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Effects of Al doping on the normal and superconducting properties of MgB2:
A specific heat study
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The effects of Mg substitution by Al on the specific heat of MgB2 have been studied in the normal and in the
superconducting state. The Sommerfeld coefficient, evaluated by measurements in magnetic field up to 7 T,
progressively decreases fromg53.060.2 mJ/mol K2 for undoped MgB2 down tog51.960.2 mJ/mol K2 for
Mg0.6Al0.4B2 as a result of the change of the density of states and of the electron-phonon coupling constants.
The superconducting contribution to the specific heatcsc clearly shows an excess at low temperature compared
with conventional single-gap BCS behavior also for doped samples withx up to 0.3. The two-band model has
been used to fit the temperature dependence ofcsc and the amplitude of the two gaps has been evaluated for
different Al concentrations. The changes of the energy gaps are in a rather poor agreement with those predicted
by taking into account changes in the electronic and phononic structure only. We suggest that disorder also
plays an important role when Al substitutes Mg.
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I. INTRODUCTION

Two years after the discovery of superconductivity
magnesium diboride1 there is a general consensus about
nature of superconductivity in this compound. The obser
tion of the isotope effect2 and the dependence of the critic
temperatureTc on pressure3 soon provided evidences fo
phonon mediated pairing mechanism, although results
many experiments were not consistent with a conventio
strong-coupling BCS scenario. To explain the behavior
critical fields, specific heat, and tunneling, a two-gap mo
was thus invoked. Two band sets cross the Fermi leve
MgB2: two s bands derived from thepx,y boron states and
two p bands derived from thepz boron states. These elec
tronic bands have very different character, thes bands being
of hole type and nearly two-dimensional~2D! while the 3D
p bands are essentially of electron type. Two distinctive
perconducting gaps,Ds andDp , can actually be associate
to the s and p bands.4,5 Although this scenario offers a
simple explanation for some superconducting properties6–8

the effects onTc of the interplay of these two bands still nee
to be clarified.

The Al substitution of Mg acts as an electron dopin
Precise band-structure calculations on the effects of Al d
ing have been proposed9 and these still need to be support
by experimental results. Due to the different size of Al i
with respect to Mg, other effects of the Al doping are t
change of the phonon spectrum, in particular the stiffening
the E2g mode, and the increase of disorder that gives rise
intraband and interband relaxation rates modifying the c
pling between the bands. The progressive loss of super
ductivity with increasing Al doping is discussed in literatu
in terms of thes band filling9,10 and the stiffening of theE2g
mode which decreases the electron-phonon coupling;11–13

but open questions are how the gap structure and the in
band coupling vary with the increase of impurity and
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which extent the two-gap model can be used for such a c
pound.

In this paper we present a systematic study of spec
heat performed on high quality polycrystalline Mg12xAl xB2
samples. The electronic specific heat in the normal and
superconducting state has been analyzed within the two-b
model. Results allow us to monitor the variation of the So
merfeld constant and superconducting energy gaps with
doping.

II. SAMPLE PREPARATION AND EXPERIMENTAL
TECHNIQUES

Polycrystalline powders were prepared by mixing s
ichiometric proportions of the commercial pure eleme
~purity 99.99%, 99.999%, and 99.7% for Mg, Al, and B
respectively!, closed in Ta crucibles sealed under argon a
reacted at 1000 °C for 150 h in quartz tubes under vacu
X-ray diffraction patterns show that our samples are sing
phase AlB2 type for all the Al concentrations in agreeme
with previous report.12 No traces of the phase separation f
0.1,x,0.25 reported in Ref. 14 were found: the long a
nealing we used is probably needed in order to obtain sin
phase material.15 A moderate Bragg peak broadening m
indicate a degree of inhomogeneity in the local Al conce
tration. Lattice parameters are reported in Table I and t

TABLE I. Lattice parameters of Mg12xAl xB2 as a function of
the Al concentrationx.

x a(Å) c(Å)

0 3.085~1! 3.525~1!

