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Effects of Al doping on the normal and superconducting properties of MgB:
A specific heat study
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The effects of Mg substitution by Al on the specific heat of MdBwve 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 frop 3.0+ 0.2 mJ/mol ¥ for undoped MgB down toy=1.9+0.2 mJ/mol ¥ for
Mgo éAlg.4B> as a result of the change of the density of states and of the electron-phonon coupling constants.
The superconducting contribution to the specific liggtlearly shows an excess at low temperature compared
with conventional single-gap BCS behavior also for doped samplesxwifhto 0.3. The two-band model has
been used to fit the temperature dependenag,oénd 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.

DOI: 10.1103/PhysRevB.68.094514 PACS nunfi®er74.70.Ad, 74.25.Bt, 74.62.Dh

I. INTRODUCTION which extent the two-gap model can be used for such a com-
pound.

Two years after the discovery of superconductivity in In this paper we present a systematic study of specific
magnesium diboridethere is a general consensus about thé1eat performed on high quality polycrystalline MgAl,B,
nature of superconductivity in this compound. The observasamples. The electronic specific heat in the normal and the
tion of the isotope effeétand the dependence of the critical Superconducting state has been analyzed within the two-band
temperatureT, on pressuré soon provided evidences for model. Results allow us to monitor the variation of the Spm—
phonon mediated pairing mechanism, although results offerfeld constant and superconducting energy gaps with Al
many experiments were not consistent with a conventiona©Ping:
strong-coupling BCS scenario. To explain the behavior of
critical fields, specific heat, and tunneling, a two-gap model !l SAMPLE PREPARATION AND EXPERIMENTAL
was thus invoked. Two band sets cross the Fermi level in TECHNIQUES

MgB,: two o bands derived from thp, , boron states and  polycrystalline powders were prepared by mixing sto-
two 7 bands derived from the, boron states. These elec- ichiometric proportions of the commercial pure elements
tronic bands have very different character, thbands being  (purity 99.99%, 99.999%, and 99.7% for Mg, Al, and B,
of hole type and nearly two-dimension@D) while the 3D  respectively, closed in Ta crucibles sealed under argon and
7 bands are essentially of electron type. Two distinctive sureacted at 1000 °C for 150 h in quartz tubes under vacuum.
perconducting gaps), andA _, can actually be associated X-ray diffraction patterns show that our samples are single-
to the o and 7 bands*® Although this scenario offers a phase AIB type for all the Al concentrations in agreement
simple explanation for some superconducting prope?ﬁés' with previous reporf.z No traces of the phase separation for
the effects orT, of the interplay of these two bands still need 0-1<x<0.25 reported in Ref. 14 were found: the long an-
to be clarified. nealing we used is probably needed in order to obtain single-
The Al substitution of Mg acts as an electron doping.Phase materiaf? A moderate Bragg peak broadening may
Precise band-structure calculations on the effects of Al dopindicate a degree of inhomogeneity in the local Al concen-
ing have been proposdnd these still need to be supported tration. Lattice parameters are reported in Table | and they
by experimental results. Due to the different size of Al ion
with respect to Mg, other effects of the Al doping are the
change of the phonon spectrum, in particular the stiffening o

TABLE I. Lattice parameters of Mg ,Al,B, as a function of
%he Al concentratiorx.

the E,q mode, and the increase of disorder that gives rise to X a(A) c(A)
intraband and interband relaxation rates modifying the cou-

pling between the bands. The progressive loss of supercon- 0 3.0851) 3.5251)
ductivity with increasing Al doping is discussed in literature 0.1 3.0801) 3.4831)
in terms of theo band filling”*°and the stiffening of th&, 0.2 3.0771) 3.4671)
mode which decreases the electron-phonon couphng:; 0.3 3.0691) 3.4251)
but open questions are how the gap structure and the inter- 0.4 3.0641) 3.3991)

band coupling vary with the increase of impurity and to
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follow a linear variation withx. Heat-capacity measurements
were performed by a commercial Quantum Design PPMS-7T
system which makes use of the relaxation method. Prelimi-
nary measurements of the bare calorimeter with 0.2 mg of
Apiezon N grease were performed in different magnetic
fields in order to extract the contribution ciddenda
Samples having mass ranging from 10 to 20 mg were cut
from pellets further sintered at 1000 °C for 15 days.

