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The superconducting and structural properties of a series qf Md,B, 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 Sluskyl. 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 temperafiye the normal-state resistivity, and the upper critical
field B.,(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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[. INTRODUCTION doped samples. We suggest that this superstructure is related
to the structural transition reported by Sluskyall® The

The discovery of superconductivity in magnesium di- superconducting transition temperature, normal-state resis-
boride with a transition temperatufie of 39 K has attracted tivity, and upper critical field were also studied. The varia-
considerable interestThis is because this metallic binary tion of these parameters with Al substitution concentration is
compound, which has been known since 18%®nsists of discusseq in connection with the _change in the structure and
no transition metals and yet exhibits a remarkably high tranthe density of states at the Fermi energy.
sition temperature, higher than the value obtained in any
other metallic binary compounds. MgBadopts a very
simple hexagonal crystal structure, comprising interleaved polycrystalline samples used in this study were prepared
two-dimensional boron and magnesium layefe appear- by a conventional solid reaction process. Two series of
ance of superconductivity in MgBwith such a high value of samples with a similar fabrication process were made. Start-
T. immediately raises the speculation for even higher supering materials were elemental powders of Mg, Al, and B. The
conducting temperatures in conventional metallic binary maraw materials with nominal composition of Mg,Al,B,
terials. On the other hand, the underlying mechanism of suwere well mixed and pressed into disks 8 mm in diameter
perconductivity in this compound is still an issue of currentand 0.4 g in weight. Theses disks were wrapped with Ta foil
debate. There are mainly two competitive theories of superand sealed in quartz tubes under a background pressure about
conductivity in MgB,. The first one is based on the well- 10" ° Pa. The sealed quartz tubes under a background pres-
established phonon-mediated BCS theband the highT, ~ Sure about 10° Pa. The sealed quartz tubes were placed in
value is believed to be due to the high phonon frequencie@ tube furnace, and the temperature was ramped at a rate of
and strong electron-phonon interactions. This theory is suptO0 °C per hour to 900°C and held for 2 or 3 h. This was

ported by the results of a number of different experimentgono"ved _by furnace cooling to the room temperature.
such as isotope effebtquasiparticle tunneling® specific The microstructures and phase purity of the samples were

heat! photoemission spectroscopyand inelastic neutron studied by means of x-ray diffractiofKRD) and transmis-

scattering. The second theory concerning the superconduc-Sion electron microscop(;TEl\/_l). For TEM exam_ination, wa-
tivity in MgB, was put forward by Hirsd9'who proposed fers of the samples were first metallographically polished

a “universal” mechanism where superconductivity in MgB and then thinned by ion milling. The local composition was
was driven by the paring of dressed holes. Indeed, the holBroPed by energy-dispersive x-ray spectroscppX).

character of the carriers in MgBwas confirmed by Hall Resistivity measurements were made (r)rg bar-shaped
measuremente samples of approximate dimensionxX8Xx2 mnt using a

Soon after the discovery of superconductivity in MgB four-probe technique with a current of 10 mA. ac-
Sluskyet al® reported studies of how the behavior respondssu.Sceptlblllty measurements were also performed to deter-
to the substitution of Al for Mg in this compound. They mine the superconduct_mg transition temperature. de magne-
observed thal, decreases smoothly by a few degrees withtization was measured in a Quantum Design superconducting
increasingk for 0=<x<<0.1 and bulk superconductivity disap-

quantum interference devi¢&QUID) magnetometer.
pears completely due to a structural instability X6¢0.1. In

this paper, the effect of partial Al substitution for Mg on the
structural and superconducting properties of Md8 stud- The x-ray powder diffraction patterns obtained on the
ied. In particular we have observed a superstructure in Alsamples showed that the predominant phase was of,MgB
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FIG. 1. Partial representation of x-ray diffraction patterns for a
series of Mg_,Al,B, samples.

