
PHYSICAL REVIEW B, VOLUME 65, 214536
Superconducting properties andc-axis superstructure of Mg1ÀxAl xB2
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The superconducting and structural properties of a series of Mg12xAl xB2 samples have been investigated.
X-ray diffraction results confirmed the existence of a structural transition associated with a significant change
in interboron layer distance as reported previously by Sluskyet al. Moreover, transmission-electron-
microscopy observations revealed the existence of a superstructure with doubled lattice constant along the
c-axis direction. We propose that this superstructure is probably related to the structural transition. The modi-
fications of the superconducting transition temperatureTc , the normal-state resistivity, and the upper critical
field Bc2(0) by Al doping are discussed in terms of Al-substitution-induced changes in the electronic structure
at the Fermi energy.
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I. INTRODUCTION

The discovery of superconductivity in magnesium
boride with a transition temperatureTc of 39 K has attracted
considerable interest.1 This is because this metallic binar
compound, which has been known since 1953,2 consists of
no transition metals and yet exhibits a remarkably high tr
sition temperature, higher than the value obtained in
other metallic binary compounds. MgB2 adopts a very
simple hexagonal crystal structure, comprising interlea
two-dimensional boron and magnesium layers.2 The appear-
ance of superconductivity in MgB2 with such a high value of
Tc immediately raises the speculation for even higher sup
conducting temperatures in conventional metallic binary m
terials. On the other hand, the underlying mechanism of
perconductivity in this compound is still an issue of curre
debate. There are mainly two competitive theories of sup
conductivity in MgB2. The first one is based on the wel
established phonon-mediated BCS theory,3 and the highTc

value is believed to be due to the high phonon frequen
and strong electron-phonon interactions. This theory is s
ported by the results of a number of different experime
such as isotope effect,4 quasiparticle tunneling,5,6 specific
heat,7 photoemission spectroscopy,8 and inelastic neutron
scattering.9 The second theory concerning the supercond
tivity in MgB2 was put forward by Hirsch10,11who proposed
a ‘‘universal’’ mechanism where superconductivity in MgB2
was driven by the paring of dressed holes. Indeed, the
character of the carriers in MgB2 was confirmed by Hall
measurements.12

Soon after the discovery of superconductivity in MgB2,
Sluskyet al.13 reported studies of how the behavior respon
to the substitution of Al for Mg in this compound. The
observed thatTc decreases smoothly by a few degrees w
increasingx for 0<x,0.1 and bulk superconductivity disap
pears completely due to a structural instability forx.0.1. In
this paper, the effect of partial Al substitution for Mg on th
structural and superconducting properties of MgB2 is stud-
ied. In particular we have observed a superstructure in
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doped samples. We suggest that this superstructure is re
to the structural transition reported by Sluskyet al.13 The
superconducting transition temperature, normal-state re
tivity, and upper critical field were also studied. The var
tion of these parameters with Al substitution concentration
discussed in connection with the change in the structure
the density of states at the Fermi energy.

II. EXPERIMENT

Polycrystalline samples used in this study were prepa
by a conventional solid reaction process. Two series
samples with a similar fabrication process were made. St
ing materials were elemental powders of Mg, Al, and B. T
raw materials with nominal composition of Mg12xAl xB2
were well mixed and pressed into disks 8 mm in diame
and 0.4 g in weight. Theses disks were wrapped with Ta
and sealed in quartz tubes under a background pressure a
1023 Pa. The sealed quartz tubes under a background p
sure about 1023 Pa. The sealed quartz tubes were placed
a tube furnace, and the temperature was ramped at a ra
100 °C per hour to 900 °C and held for 2 or 3 h. This w
followed by furnace cooling to the room temperature.

The microstructures and phase purity of the samples w
studied by means of x-ray diffraction~XRD! and transmis-
sion electron microscopy~TEM!. For TEM examination, wa-
fers of the samples were first metallographically polish
and then thinned by ion milling. The local composition w
probed by energy-dispersive x-ray spectroscopy~EDX!.