Ill. RESULTS

The temperature dependence of the specific béatm 2
to 300 K of Mg, _,Al,B> samples withx=0, 0.1, 0.2, 0.3,
and 0.4 is reported in Fig. 1. At high temperatures the molar
specific heat curves of samples with different Al concentra-
tions almost overlap each other, unlike what occurs for dif-
ferent substitutions. This suggests that effects of Al substitu-
tion on the lattice are not drastic. Differences in the specific

heat behavior are clearly evident at low temperature where a &

spreading of one order of magnitude in the curves with dif-
ferent Al concentration is present; the behavior is not mono-
tone, in fact, in respect to the pure compountd2a the
molar specific heat decreases for 0.1 and then increases
for larger doping. Many factors determine the low-
temperature specific heeBommerfeld constant, Debye tem-
perature, critical temperature, gap amplitudes,)etmnd to
separate these effects in the following we shall focus our
analysis on data below 40 K. For each Al concentration we
performed a set of measurements between 2 and 40 K and in
magnetic field of 0, 3, 5, and 7 T. Results are plotted as
¢/T vs T2 in Fig. 2 in which, for the sake of clarity, we plot
only data in zero field and 7 T. The superconducting contri-
butions can be easily visualized by comparing data in zero
field with those obtained in magnetic field: the jumpTatis

well pronounced in undoped MgEand it gets broader as the
Al concentration increases. The critical temperature was de-
fined at half the specific heat anomaly and the error bar takes
into account the transition amplitude; the dependencé_of

to the Al concentratiom is reported in Table IIT. decreases
linearly in reasonable agreement with literature d&t&but

the few points and the large error bars do not allow us to
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FIG. 2. Low-temperature specific heat of MgAl,B, with x
Temperature (K) =0, 0.1, 0.2, 0.3, and 0.4 plotted aT vs T?. For the sake of

FIG. 1. Specific heat of Mg ,Al,B, with x=0, 0.1, 0.2, 0.3, clarity, only measurements in zero fieffilled circles and in 7 T

and 0.4 from 2 to 300 K.
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TABLE II. Critical temperatureT., y (Sommerfeld constaptB, and § coefficients of thec(H=7 T)
=T+ BT3+ 8T® fitting curve, and Debye temperatuBsg, for different Al concentrations in Mg, _ Al B..

X T(K) y(mJ/mol K3) B(m/mol K¥) 8(mJ/mol K8) Op(K)
0 38.0-0.3 3.00:0.2 (6.4-0.2)x 1073 (2.4+0.2)x10°® 670+ 15
0.1 31+15 2.80-0.2 (4.8:0.2)x10°3 (2.9+0.2)x10°© 740+ 15
0.2 252 2.55+0.2 (7.2:0.2)x10°3 (2.7+0.2)x10°° 650+ 15
0.3 18+2 2.10+0.2 (6.2£0.2)x10°3 (3.620.2)x10° 6 680+ 15
0.4 1225 1.90:0.2 (5.950.2)x 1072 (3.3£0.2)x10°© 690+ 15

observe the change of slope arouxd 0.3 as previously law. Thex dependence o is shown in Table II.

