
PHYSICAL REVIEW B 15 FEBRUARY 1997-IVOLUME 55, NUMBER 7
Specific heat of Si:„P,B… at low temperatures

S. Wagner, M. Lakner,* and H. v. Löhneysen
Physikalisches Institut, Universita¨t Karlsruhe, D-76128 Karlsruhe, Germany

~Received 12 August 1996!

The specific heatC of Si:~P,B! with carrier concentrationN between 0.8 and 17.831018 cm23 and com-
pensation ratio varying from 0.25 to 1 was measured in the temperature range between 0.06 and 3 K and in
magnetic fields up to 6 T. Above the critical carrier concentrationNc of the metal-insulator transition~MIT !,
the linear coefficient ofC varies as expected for a nearly-free-electron metal and drops rapidly forN,Nc as
found previously for uncompensated Si:P. Below 1.5 K an additional contributionDC is found that is attrib-
uted to localized magnetic moments. These persist even on the metallic side of the MIT. In larger magnetic
fieldsDC develops into a Schottky anomaly. Although the overall behavior ofDC in Si:~P,B! is again similar
to that in Si:P, some quantitative differences, e.g., in the temperature dependence ofDC and the concentration
of localized magnetic moments just belowNc , are observed.@S0163-1829~97!08307-0#
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I. INTRODUCTION

The metal-insulator transition~MIT ! in doped semicon-
ductors such as Si:P has been investigated for many ye
Two main mechanisms drive this transition, disorder beca
of the statistical distribution of donors or acceptors, and e
tron correlations. Compensation of doped semiconduc
leads to changes in the properties close to the MIT but
not clear to which extent this is due to enhanced disorde
to changes in the effective electron-electron interaction. T
compensation methods are available. One is irradiation w
fast neutrons introducing lattice defects which act as acc
tors. These can be progressively annealed out by consec
annealing steps. The other is to dope additionally with
element of the third main group, e.g., boron. The influence
compensation has been studied in several comparative in
tigations of uncompensated Si:P and neutron-compens
~nc! Si:P as well as Si:~P,B!. From here on, Si:P is alway
meant to stand for uncompensated material unless noted
erwise. The electrical resistivitys(N,T) of Si:~P,B! depends
strongly on the compensation ratioK.1 Assuming a critical
behaviors(N,T→0);(N2Nc)

m for carrier concentrations
N close to the critical concentrationNc , a critical exponent
m'0.5 has been suggested for uncompensated Si:P, b
primarily on stress-tuning experiments very close toNc .

2

Data for Si:~P,B! with K'0.2 are compatible withm'0.5
while m'1 was found for largerK.1 Likewise, for nc-Si:P
m'1 was suggested.3 This ‘‘exponent puzzle’’ has not bee
fully resolved. One possibility is that the apparent diffe
ences in the critical behavior might be due to a difference
the width of the critical region, given by the concentrati
range just aboveNc whereds/dT.0.4 This range is larger
for compensated than for uncompensated samples.5

Another issue of interest is the existence of localiz
magnetic moments on the metallic side of the MIT. ES
measurements6 suggest that a larger fraction of localize
magnetic moments~for given N/Nc) exists in metallic
Si:~P,B! compared to metallic Si:P. Specific-heat measu
ments in zero magnetic field and in fields up to 6 T mapp
out in detail the concentration of localized magnetic m
mentsNS(B50) or NSch(B.0) as a function of dopan
550163-1829/97/55~7!/4219~6!/$10.00
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concentration.8,9 Previously, specific-heat results had alrea
qualitatively pointed to the existence of localized magne
moments on the metallic side in Si:P.10,11 In addition, the dc
susceptibilityx of metallic Si:P shows a weak divergence f
T→0, directly indicating localized magnetic moments12

Furthermore, the maximum in the thermoelectric pow
S(T) at very low temperatures, which is of similar magn
tude in Si:P~Ref. 13! and Si:~P,B! ~Ref. 14! has been attrib-
uted to scattering by localized magnetic moments. This
terpretation is backed by the suppression of the maximum
large magnetic fields.