0.1 3.080~1! 3.483~1!

0.2 3.077~1! 3.462~1!

0.3 3.069~1! 3.425~1!

0.4 3.064~1! 3.398~1!
©2003 The American Physical Society14-1
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follow a linear variation withx. Heat-capacity measuremen
were performed by a commercial Quantum Design PPMS
system which makes use of the relaxation method. Prel
nary measurements of the bare calorimeter with 0.2 mg
Apiezon N grease were performed in different magne
fields in order to extract the contribution ofaddenda.
Samples having mass ranging from 10 to 20 mg were
from pellets further sintered at 1000 °C for 15 days.

III. RESULTS

The temperature dependence of the specific heatc from 2
to 300 K of Mg12xAl xB2 samples withx50, 0.1, 0.2, 0.3,
and 0.4 is reported in Fig. 1. At high temperatures the mo
specific heat curves of samples with different Al concent
tions almost overlap each other, unlike what occurs for d
ferent substitutions. This suggests that effects of Al subst
tion on the lattice are not drastic. Differences in the spec
heat behavior are clearly evident at low temperature whe
spreading of one order of magnitude in the curves with d
ferent Al concentration is present; the behavior is not mo
tone, in fact, in respect to the pure compound, at 2 K the
molar specific heat decreases forx50.1 and then increase
for larger doping. Many factors determine the low
temperature specific heat~Sommerfeld constant, Debye tem
perature, critical temperature, gap amplitudes, etc.!, and to
separate these effects in the following we shall focus
analysis on data below 40 K. For each Al concentration
performed a set of measurements between 2 and 40 K an
magnetic field of 0, 3, 5, and 7 T. Results are plotted
c/T vs T2 in Fig. 2 in which, for the sake of clarity, we plo
only data in zero field and 7 T. The superconducting con
butions can be easily visualized by comparing data in z
field with those obtained in magnetic field: the jump atTc is
well pronounced in undoped MgB2 and it gets broader as th
Al concentration increases. The critical temperature was
fined at half the specific heat anomaly and the error bar ta
into account the transition amplitude; the dependence oTc
to the Al concentrationx is reported in Table II.Tc decreases
linearly in reasonable agreement with literature data,12,16 but
the few points and the large error bars do not allow us

FIG. 1. Specific heat of Mg12xAl xB2 with x50, 0.1, 0.2, 0.3,
and 0.4 from 2 to 300 K.
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FIG. 2. Low-temperature specific heat of Mg12xAl xB2 with x
50, 0.1, 0.2, 0.3, and 0.4 plotted asc/T vs T2. For the sake of
clarity, only measurements in zero field~filled circles! and in 7 T
~open circles! are reported for each sample.
4-2



EFFECTS OF Al DOPING ON THE NORMAL AND . . . PHYSICAL REVIEW B68, 094514 ~2003!
TABLE II. Critical temperatureTc , g ~Sommerfeld constant!, b, andd coefficients of thec(H57 T)
5gT1bT31dT5 fitting curve, and Debye temperatureQD for different Al concentrationsx in Mg12xAl xB2.

x Tc(K) g(mJ/mol K2) b(mJ/mol K4) d(mJ/mol K6) QD(K)

0 38.060.3 3.0060.2 (6.460.2)31023 (2.460.2)31026 670615
0.1 3161.5 2.8060.2 (4.860.2)31023 (2.960.2)31026 740615
0.2 2562 2.5560.2 (7.260.2)31023 (2.760.2)31026 650615
0.3 1862 2.1060.2 (6.260.2)31023 (3.660.2)31026 680615
0.4 1262.5 1.9060.2 (5.960.2)31023 (3.360.2)31026 690615
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observe the change of slope aroundx50.3 as previously
emphasized.12