emphasized? The superconducting contributian,. is then estimated as
For MgB,, the linear term of the specific heat in a mag- Csc= c(H=0)—[BT3+6T°]. The entropy diffgrenceﬁs
netic field includes both the Sommerfeld constanand a  =J(Csc/T—y)dT between the superconducting- and the

mixed state contribution, yet Bouquet and co-workeét§ normal-state contribution was evaluated and we were able to
demonstrated that the intercept of &l vs T2 curve rap-  Verify thatAS actually vanishes close ;. Forx=0.4 the

idly saturates(already atH.,/2) as the magnetic field in- superconducting contribution is so small and the transition is
creases. The normal-state Sommerfeld consgazan be thus SO Proad to prevent any quantitative analysis, this is the rea-
defined extrapolating the intercept of théTl vsT? curves to ~ SON why in the following we limit the discussion of the su-

the high-field regime. For Al-doped MgRhis definition is ~ Perconducting state te up to 0.3. For undoped MgBour
very close to the value of the intercept of to&T vs T2 results can be compared with those reported in literature: we

= = +
i 7T S he ppr il T (0 decressasas U0, 3. SORNIMOIS | and o (640
the Al concentration mcreasé%A close data inspection also p ¢ 17, 19, and 20. The normalized superconducting con-
reveals that Schottky anomalies are very small for ou

tributions to specific heat,./tyT. of Mg, _,Al,B, are plot-
samples at least fof>2 K. The Sommerfeld constants o as a function of reduced temperatureT/T, in Fig. 4

thus estimated are reported in Table Il and plotted in Fig. 3 ag,r x=0, 0.1, 0.2, and 0.3. Note that, for undoped MdBe

a function of the Al concentration. We found thaty pro-  jump [co.— yT.]/tyT.=0.87 at T, and the shape of
gressively decreases from 3:0.2 mJ/mol ¥ for undoped Cec/tyT. Vs t with the excess of./tyT, at~T./4 are very
MgB, to 1.9+0.2 mJ/mol K for MgoeAlo4B,. AS SOON as  close to that reported in literatuté2%2°An interesting result
the normal-statey value was obtained, the temperature de-is the fact that the excess of . with respect to a conven-
pendence of the normal-state specific heat fiyup t0 40 tipnal BCS behavior is also observed in MgAl,B, with
K'in 7 T were fitted with a curvec(H=7 T)=yT+BT>  x—0.1, 0.2, and 0.3, and this is an important feature that will
+&T°. Results are reported in Table Il for each Al concen-pe ysed in the following data analysis. Similar features were

tration. The B value is equal to B[mI/MoIK'] 450 observed in damagdcand carbon dopéd MgB,.
=1944B, (K)* within the framework of the Debye model

and in the limit of low temperature, while th&° term was IV. DATA ANALYSIS AND DISCUSSION

introduced as a high-temperature correction toThd®ebye ' . . o
We first consider the normal-state electronic contribution

ce= T to the specific heat and its dependence on the Al

S R content. For a two-band system the Sommerfeld consgant
. 04 " can be expressedZs
°§ 3e. 02 Y= ‘)/(r+ Y
< 0.0 where
g 00 01 02 03 04
< * 2 oo
— 2
;’_ 2 1 70'_577 kBNU(1+)\UU+)\U7T)
and
2 21,2
1 T T T T T 771'2577 kBNW(1+)\7T7T+)\7Ta')'
00 01 02 03 04 05 06
X

N, and N are the densities of states of tlee and =

FIG. 3. The normal-state Sommerfeld coefficignas a function ~ bands, respectively, and,,, Ayr, A7r, @ndi ., are the
of the Al concentratiorx (circles are values evaluated from our €l€ctron-phonon coupling constants. The Al doping modifies
specific heat experimentsThe calculatedy coefficients are taken the structural and electronic properties of Mgé&nd conse-
from Ref. 13 (continuous ling and Ref. 24(dotted lind. Inset  quently the densities of stat&s>**moreover it changes the
shows the partial contributiory,/y due to thes band evaluated ~phonon spectrum, in particular there is a stiffening of g
from Ref. 24. mode, and the electron-phonon coupling constants are ex-
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FIG. 4. The normalized superconducting contribution to specific bgdtyT. of Mg;_,Al,B, plotted as a function of reduced
temperatureg=T/T (circles for x=0, 0.1, 0.2, and 0.3. Continuous lines are the best fit of data with the two-gap model.