Resistivity measurements were made on bar-sha
samples of approximate dimensions 63332 mm3 using a
four-probe technique with a current of 10 mA. a
susceptibility measurements were also performed to de
mine the superconducting transition temperature. dc mag
tization was measured in a Quantum Design superconduc
quantum interference device~SQUID! magnetometer.

III. RESULTS AND DISCUSSION

The x-ray powder diffraction patterns obtained on t
samples showed that the predominant phase was of M2
©2002 The American Physical Society36-1
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type and there was some minor amount of impurity pha
such as MgO presented in the samples. The partial repre
tation of the XRD patterns in the 2u range of 50° to 60° is
shown in Fig. 1. The results are similar to that reported
Sluskyet al.13; i.e., the substitution of Al results in a signifi
cant change in thec-axis lattice parameter while the in-plan
lattice parameter is relatively constant. In the range appr
mately betweenx50.09 to x50.25, the (002) reflection
peak becomes broad, indicating the partial collapse of
separation between boron sheets and the presence of
isostructure phases. Figure 2 shows the lattice paramete
a function of the Al substitution level. In the shadowed r
gion, because of the peak broadening, there is a large un
tainty associated with the value ofc. Nevertheless, the dat
in Fig. 2 show that in the shadowed region there appea
discontinuity, which could be related to a structural transit
as pointed out in Ref. 13.

Resistivity measurements were carried out on two se

FIG. 1. Partial representation of x-ray diffraction patterns fo
series of Mg12xAl xB2 samples.

FIG. 2. The lattice parametera and c as a function of Al con-
centration. In the shadowed region, the~002! reflection peak is
broad, indicating the partial collapse of the separation between
ron layers.
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of samples that were fabricated under almost the same
ditions ~one was sintered at 900 °C for 2 h and another one
was at the same temperature for 3 h!. The intention was to
investigate how the normal-state resistivity varied with
doping concentration. However, the data obtained did
show a clear trend of the variation for the resistivity with A
content over the whole doping range we investigated (0<x
<0.6). In particular, there was no sharp rise in the resistiv
around the phase transition aroundx50.1 as would be ob-
served in alloys of metals. There are a number of factors
could mask the instrinsic resistivity of the materials studie
These include sample density variation, grain boundary c
ditions, and disorder scattering. For the all samples m
sured, we checked the density and found that the values w
around 70% of the theoretical ones while the variation
tween the samples was within 10%. Thus, the porosity of
samples would certainly affect the absolute resistivity valu
but its effect on the relative variation of the resistivity mig
not be substantial. The resistivity is around 30mV cm at 40
K for undoped samples.

Although the resistivity data were rather scatter a
showed no clear trend with the increase of the Al level o
the whole doping range, we found that in the low-dopi
region (x,0.1) the normal-state resistivity increases mon
tonically for both series of samples we made. This is
agreement with the observation of Lorenzet al.14 The in-
crease of the normal-state resistivity~at least within the dop-
ing level of 0.1! by Al doping is consistent with the hypoth
esis that the charge carrier in MgB2 is hole like10,11since the
substitution of Al31 for Mg21 reduces the carrier densit
and subsequently leads to an increase in the normal-s
resistivity. It has been suggested that conduction in Mg2
occurs primarily in the B layer3 and thus the effect of Al
doping on the Mg site on the impurity scattering is sm
while the effect of charge transfer is more significant. T
results reported in Ref. 14 also showed an increase in t
mopower in Al-doped samples, indicating the reduction
carrier numbers.

In Fig. 3, we illustrate the evolution of the supercondu
o-

FIG. 3. Zero-field-cooled~ZFC! magnetization as a function o
temperature for different Al doping levels. The inset is a magnifi
part of one of the transition curves to show the definition ofTc(bulk)

andTc(onset) .
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ing transition with Al doping in Mg12xAl xB2 by presenting a
series of zero-field-cooled magnetization versus tempera
curves measured on samples with a variety of different d
ing levels. The measurements were carried out on bar-sh
samples. At the low-doping level, the transition is sharp a
the transition decreases slightly with an increase of the
doping level. As the Al concentration increases, the transi
becomes broad and there appear two transitions as indic
in the graph. We believe that the first transition is the tran
tion within grains while the second one is associated with
establishment of bulk screening currents. For doping lev
lower thanx50.3, the full diamagnetism signal is obtaine
whereas at higher-doping levels the bulk superconducti
disappears. Furthermore, in the high doping regionx
.0.3), not only the bulk superconductivity disappears,
also the diamagnetism magnetization becomes smaller
smaller. This is attributed to the decreased superconduc
volume fraction within grains in the Al-doped samples r
sulting from the appreance of a nonsuperconducting pha13