Neutron-compensated Si:P samples have also been in
tigated with the specific heatC. While one study was con
fined to zero-field measurements3 and thus was not able to
address the question of localized magnetic moments, the
ter were detected in nc-Si:P, again through the magnetic-fi
dependence ofC.15 However, a straightforward interpreta
tion is hampered by the fact that neutron irradiation indu
paramagnetic defects, in addition to the doping-induced
calized magnetic moments, whose concentration might
pend on the compensation ratio.

For a quantitative determination of the localized mome
on the metallic side of compensated Si:P it therefore is n
essary to study Si:~P,B!. This is done in the present work. I
addition, we report on an investigation of two float-zon
refined~fz! uncompensated Si:P samples~with very low oxy-
gen impurity level compared to the usually investigat
Czochralski-grown crystals! in order to check for possible
impurity contributions to the specific heat.

II. EXPERIMENT

The specific heat was measured in a3He/4He dilution re-
frigerator in the temperature range 0.06 K<T< 3 K in mag-
netic fieldsB up to 6 T. The standard heat-pulse techniq
was employed. The temperature on the samples was m
sured with a Matsushita carbon resistor~ground down to a
thin slab, to minimize its heat capacity!, which was cali-
brated inB50, 1.5, 3, 4.5, and 6 T against a precalibrated G
thermometer located in the field-compensated region of
cryostat. The maximum magnetoresistance~at the lowest
4219 © 1997 The American Physical Society
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temperature! was 2% in 6 T. The carrier concentratio
N5NP2NB of the Czochralski-grown single crystals wa
determined with the Hall effect at room temperature us
the Hall scattering factor of uncompensated Si:P,5 and the
compensation ratioK5NB /NP and Nc were taken from
~Ref. 5!. Samples withN50.8, 1.5, 3.4, 4.0, 13.0, an
17.831018 cm23, with K;0.6521, 0.65, 0.25, 0.25, 0.45
and 0.37, andNc54.94, 4.94, 3.54, 3.54, 3.78, and 3.7
respectively, were investigated.

In order to check the possible influence of deep-level
purities such as oxygen we additionally measured the s
cific heat of two samples of uncompensated Si:P, which w
purified by float-zone melting, withN50.4531018 cm23 and
N5631018 cm23. This treatment leads to a reduction of th
oxygen content from;(529)31017 to ;(0.122)31016

cm23.16

III. RESULTS AND DISCUSSION

Figures 1 and 2 show the specific heatC for two Si:~P,B!
samples withN54.031018 cm23 andN51.531018 cm23,
i.e., just above and belowNc , versus temperatureT on a

FIG. 1. Log-log plot of the specific heatC vs temperatureT in
magnetic fieldsB for N54.031018 cm23.

FIG. 2. Log-log plot of the specific heatC vs temperatureT in
magnetic fieldsB for N51.531018 cm23.
g

-
e-
re

log-log scale. In the absence of a magnetic field the spec
heat for T.1.5 K consists of the electronic contributio
linear in T and theT3 lattice contribution,C5gT1bT3.
Figure 3 shows zero-field data for some samples plotted
C/T versusT2. The Debye temperatureuD5(660620K) de-
termined fromb is in good agreement with the literature da
for pure Si. g(N) is shown in Fig. 4. For noninteractin
electrons g5(p2/3)kB

2N(EF)5(np/3)2/3(kB /\)
2m*N1/3

whereN(EF) is the single-particle density of states at t
Fermi level. The solid line in Fig. 4 shows the nearly-fre
electron behavior taking the effective massm* of the Si
conduction-band minima and the valley degeneracyn56
into account. For comparison,g(N) of uncompensated Si:P
~Refs. 9 and 10! and nc-Si:P~Refs. 3 and 15! versusN is also
shown in Fig. 4. In all cases the linear term of specific h
for samples above the MIT behaves roughly like that
nearly free electrons. On the other hand, the Knight shift
compensated Si:~P,B! in the metallic region decreases mo
rapidly with decreasingN than for Si:P when normalized to
the value at 10Nc .

7 This suggests a lower density of stat
of itinerant electrons in the compensated system than in
compensated Si:P.

FIG. 3. Specific heatC divided by temperatureT vsT2 for some
Si:~P,B! samples.