pected to vary>?*In Fig. 3 we ploty values as a function of with the best-fit curves whose parameters are summarized in
the Al doping. The continuous and the dotted lines representable Ill. For the undoped MgBthe data fit is excellent:
the values calculated in Ref. 13 and Ref. 24, respectively, by,=1.88+0.05, «,=0.58+0.02, andy=0.5—-0.55. Note
introducing the partial densities of statds andN, and the  thata, anda,, correspond to gap values which are in agree-
coupling constants as a function of the Al doping . There is anent with tunneling results and they_~ v, ratio agrees
reasonable agreement between experimental and theoretiaall with theoretical calculation&ee Fig. 3. Forx=0.1 and
calculations, both in absolute value and in th@dependence. 0.2, the fit is still good even if, as the doping increases, the
We point out that the partial densities of states do not diffetransition gets broader. For=0.3, the two-band model fits
too much in the two calculations while the coupling con-less perfectly the experimental curve, but since an excess of
stants are obtained in different ways: Profeta andspecific heat fot<0.2 is still present, an estimation of two
co-workers?® take into account thé=,; mode only, while  gaps with a large error bar is given. It is worth pointing out
Bussmann-Holder and Biancéftalculate the coupling con-  that the reduced gaps, and in particulare . are well de-
stants by reversing the McMillan equation. With the densityfined by the fitting procedure while, for the doped sampjes,

of states and the coupling constants of Ref. 24 we can platan range from 0.4 to 0.55 without valuable changes in the
v.!y as a function ok (see inset of Fig. B It turns out that  quality of the fit. Therefore, we fixy=0.5 (the value ex-
this ratio is~0.5 up tox=0.3, i.e., the partial contributions pected from calculations, see Fig. &d evaluate the accu-

of o and 7w bands to the normal-state specific heat remairracy of thea, and a,. values by considering the change of
essentially constant and nearly equal as the Al dopinghese parameters gsranges from 0.45 to 0.55 and the criti-
increases. cal temperature varies withifi; and its error bar.

As noted in the preceding section, the specific heat in the Figure 5(upper panglshowsA ,(0) andA ,(0) as a func-
superconducting state shows an excess at low temperaturgsn of the Al doping.A,(0) linearly decreases, while_(0)
compared to the conventional single-gap BCS behaliee  remains constant up to=0.2. ThereforeA ,(0) andA ,(0),

Fig. 4). This leads us to analyze the./tyT. vst of Al which differ by more than a factor of 3 in pure MgBget

doped MgB in terms of the two-gap model proposed in Ref. closer as« increases. Similar behavior af,(0) andA _(0)
6. To which extent the two-gap model can be applied to

Mg, _,Al,B, will be discussed below. Within this phenom-
enological model, ther and = bands, characterized by a
largeA (0) and a smallA (0) gap, respectively, contribute
to the specific heat proportionally to the fractiory/y and

TABLE lll. Energy gap of Mg_,Al,B, as a function of the Al
concentratiorx. The error bars represent the accuracy in the deter-
mination of thea coefficients from the fitting procedure.

v.lv, respectively. Assuming a BCS-like temperature de- i o A,(0)(meV) A4(0)(meV)
pendence for each gap as described in Ref. 6, the 1.88-0.05 0.58-0.02 6.2-0.1 1.90-0.03
Cso/tyT Vst curves can be fitted by adjusting three param-0.1 1.65-0.1 0.75-0.05 4.4-0.2 2.02:0.06
eters: a,=A_ (0)/kgT,, a,=A_(0)/kgT,, and x 0.2 1.4-0.2 0.8£0.05 3.0.3 1.7+0.2
=YxlVn. 0.3 1.1+0.3 0.6£0.3 1.7+0.5 1.0:0.5