For MgB2, the linear term of the specific heat in a ma
netic field includes both the Sommerfeld constantg and a
mixed state contribution, yet Bouquet and co-workers17,18

demonstrated that the intercept of thec/T vs T2 curve rap-
idly saturates~already atHc2/2) as the magnetic field in
creases. The normal-state Sommerfeld constantg can be thus
defined extrapolating the intercept of thec/T vsT2 curves to
the high-field regime. For Al-doped MgB2 this definition is
very close to the value of the intercept of thec/T vs T2

curve in 7 T since the upper critical fieldHc2(0) decreases a
the Al concentration increases.16 A close data inspection als
reveals that Schottky anomalies are very small for
samples at least forT.2 K. The Sommerfeld constantsg
thus estimated are reported in Table II and plotted in Fig. 3
a function of the Al concentrationx. We found thatg pro-
gressively decreases from 3.060.2 mJ/mol K2 for undoped
MgB2 to 1.960.2 mJ/mol K2 for Mg0.6Al0.4B2. As soon as
the normal-stateg value was obtained, the temperature d
pendence of the normal-state specific heat fromTc up to 40
K in 7 T were fitted with a curvec(H57 T)5gT1bT3

1dT5. Results are reported in Table II for each Al conce
tration. The b value is equal to b@mJ/mol K4#
51944/QD (K) 3 within the framework of the Debye mode
and in the limit of low temperature, while thedT5 term was
introduced as a high-temperature correction to theT3 Debye

FIG. 3. The normal-state Sommerfeld coefficientg as a function
of the Al concentrationx ~circles are values evaluated from o
specific heat experiments!. The calculatedg coefficients are taken
from Ref. 13 ~continuous line! and Ref. 24~dotted line!. Inset
shows the partial contributiongp /g due to thep band evaluated
from Ref. 24.
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law. Thex dependence ofQD is shown in Table II.
The superconducting contributioncsc is then estimated as

csc5c(H50)2@bT31dT5#. The entropy differenceDS
5*(csc /T2g)dT between the superconducting- and t
normal-state contribution was evaluated and we were abl
verify that DS actually vanishes close toTc . For x50.4 the
superconducting contribution is so small and the transitio
so broad to prevent any quantitative analysis, this is the
son why in the following we limit the discussion of the s
perconducting state tox up to 0.3. For undoped MgB2 our
results can be compared with those reported in literature:
found g53.060.2 mJ/mol K2 and b5(6.460.1)
31023 mJ/mol K4 which are very close to those reported
Refs. 17, 19, and 20. The normalized superconducting c
tributions to specific heatcsc /tgTc of Mg12xAl xB2 are plot-
ted as a function of reduced temperaturet5T/Tc in Fig. 4
for x50, 0.1, 0.2, and 0.3. Note that, for undoped MgB2 the
jump @csc2gTc#/tgTc50.87 at Tc and the shape o
csc /tgTc vs t with the excess ofcsc /tgTc at ;Tc/4 are very
close to that reported in literature.17,19,20An interesting result
is the fact that the excess ofcsc with respect to a conven
tional BCS behavior is also observed in Mg12xAl xB2 with
x50.1, 0.2, and 0.3, and this is an important feature that w
be used in the following data analysis. Similar features w
also observed in damaged21 and carbon doped22 MgB2.

IV. DATA ANALYSIS AND DISCUSSION

We first consider the normal-state electronic contribut
cel5gT to the specific heat and its dependence on the
content. For a two-band system the Sommerfeld constang
can be expressed as23

g5gs1gp ,
where

gs5
2

3
p2kB

2Ns~11lss1lsp!

and

gp5
2

3
p2kB

2Np~11lpp1lps!.