FIG. 4. Linear coefficientg of the specific heat vs carrier con
centrationN.
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55 4221SPECIFIC HEAT OF Si:~P,B! AT LOW TEMPERATURES
As expected for the insulating regime,g deviates from the
behavior of nearly free electrons belowN.231018 cm23,
although in all types of material a finiteg is still observed for
low N. A possible explanation is that upon dilution fo
N,Nc the sample separates into smaller and smaller met
regions, containing on the averageNR electrons, which still
may exhibit a finiteg as long as their typical size is such th
the average spacing of one-electron levelsd'EF /NR is
smaller than the thermal energy.9 Furthermore,g of the two
fz-Si:P samples of the present investigation fits well in
g(N) dependence of the Czochralski-grown Si:P samp
g of Si:~P,B! is in good agreement with the values of unco
pensated Si:P.9,10 While important differences are observe
among the different types of compensated Si:P,g of nc-Si:P
~Refs. 3 and 15! is noticeably higher than of Si:~P,B!. Hence
this largeg is probably not directly related to compensatio
but arises from defects induced by irradiation. This is s
ported by the fact that in neutron-irradiated overcompensa
Si:P (K.1) also a strongly magnetic-field-dependent line
contribution has been found.15 With decreasing density o
acceptors~upon annealing of the samples! g passes through a
minimum just whereK,1.

Below 1.5 K an excess specific heat is observed in ad
tion to the linear and cubic contributions. Figure 5 shows t
excess specific heatDC5C2gT2bT3 versus temperature
for several concentrations.DC follows a power law,
DC;TaS, between 0.06–0.08 and 0.3–0.6 K. As in unco
pensated Si:P this power law is observed in both insula
and in just metallic samples. In nc samples such a power
has also been seen,15 albeit in a smaller temperature rang
The occurrence of a power law inDC on the insulating side
arising from localized magnetic moments was explained

FIG. 5. Excess specific heatDC vs temperature for several con
centrations. The concentrations are~from top to bottom in units of
1018 cm23! for Si:~P,B!: 4.0, 3.4, 1.5, and 0.8 and for fz-Si:P : 0.4
Solid lines indicate power laws. The inset shows the exponentaS vs
concentration for Si:~P,B! ~full triangles!, fz-Si:P ~open triangle!,
uncompensated Si:P~open circles, after Ref. 9!, and nc-Si:P~full
circles, after Ref. 15!.
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Bhatt and Lee.17 Their phenomenological model starts fro
statistically distributed spin-1/2 moments with a broad dis
bution of exchange interactionsJ between spin pairs. In this
pair approximation the couplings are treated in a hierarch
renormalization scheme, excluding iteratively the high
triplet levels and assuming the rest of the spins as free. T
model in its original form yields only positive values fo
aS . May

18 modified this model of hierarchically couple
spin pairs in order to account for the observation that b
positive and negative values foraS have been found.8 As
opposed to Bhatt and Lee, May18 considers an upper limit o
the distribution ofJ and obtains a maximum of the specifi
heat as a function of temperature atTmax. Tmax decreases
with decreasing concentration. For a fixed temperature w
dow this yields a change fromaS.0 to aS,0 as experi-
mentally observed for Si:P~Ref. 8! and, with larger scatter
also for nc-Si:P.15 Figure 5~inset! shows the exponentaS as
a function of carrier concentrationN for the Si:~P,B! samples
of the present study together with the other data just m
tioned. The insulating fz-Si:P sample showsaS,0, which
fits very well to theaS(N) dependence of uncompensat
Si:P, corroborating thataS,0 is not due to other impurities
aS(N) of Si:~P,B! is negative over the whole concentratio
range measured and approaches barely zero for the me
sample withN54.031018 cm23. For the higher concentra
tions,N513.0 and 17.831018 cm23, an excess specific hea
which is expected to vanish rapidly well in the metallic r
gion, could just be resolved against thegT andbT3 contri-
butions. However, a power-law fit is not reliable in this ca
due to the scatter in the very smallDC. Taking the above
models at face value, the more negativeaS’s would imply an
overall weakening of the pair exchange interaction in co
pensated samples compared to uncompensated ones.