In Fig. 4, we show the variation of superconducting tra
sition temperature as a function of Al substitution level.
the graph we present the data of both the onset supercon
ing transition temperatureTc(onset) and the bulk transition
temperatureTc(bulk) . The determination of these two chara
teristic temperatures is illustrated in the inset of Fig. 3. B
cause the magnetization data in the temperature range
tweenTc(onset) andTc(bulk) show rounded curvature, there
a large uncertanity associated withTc(onset) . Therefore the
value in Fig. 3~open circles! might be regarded as the lowe
bound ofTc(onset) . The dashed line in the graph represe
the upper bound. For samples withx.0.4, there is still a
very small but measureable diamagnetism signal. In the l
doping region the two transition temperatures are close
decrease slowly with increasing Al doping level. For dopi
levels abovex50.1, Tc(bulk) drops more quickly than
Tc(onset) . The x50.1 composition coincides approximate
with the substitution level at which the two-phase regi

FIG. 4. Variation of the onset superconducting transition te
peratureTc(onset) and bulk superconducting transition temperatu
Tc(bulk) with Al doping level. Due to the rounded curvature betwe
Tc(bulk) and Tc(onset) , there is a large error bar associated w
Tc(onset) . The curve ofTc(onset) ~open circles! defined in Fig. 3
might be regarded as the lower bound while the dashed line is
upper bound ofTc(onset) .
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appears. As pointed out by Sluskyet al.,13 the compound
MgB2 is near a structural instability, at slightly higher ele
tron concentration, which can destroy the superconductiv
Their experimental results and the results presented here
gested that the suppression of bulk superconductivity occ
at the same Al doping level at which a structural transiti
occurs. After the structural transition, a presumably non
perconducting phase appears, and the two phases are
grown on a nanometer-length scale. Hence the granular
ture of the superconducting phase and proximate effe
caused by the intergrowth, together with the possible nonu
form distribution of Al contents is expected to influence t
shapes of the curves in Fig. 3 and theTc dependence in Fig
4.

On the other hand, the decrease ofTc at substitution lev-
els lower thanx50.1 has been attributed to a density-o
states effect.13,14 In MgB2 the Fermi energyEF is close to an
edge of rapidly decreasing density of states and any incre
of EF by Al substitution could result in a significant decrea
of the density of states at the Fermi energyN(EF), which, in
the BCS formulism, leads to a decrease ofTc . In the next
few paragraphs, we present the results of the upper crit
field Bc2(0) and try to deduce some information concerni
N(EF).

In the inset of Fig. 5 the magnetic moment versus te
perature curve measured at 0.5 T for thex50.07 sample is
shown. A small normal-state background contribution h
been subtracted from the data. As commonly observed
high-Tc supercondujctors, there were to characteristic te
peraturesTc andTirr . In the region between these two tem
peratures, field-cooled~FC! and zero-field-cooled~ZFC!
magnetization data were overlapped. The superconduc
transition temperature was defined as the intercept of a lin
extrapolation of the magnetic moment in the supercondu
ing state with the normal-state base line. The field dep
dence ofTc gives the upper critical fieldBc2(0) data, which

-

he

FIG. 5. Temperature dependence of the upper critical fi
Bc2(0) for thex50 and 0.07 samples. The inset shows the FC a
ZFC magnetization data as a function of temperature measure
0.5 T for thex50.07 sample. The superconducting transition te
peratureTc and the irreversibility temperatureTirr are indicated in
the graph.
6-3
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are presented in Fig. 5 for the two samples withx50 and
x50.07, respectively. For both samples,Bc2(0) shows an
approximately linear temperature dependence with a slop
20.6 T/K and 20.58 T/K, respectively. For thex50
sample, the value is similar to that reported in the literatur15

The relation between the zero-temperature upper crit
field Bc2(0) anddBc2 /dT at Tc is16,17

Bc2~0!50.5758S k1~0!

k D
Tc

S dHc2

dT D
Tc

. ~1!