Ns and Np are the densities of states of thes and p
bands, respectively, andlss , lsp , lpp , and lps are the
electron-phonon coupling constants. The Al doping modifi
the structural and electronic properties of MgB2 and conse-
quently the densities of states;9,13,24moreover it changes the
phonon spectrum, in particular there is a stiffening of theE2g
mode, and the electron-phonon coupling constants are
4-3
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FIG. 4. The normalized superconducting contribution to specific heatcsc /tgTc of Mg12xAl xB2 plotted as a function of reduce
temperaturet5T/Tc ~circles! for x50, 0.1, 0.2, and 0.3. Continuous lines are the best fit of data with the two-gap model.
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pected to vary.13,24In Fig. 3 we plotg values as a function o
the Al doping. The continuous and the dotted lines repres
the values calculated in Ref. 13 and Ref. 24, respectively
introducing the partial densities of statesNs andNp and the
coupling constants as a function of the Al doping . There i
reasonable agreement between experimental and theor
calculations, both in absolute value and in thex dependence
We point out that the partial densities of states do not di
too much in the two calculations while the coupling co
stants are obtained in different ways: Profeta a
co-workers13 take into account theE2g mode only, while
Bussmann-Holder and Bianconi24 calculate the coupling con
stants by reversing the McMillan equation. With the dens
of states and the coupling constants of Ref. 24 we can
gp /g as a function ofx ~see inset of Fig. 3!. It turns out that
this ratio is;0.5 up tox50.3, i.e., the partial contribution
of s and p bands to the normal-state specific heat rem
essentially constant and nearly equal as the Al dop
increases.

As noted in the preceding section, the specific heat in
superconducting state shows an excess at low tempera
compared to the conventional single-gap BCS behavior~see
Fig. 4!. This leads us to analyze thecsc /tgTc vs t of Al
doped MgB2 in terms of the two-gap model proposed in Re
6. To which extent the two-gap model can be applied
Mg12xAl xB2 will be discussed below. Within this phenom
enological model, thes and p bands, characterized by
largeDs(0) and a smallDp(0) gap, respectively, contribut
to the specific heat proportionally to the fractiongs /g and
gp /g, respectively. Assuming a BCS-like temperature d
pendence for each gap as described in Ref. 6,
csc /tgTc vs t curves can be fitted by adjusting three para
eters: as5Ds(0)/kBTc , ap5Dp(0)/kBTc , and x
5gp /gn .

In Fig. 4 we plotcsc /tgTc vs t for x50, 0.1, 0.2, and 0.3
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with the best-fit curves whose parameters are summarize
Table III. For the undoped MgB2 the data fit is excellent:
as.1.8860.05, ap50.5860.02, andx.0.5–0.55. Note
thatas andap correspond to gap values which are in agre
ment with tunneling results25 and thegp;gs ratio agrees
well with theoretical calculations~see Fig. 3!. Forx50.1 and
0.2, the fit is still good even if, as the doping increases,
transition gets broader. Forx50.3, the two-band model fits
less perfectly the experimental curve, but since an exces
specific heat fort&0.2 is still present, an estimation of tw
gaps with a large error bar is given. It is worth pointing o
that the reduced gapsas and in particularap are well de-
fined by the fitting procedure while, for the doped samplesx
can range from 0.4 to 0.55 without valuable changes in
quality of the fit. Therefore, we fixx50.5 ~the value ex-
pected from calculations, see Fig. 3! and evaluate the accu
racy of theas andap values by considering the change
these parameters asx ranges from 0.45 to 0.55 and the crit
cal temperature varies withinTc and its error bar.

Figure 5~upper panel! showsDs(0) andDp(0) as a func-
tion of the Al doping.Ds(0) linearly decreases, whileDp(0)
remains constant up tox50.2. Therefore,Ds(0) andDp(0),
which differ by more than a factor of 3 in pure MgB2, get
closer asx increases. Similar behavior ofDs(0) andDp(0)

TABLE III. Energy gap of Mg12xAl xB2 as a function of the Al
concentrationx. The error bars represent the accuracy in the de
mination of thea coefficients from the fitting procedure.

x as ap Ds(0)(meV) Dp(0)(meV)