On the metallic side of the MIT the Bhatt-Lee model
questionable because it is not clear if the RKKY interacti
between localized magnetic moments via the itinerant e
trons could be modeled into a similar pairwise coupli
scheme. First of all, however, the coexistence of localiz
magnetic moments and itinerant electrons has to be con
ered. Several models have been put forward to explain
existence of localized magnetic moments in a strongly dis
dered metal.19,20,9 They are all based on a disordere
Anderson-Hubbard model with off-diagonal disorder, i.
randomly distributed hopping energiest i j , and weak on-site
Coulomb repulsionU. Different types of mean-field ap
proaches have been employed to establish a criterion for
existence of magnetic moments. The Anderson-Hubb
model is projected to a Kondo model in the parameter fi
where localized magnetic moments exist, with randomly d
tributed exchange constantsJi j between itinerant and local
ized electrons. This leads to a broad distributionP(TK) of
Kondo temperaturesTK;exp@21/N(EF)Ji j #, which can be
modeled asP(TK);TK

2aK leading to a specific heat varyin
asDC;T12aK with an exponentaK;0.9.9 This compares
favorably withaS50.2 for Si:P above the MIT,9 while the
present study yieldsaS.0 for Si:~P,B!. This indicates that
aK varies between 0.8 and 1. An alternative interpretat
would be to consider the electronic specific heat altogeth
i.e.,Ce5C2bT3, rather than dividing the electronic specifi
heat into itinerant and localized-moments contributions.
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effective Landau theory for disorderd interacting electr
systems was developed by Castellani and Di Castro21 some
time ago. They predict thatCe;T0.4 for the general case~no
symmetry-breaking fields! andCe;T1.2 for the case of mag-
netic impurities. Our data do not support these tempera
dependencies, since we do not observe well-defined po
laws inCe ~cf. Fig. 1!. In addition,C in a magnetic field~to
be discussed below! cannot be described at all with th
model.

We now compare our zero-field specific-heat data
Si:~P,B! with the ESR-derived magnetic susceptibilityx of
Hirsch et al.6 as measured in 0.3 T. On the insulating sid
N'2.631018 cm23, the smaller exponent ofaS'20.3 cor-
responds to a larger susceptibility exponentax'0.75 ~Ref.
6! when compared to Si:P whereaS'0.1 andax'0.6. This
relationship is very roughly in line with the prediction of th
Bhatt-Lee modelaS512ax . Recent measurements of th
dc susceptibility of Si:P in very low fields22 on the same
samples as employed previously for the specific heat8,9 have
shown that the apparent contradictionaSÞ12ax arises
from the assumption of an algebraic distribution
P(J);JaS21. As a matter of fact, one can calculateDC
from the measuredx with the Bhatt-Lee model and find
good agreement with the measuredDC for insulating
samples. Measurements of the low-field static susceptib
of Si:~P,B! are necessary to determine whether the same
of discrepancy betweenaS and 12ax noted above can be
resolved in the same way. In the just metallic range, too,
same systematic difference ofaS andax between Si:~P,B!
and Si:P is observed: again one finds a smalleraS'0 and
largerax'0.74 in the former material.

The number of spins contributing toDC can be estimated
from the entropy of the excess specific he
NS5S/kBln(2). SinceDC/T increases forT→0 the entropy
below our lowest measuring temperature cannot be estim
reliably. As a rough guess we have extrapolatedC/T linearly
to a finite value forT50. Figure 6 showsNS versus total
carrier concentrationN. The concentration of magnetic mo
ments is similar to that in uncompensated Si:P with a str
decrease ofNS for N.Nc . However, even forN;324Nc

FIG. 6. Concentration of localized magnetic momentsNS vs
carrier concentration as derived from the zero-field specific h
Dashed-dotted line indicatesNS5N, solid and dashed lines ar
guides to the eye.
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magnetic moments are still observed. ESR measurements6 on
Si:~P,B! on the metallic side of the transition show fo
N/Nc;1.1 a local-moment concentration forT,0.1 K that
is larger by a factor 3–5. This coincides qualitatively wi
our finding of a largerDC at 0.1 K for Si:~P,B! than for Si:P
~cf. Fig. 5 and Ref. 8!. However, theintegrated localized-
moment concentrationNS is not larger in Si:~P,B! than in
Si:P forN.Nc , as can be seen from Fig. 6. If anything, th
Si:~P,B! data are a factor of 2 lower on the insulating sid
As an aside, we note that theNS for the two fz-Si:P samples
falls nicely on the curve for Czochralski-grown Si:P sampl