In Fig. 4 we plotcg./tyT. vst for x=0, 0.1, 0.2, and 0.3
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has a pair-breaking effect and suppreskgas scattering by

»»»»»» AQ o h ;

; AEO;" magnetic impurities does in a regular superconductor. The
6 A(O)" o two gaps vary as interband scattering rate increases: in the

— s ref.[2:

weak scattering limit the larger gap rapidly decreases, while
the small gap grows as a consequence of the fact that a larger
number of pairs is scattered in the second band. The strong
scattering limit is achieved when interband scattering rate
2] ot o D becomes larger than the relevant phonon frequency. In the
""""""" O ; superstrong scattering regimg. saturates to a limiting

A(O)n ref.[24]

A(0) (meV)
N

value, which is the critical temperature calculated in the fully
. . . . isotropic BCS theory19 K for MgB,, Ref. 5, and the two
4 @ 2A(0)/kp T, gaps merge to one, the isotropic BCS gap.
’ O 2A0)fkp T, The reduced gaps plotted as a functionxofn Fig. 5
3 S (lower panel show a behavior similar to those predicted in
+ the weak scattering limit. Actually, if in the isotropic limit
the BCS value 3.56 has to be reached, the reduceghp
21 seems to be still very small. Similar results were found by
- Qo Wang et al?! in irradiated MgB samples and in carbon
11 doped MgB sample€2?°|n all these cases, althoudh was
not far from the isotropic value, a two-gap feature was still
01— : : : present and & .(0)/kgT. values lower than 2 were found.
0.0 0.1 0.2 0.3 Therefore, the evolution of the gaps with the disorder can be
X explained only qualitatively by the two-gap model and a
FIG. 5. Upper panel: superconducting gaps(0) andA-(0)  ¢lose examination of the changes in the density of states as
measured in Mg.,Al,B, for different Al concentrations. Lines are the interband scattering increases should be important for a
Fheoretlcal expectations _evaluated by taking into account band f'"deeper understanding of this topic.
Ing effects and changes in the electron-phonon coudfign Ref. In conclusion, we measured the changes of Sommerfeld
24, nf’rma"zed o the gap values of the pure compouhdwer coefficienty of the normal-state specific heat due to Al dop-
panel: reduced gaps,A2(0)/kgT, and 2A (0)/kgT, plotted for . . .
different Al concentrations. ing in Mg; _,Al,B, with x up to 0.4. The changes _of the
density of states and of the electron-phonon coupling con-
stants account rather well for the decrease afs Al content
as a function of the Al doping has been recently observed iincreases, and this is a direct proof of the doping effect in-
single crystalg® troduced by Al in MgB. We have also studied in detail the
An evaluation of the gap amplitude as a function of the Alevolution of the superconducting contributiog, to specific
doping is given by Bussmann-Holder and Biancniyno  heat in Mg _,Al,B,. For x up to 0.3,c,.vs T shows an
considered the effects of density of states and electronexcess at lowl with respect to the conventional BCS behav-
phonon coupling: there is only a qualitative agreement beior, similar to what is observed in undoped MgBThe
tween the theoretical prediction and the experimental datasc vs T data fit well the curves obtained within the frame-
This comparison suggests that the changes in the electroni¢ork of a two-gap model, and this allowed us to estimate the
and phononic structure do not completely account for theevolution of the separated gaps, andA ;. as a function of
changes in the energy gaps. Recently, Erwin and M4zin the Al doping up tox=0.3. Changes in the electronic and
predicted that Al impurities can increase the interband scatphononic structure do not completely account for the evolu-
tering to measurable levels. Therefore, the loss of supercoriion of the energy gaps and we believe that also disorder
ductivity due to Al doping is a combination of different effects induced by the Al doping have to be considered.
changes in the density of states, in the electron-phonon cou-

2A0)K T,

pling, and in the interband scattering rate, and a quantitative ACKNOWLEDGMENTS
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