/945=1.9711. The contribution ngcg(T) Based on a fiN(E):N(Em)+Eng(E— Em)P the B, were

=C T¥%~ (Ecb-u(M)T regults from the Si conduction band obtained from the numerically determined derivatives. As
and has been calculated wifff1—f)~e [E"#(Ml<1 for  expected from Fig. 1 showing an asymmetry abBptBs is
the T range of the the experimental data. All of the deriva-positive, whileB, is negative since the quadratic behavior
tivesdPN/dEP are calculated from the impurity band DOS in away fromE,, is reduced further away frorf,,. From the
Fig. 1 with an intervaAE=0.1meV and are evaluated at energy dependence ofN*/dE* one can determin&; and
w(T). Unlike the case for good metals the more rapid variaBg. Bg is positive and counters the negative contribution
tion of the DOSE) with E requires the evaluation of much from dN*/dE* in the denominator in EqAL). At larger T,
higher derivatives fop=5 and 6 because of their impor- dN3/dE® drivesu(T) negative. Initiallyd N®/dE® is positive
tance at higher temperatures.Nf{E) were perfectly sym- and also aids in driving.(T) down, but forT~2.75meV
metrical about some energg* and atT=0 w(0)=Er  dN°®dE® changes sign and opposesl®/dE2. The problem
=E* thendw(T)/dT=0. The best results were obtained us-with the Sommerfeld expansion is the slow convergence of
ing a clamped spline interpolation. Since there was soméoth numerator and denominator because of important con-
scatter indN*/dE* near the end points the range was madetributions from the higher derivatives.
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TABLE lll. Correction factor @2%/384)(k>T,T/16) at T
=78K.
@ 7.39 7.57 7.90 8.41
0.1meV!' 1.4x10°°% 26x10% 1.3x10° 1.3x10°7
0.5meV! 3.4x10°2 65x10°° 3.2x10°% 3.2x10°°©

APPENDIX B: CORRECTION TO MOTT VRH FROM
VARIATION IN THE DOS
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o,=[8€’N(E.)/3ehN, (A kT/2m* )Yk T)?

X jwrfs’zf(l—f VE(X)d . €2
0

The traditional approximation made removégX)=In(1
+X) from the integrand based on the notib{X) is slowly
varying. f(X) is then evaluated using~ 3 since this is the
value of » where the integrand ifC1) is a maximum. How-
ever, this is not valid for values o<1 since in this case

In the exponential of the Mott VRH expression the Mott f(X) is rapidly varying and approaches zeroXs>0. Sub-

temperaturel ;< 1/N(Eg). When the DOSN(E) is varying
in the vicinity of Eg there will be a correction of the form

w(T)+Ah/2
exp—[ToN(w)/TN(E)]¥*  dE,
2

(B1)

where A= 1/4(T%T,)¥* is the Mott hopping energy. Only
the DOS variation in an energy range of ordef about

)
(1/Ap)
w(T)—=Ah/

w(T) is important. Employing a Taylor series expansion

about u(T) one hag N(u)/N(E)]Y4=1—1/4a(u)(E— u)
+h.o., wherea(u)=dInN(E)/dE, . Inserting in(B1) one
finds

Ah/2
(1/Ah)exp—(T0/T)1/4J e*“de
—Ah/2

=exp— (To/T)¥1+a2A%24+---], (B2)

wherea=(a/4)(To/T)Y*. InsertingA}, into this result the
leading correction term is given aa/384) k°T,T/16). The
magnitude of this correction is given in Table Il and is
small. If the expressioriBl1) is averaged over &, rather

thanAy,, the correction factor increases by a factor of 4. This

correction is given in Table Il for two different values of
a=dInN(E)/dE| 1, . For the DOS in Fig. 1 typical values of
|a| are of order 0.05 to 0.1 in the vicinity of(T). The
correction in Mott VRH due to DOS variations is very small
nearn, becauseT, scales to zero as (dn/n.)%” with 3v
~2.5+0.5. With Apoc(T3T) Y4 T¥4(1—n/n,) 3" this ex-
plains why this correction is negligible forapproachingn, .

APPENDIX C: MODIFIED MANSFIELD (Ref. 32
EXPRESSIONS FOR THE IMPURITY BAND CASE

Mansfield's general expressidhis Eq.(3)] for the con-
ductivity of itinerant electrons in the conduction ba{@B)
resulting from ionized impurity scattering is

o1=[32¢’m* (kT)%/3N,e?h?]
X J PPe” T [(e" T +1)%f(x)]dy,  (CD)
0

where =E/kT, 7*=u(T)/KT, and f=[e? 7" +1]" L.

For the CBN(E) o (E — Ecg)*? while for the impurity band
for E>E; N(E)=N(E.)[1+ a(T)(E—E.)+---]. The data
and analysis suggest~1 at higherT suggestinga(T) is

small at highefT, probably resulting fronkE.(T) being near
the minimum in N(E). Multiplying Eg. (C1) by

N(E.)h3[4m(2m*)¥H E—Ecg)Y?] yields

stituting X=[ e 7k T/€?N,]? for the regimef (X)~X<1 (C2)
becomes

o, =[8N(E)/3N¥3](e?/h) (#2k T/2m* ) /2

xfmnl’zf(l—f)dn. (3
0

The strong dependence BfX) on X and » for small values

of 7 permits low-energy scattering to be properly taken into
account, whereas the assumptidixX) is slowly varying un-
derestimates the low-energy scattering. A better procedure
breaks the integral iiC2) into two parts, namelyfJ® and
7. with 7, determined byyX.=[ €7k T/e®N]"®|=1. This
gives two terms with different temperature dependences. In-
tegrating(C3) by parts yieldsF _(7*) =[5 7~ Y*d 7 pro-
ducing Eq.(10).

An alternative approach for obtaining, that avoids the
f(X) function in (C1) makes use of the collision rate 71/
determined from the phase shifts and the Friedel sum rule
restriction for the semiconductor impurity band caSe,
namely,

Z(wl2)=(KT)"13,(21+ 1) [58(E)f(1—f )dE. (C4)

The scattering rat8 1/r=N\v(o)=4nN,(A/m*k)= (I
+1)sirf(8— 8.1) Where the phase shift§ depend on both
temperature and energy and, using the relation
«(ka)?*2, are of the form &(7,T)=a7'"YF (7*)(l
+1). The Fermi integralF,(7*)=/57'(e”" 7 +1) ldy
and the Friedel sum rule yields (21 +1)a,==/2 for Z
=1. Following the above procedure modifying the DOS to
N(E.), but starting with Mansfield’'s Eq(l) containingr,
the expression foo, s for the impurity band is

o) ps= (€%12h)[KTN(E.)/N;]

7% (1-f)dy
(14 1)SIf(8— 8141)

(CH

X (2m* kT/hZ)l’ZJ
0

The prefactor iNC5) differs from that in(C3) with different
dependences om, N,, andm*. For a given set of phase
shifts &,(#,T) the integral in(C5) can be evaluated, but it
must be evaluated for eadhof interest.
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