In the dirty limit k1(0)/k51.20,18,19 while in the clean
limit k1(0)/k51.26.20 These expressions yieldBc2(0)
516.2 T forx50 andBc2(0)514.8 T forx50.07, respec-
tively, assuming the dirty limit. Similarly, we obtainBc2(0)
516.8 T forx50 andBc2(0)515.4 T forx50.07, respec-
tively, assuming the clean limit. Clearly, the decrease
Bc2(0) is primarily due to the decrease ofTc and the slope is
barely changed. The coherent length at zero tempera
j(0), may be estimated using the expressionBc2(0)
5f0/2pj2(0). For theundoped MgB2 sample the value is
j(0)54.5 nm in the dirty limit andj(0)54.4 nm in the
clean limit.

The coherence length we just calculated is the Ginzbu
Landau~GL! coherence length. In order to know whether t
samples are in the clean limit or in the dirty limit, we need
compare the BCS coherence lengthj0 and the electronic
mean free pathl. The former can be estimated using t
relation21 j050.15\vF /kBTc , wherevF is the Fermi veloc-
ity. Taking an average value3 of vF54.73107 cm/s, we ob-
tain j0514 nm. On the other hand, for estimatingl, we use
the carrier density 6.731022 cm23 ~two carriers per unit
cell! ~Ref. 22! and the resistivity value of 30mV cm for our
undoped MgB2 sample. Then,l is estimated to be approxi
mately 1 nm. This clearly puts the sample in the dirty lim
However, since the sample porosity and other extrinsic f
tors would certainly result in overestimated resistivity v
ues, we should be cautious with the value ofl. Canfield
et al.22 reported very low resistivity values on dense MgB2
wires and subsequently a long mean free path, and the c
limit behavior was inferred. The resistivity value reported
the literature varies greatly for MgB2. We note that even for
high-quality epitaxial thin-film samples resistivity values23,24

are about one order of magnitude higher than those repo
in Ref. 22. In particular, the recent work by Eomet al.25 and
Patnaiket al.26 has shown that oxygen could be alloyed on
B site which leads to a significant increase in resistivity a
the upper critical field. Therefore, it is plausible that wi
increasing sample resistivity MgB2 may change from the
clean limit to the dirty limit. Futhermore, the data obtain
on our MgB2 samples show that the GL coherence len
j(0) is substantially shorter than the BCS coherence len
j0, an indication of dirty limit behavior.

In assuming the dirty limit, we may infer some inform
tion about the density of states from the upper critical fi
data. As discussed above, the band calculation showed th
MgB2 the Fermi energy is situated around a peak in
density of states.3,27,28 The substitution of Al increases th
21453
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electron transfer from the Mg plane. In a rigid band pictu
this would mean a decrease of the density of states at
Fermi energyN(EF). In the dirty limit, N(EF) can be related
to the slope ofBc2 nearTc with the relation2dBc2 /dTuTc

;rN(EF), wherer is the residual normal-state resistivit
Clearly, the slight decrease ofdBc2 /dT and the increase in
the normal-state resistivity indicate thatN(EF) is indeed re-
duced in the Al-doped sample. If the resistivity could
determined more accurately, a more quantitative estima
of (EF) could be made.