We now turn to the magnetic-field dependence of the s
cific heat. Figure 7 shows the excess specific heatDC in
several magnetic fields for the metallic and an insulat
sample of Figs. 1 and 2, respectively. HereDC was obtained
for high fields (B>3 T! by subtracting the zero-fieldbT3

term because the phonon contribution is not expected to
field dependent. The remaining specific heatC2bT3 can at
lowestT be well described by a~field-dependent! gT term
and a nuclear Zeeman termbNT

22, the latter being visible as
an upturn in high fields. For lower fields,B50.7 and 1.5 T,
the zero-fieldgT term was used becauseDC is sizable at the
lowest temperatures.DC can be well represented b
Schottky anomalies. For large fields the height of t
Schottky maximum increases, indicating a shift from itine
ant to localized moments as has been discussed before.8 An-
other possibility is that a large distribution of exchange
teractions leads to an enhancement of the Schottky anom
in high magnetic fields. It is interesting to note that the e
hancement in 6 T compared to 0.7 and 1.5 T is roughl

t.

FIG. 7. Excess specific heatDC vs temperature in magneti
fields for ~a! N54.031018 cm23 and ~b! N51.531018 cm23.
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55 4223SPECIFIC HEAT OF Si:~P,B! AT LOW TEMPERATURES
factor of 2, for both metallic and insulating sample, c
Fig. 7. From the temperature of the Schottky maximum w
obtain the effective fieldBeff . Figure 8 showsBeff /B for
Si:~P,B!, together with data for uncompensated Si:P, as
function ofN. It is seen thatBeff /B decreases slowly from
unity for smallN belowNc and then decreases slightly mor
rapidly, although the large scatter in the data preclude
definite statement. The factBeff /B,1 is readily explained
by the predominantly antiferromagnetic interactions in th
Bhatt-Lee model. There is good agreement between unco
pensated and compensated samples.

The concentration of localized magnetic momentsNSchas
obtained fromDC in 1.5 and; 6 T is displayed in Fig. 9
where it is plotted versusN. Again, the data for Si:~P,B! are
a factor of 2 lower than for Si:P in the just insulating regio
for a givenB. Moreover, there is an average factor-of-2 di
ference for the data between 1.5 and; 6 T in each material
except for the most insulating sample, which was alrea
discussed above. Note that here too the float-zone S
samples fit very well into the behavior of the Czochralsk
grown uncompensated samples.

The existence of a comparable density of localized ma
netic moments on the metallic side of Si:P and Si:~P,B! is
proven by measurements of thermoelectric powerS(T). The
maximum inS(T) for B50, which can be well described
with the Kondo model, has roughly the same height a
position for both Si:P~Ref. 13! and Si:~P,B!,14 implying a
similar NS .

In conclusion, we have shown that the linear term of t

FIG. 8. Effective magnetic fieldBeff ~normalized to the applied
field B) vs carrier concentrationN for 1.5 and 6 T. Data for Si:P
~Ref. 9! were actually taken in 5.7 T.
.
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specific heat in Si:~P,B!, nc-Si:P, and uncompensated Si:P o
the metallic side of the MIT behaves as expected for
nearly-free-electron gas. On the insulating side the stro
decrease ofg of uncompensated Si:P and Si:~P,B! is compa-
rable and in contrast to nc-Si:P with a higher value ofg,
which probably is related to irradiation-induced defects. T
excess specific heat of Si:~P,B! arising from localized mag-
netic moments is overall similar to that of uncompensat
Si:P, with a large contribution toC even on the metallic side
of the MIT, but the exponentaS remains negative in the
metallic region. This might account for the discrepancy
the ESR-derived susceptibility where a larger concentrati
of local moments was inferred in Si:~P,B! than in Si:P. On
the just insulating side of the MIT, the total concentration
actually a little smaller. These rather small difference
which need to be explored theoretically in more detail, ca
not, however, account for the apparently different critic
behavior in the electrical conductivity of Si:P and Si:~P,B!.
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FIG. 9. Concentration of magnetic momentsNSchvs carrier con-
centration as derived from Schottky-anomaly fits~open symbols
B;6 T, full symbols B51.5 T!. Dashed-dotted line indicates
NSch5N, solid and dashed lines are guides to the eye.
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