0 1.8860.05 0.5860.02 6.260.1 1.9060.03
0.1 1.6560.1 0.7560.05 4.460.2 2.0260.06
0.2 1.460.2 0.860.05 3.160.3 1.760.2
0.3 1.160.3 0.660.3 1.760.5 1.060.5
4-4
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as a function of the Al doping has been recently observe
single crystals.26

An evaluation of the gap amplitude as a function of the
doping is given by Bussmann-Holder and Bianconi,24 who
considered the effects of density of states and elect
phonon coupling: there is only a qualitative agreement
tween the theoretical prediction and the experimental d
This comparison suggests that the changes in the electr
and phononic structure do not completely account for
changes in the energy gaps. Recently, Erwin and Maz27

predicted that Al impurities can increase the interband s
tering to measurable levels. Therefore, the loss of super
ductivity due to Al doping is a combination of differen
changes in the density of states, in the electron-phonon
pling, and in the interband scattering rate, and a quantita
analysis of experimental results requires the precise kno
edge of all these effects.

The effects of impurity scattering in a two-gap superco
ductor was considered by Golubov and Mazin,28 who evi-
denced that interband scattering by nonmagnetic impur

FIG. 5. Upper panel: superconducting gapsDs(0) andDp(0)
measured in Mg12xAl xB2 for different Al concentrations. Lines ar
theoretical expectations evaluated by taking into account band
ing effects and changes in the electron-phonon coupling~from Ref.
24, normalized to the gap values of the pure compound!. Lower
panel: reduced gaps, 2Ds(0)/kBTc and 2Dp(0)/kBTc plotted for
different Al concentrations.
d

N.
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has a pair-breaking effect and suppressesTc as scattering by
magnetic impurities does in a regular superconductor. T
two gaps vary as interband scattering rate increases: in
weak scattering limit the larger gap rapidly decreases, w
the small gap grows as a consequence of the fact that a la
number of pairs is scattered in the second band. The str
scattering limit is achieved when interband scattering r
becomes larger than the relevant phonon frequency. In
superstrong scattering regimeTc saturates to a limiting
value, which is the critical temperature calculated in the fu
isotropic BCS theory~19 K for MgB2, Ref. 5!, and the two
gaps merge to one, the isotropic BCS gap.

The reduced gaps plotted as a function ofx in Fig. 5
~lower panel! show a behavior similar to those predicted
the weak scattering limit. Actually, if in the isotropic limi
the BCS value 3.56 has to be reached, the reducedp gap
seems to be still very small. Similar results were found
Wang et al.21 in irradiated MgB2 samples and in carbon
doped MgB2 samples.22,29In all these cases, althoughTc was
not far from the isotropic value, a two-gap feature was s
present and 2Dp(0)/kBTc values lower than 2 were found
Therefore, the evolution of the gaps with the disorder can
explained only qualitatively by the two-gap model and
close examination of the changes in the density of state
the interband scattering increases should be important f
deeper understanding of this topic.

In conclusion, we measured the changes of Sommer
coefficientg of the normal-state specific heat due to Al do
ing in Mg12xAl xB2 with x up to 0.4. The changes of th
density of states and of the electron-phonon coupling c
stants account rather well for the decrease ofg as Al content
increases, and this is a direct proof of the doping effect
troduced by Al in MgB2. We have also studied in detail th
evolution of the superconducting contributioncsc to specific
heat in Mg12xAl xB2. For x up to 0.3,csc vs T shows an
excess at lowT with respect to the conventional BCS beha
ior, similar to what is observed in undoped MgB2. The
csc vs T data fit well the curves obtained within the fram
work of a two-gap model, and this allowed us to estimate
evolution of the separated gapsDs andDp as a function of
the Al doping up tox50.3. Changes in the electronic an
phononic structure do not completely account for the evo
tion of the energy gaps and we believe that also disor
effects induced by the Al doping have to be considered.
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