In conventional alloy and intermetallic-compound sup
conductors such as NbTi and (Nb,Ti,Ta)3Sn, the upper criti-
cal field Bc2(0) can be increased by substitutional alloyin
which results in resistivity increases while having a mu
more mild effect onTc and density of states. This can b
illustrated by the direct dependence ofBc2(0) on the normal-
state resistivity through the formula29 Bc2(0)53.110rgTc
~in SI units!. Here g is the electronic specific heat coeffi
cient. The work by Eomet al.25 and Patnaiket al.26 appears
to suggest that oxygen could be alloyed into MgB2 on the B
site and lead to a dramatic increase in the upper critical fi
even thoughTc is reduced slightly.25 In contrast the data
shown here indicate that although low-level Al doping c
increase the normal-state resistivity substantially in Mg2
both Bc2(0) andTc are reduced. This is direct evidence th
the rise inr is compensated for by the decrease in the de
of states.

In order to characterize the structural features associ
with the structural transition as reported in the present s
tem, we have carried out TEM investigations on Al-dop
samples, especially, withx ranging from 0.1 to 0.25. As a
result, a variety of structural phenomena have been reve
in these materials, such as the phase separation and
growth of two structural phases. The most striking structu
feature found in this investigation is the presence of a sup
structure phase of doubled lattice parameter along thec-axis
direction. Figure 6 presents the electron diffraction patte
for two samples taken along theb-axis direction. Figure 6~a!
is the electron diffraction pattern of the pure MgB2 sample;
all diffraction spots can be well indexed by the hexago
cell with lattice parameters ofa53.07 Å andc53.57 Å.
The pattern in Fig. 6~b! was taken on anx50.25 sample. In
addition to the basic reflection spots, evident superstruc
spots can be clearly recognized at the systematic (h,k,l

FIG. 6. TEM diffraction patterns for the two Mg12xAl xB2

samples.~a! x50, ~b! x50.25.
6-4
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11/2) positions. TEM examination also revealed that t
grains were very small, on the order of 0.1mm in the x
50.25 sample. In Fig. 7, we show a dark-field image o
grain for thex50.25 sample. We could see that the pha
with the superstructure intergrows with the normal Mg2
phase. A more detailed TEM study was performed sub
quently and the results are reported elsewhere.30 In particu-
lar, the results showed that the observed superstructure
generic feature resulting from Al substitution in MgB2 and
that the superstructure is of MgAlB4 structure with Mg lay-
ers and Al layers sitting alternately in the crystal lattice.

The superstructure, however, was not observed in X
spectra. In principle, the appearance of the superstruc
with doubledc-axis parameter would result in an addition
(00l ) peak at low 2u angle. The XRD data showed no sig
of such a peak within the instrumental sensitivity. We pr
pose that this is due to the very similar x-ray scattering fac
for Mg and Al atoms. The diffraction of x rays by atoms in

FIG. 7. A dark-field image of a grain for thex50.25 sample.
c
g

d

.
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crystal lattice is due to the interaction between the surrou
ing electrons and x rays. Mg and Al are elements that occ
positions next to each other in the periodic table, and
electron cloud distribution is very similar for Mg21 and
Al31. Therefore the scattering factor is almost the same
the two elements. Furthermore, the phase with superstruc
is presented in small regions, especially for the low-A
doped samples, and hence the XRD peak may smear
become difficult to observe. On the other hand, TEM c
probe the structure in a comparatively small region. Mo
over, the diffraction of charged electrons is more sensitive
the electric field potenial of atoms, which are different f
Mg and Al atoms. Thus, the superstucture can be obser
more readily by TEM.

In summary, we have investigated the effect of Al subs
tution for Mg on the structural and superconducting prop
ties of Mg12xAl xB2 samples. The x-ray diffraction result
confirmed the existence of a structural transition associa
with the significant change in interboron layer distance
reported previously by Sluskyet al.13 Moreover, a transmis-
sion electron microscopy examination showed the existe
of a superstructure in the direction perpendicular to the bo
honeycomb layers with doubledc-axis lattice parameter. We
propose the observed superstructure be related to the s
tural transition. The experimental results showed that
normal-state resistivity was increased andTc was decreased
with increasing Al concentration, respectively. The upp
critical field Bc2(0) was determined for samples with low A
concentrations and found to be reduced by Al doping. F
thermore, an estimation of the density of states at the Fe
energyN(EF) using theBc2(0) and normal-state resistivity
data suggests thatN(EF) is decreased too, being consiste
with theoretical calculations.
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