type and there was some minor amount of impurity phases .
such as MgO presented in the samples. The partial represeﬁ_f-_s""mples that were fabricated under almost the same con-
tation of the XRD patterns in the@range of 50° to 60° is itions (one was sintered at 900 °Crf@ h find a.nother one
shown in Fig. 1. The results are similar to that reported bQNas at the same temperature for 3 ﬁhe. Intention was to
Sluskyet al* i.e., the substitution of Al results in a signifi- investigate how the normal-state resistivity varied with Al

cant change in the-axis lattice parameter while the in-plane doping concentration. However, the data obtained did not

lattice parameter is relatively constant. In the range approxi—ShOW a clear trend of the variation for the resistivity with Al
mately betweenx=0.09 to x=0.25, the (002) reflection content over the whole doping range we investigates: X0

peak becomes broad, indicating the partial collapse of theSO.G). In particular, ther.e_ was no sharp rise in the resistivity
ound the phase transition arouxe 0.1 as would be ob-

separation between boron sheets and the presence of o

isostructure phases. Figure 2 shows the lattice parameters 3§rved in alloys .Of m.etalls. Th.er.e area number qf factors' that
a function of the Al substitution level. In the shadowed re_could mask the instrinsic resistivity of the materials studied.

gion, because of the peak broadening, there is a large unce hese include sample density variation, grain boundary con-

tainty associated with the value of Nevertheless, the data itions, and disorder scattering. For the all samples mea-
in Fig. 2 show that in the shadowed region there appears §ured, we checked the density and found that the values were

discontinuity, which could be related to a structural transition2ound 70% of the theoretical ones while the variation be-
as pointed out in Ref. 13. tween the samples was within 10%. Thus, the porosity of the

Resistivity measurements were carried out on two Serie%amples would certainly affect the absolute resistivity values,
ut its effect on the relative variation of the resistivity might
not be substantial. The resistivity is around 30Q cm at 40

0.36 K for undoped samples.

.-, Although the resistivity data were rather scatter and
03T \'\;;E } showed no clear trend with the increase of the Al level over
£ T the whole doping range, we found that in the low-doping
%’ 034 [ E‘.‘l\ region x<<0.1) the normal-state resistivity increases mono-
F * ., tonically for both series of samples we made. This is in
§ ot agreement with the observation of Loreat al** The in-

g crease of the normal-state resistivigt least within the dop-
8 o3 - ing level of 0.2 by Al doping is consistent_ with the hypoth-
= esis that the charge carrier in Mg hole like>*!since the
— substitution of AP" for Mg?* reduces the carrier density
031 o 0. S a and subsequently leads to an increase in the normal-state
T © © o resistivity. It has been suggested that conduction in MgB
030 o 05 s 04 05 os  occurs primarily in the B layérand thus the effect of Al

doping on the Mg site on the impurity scattering is small

while the effect of charge transfer is more significant. The
FIG. 2. The lattice parameterandc as a function of Al con-  results reported in Ref. 14 also showed an increase in ther-

centration. In the shadowed region, tt@02) reflection peak is Mopower in Al-doped samples, indicating the reduction of

broad, indicating the partial collapse of the separation between basarrier numbers.

ron layers. In Fig. 3, we illustrate the evolution of the superconduct-

Al content x
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FIG. 4. Variation of the onset superconducting transition tem-

peratureT¢,nsey @nd bulk superconducting transition temperature T(K)
Te(buiky With Al doping level. Due to the rounded curvature between
Tewuly and Teonsey» there is a large error bar associated with
Tc(onsey - The curve ofTygnsey (Open circle defined in Fig. 3
might be regarded as the lower bound while the dashed line is th
upper bound off ¢gnsey -

FIG. 5. Temperature dependence of the upper critical field
B.,(0) for thex=0 and 0.07 samples. The inset shows the FC and
FC magnetization data as a function of temperature measured at
.5 T for thex=0.07 sample. The superconducting transition tem-
peratureT . and the irreversibility temperaturg,, are indicated in

the graph.
ing transition with Al doping in Mg_,Al,B, by presenting a grap

series of zero-field-cooled magnetization versus temperatuppears. As pointed out by Sluslk al.!® the compound
curves measured on samples with a variety of different dopMgB, is near a structural instability, at slightly higher elec-
ing levels. The measurements were carried out on bar-shapéen concentration, which can destroy the superconductivity.
samples. At the low-doping level, the transition is sharp andrheir experimental results and the results presented here sug-
the transition decreases slightly with an increase of the Abested that the suppression of bulk superconductivity occurs
doping level. As the Al concentration increases, the transitiorat the same Al doping level at which a structural transition
becomes broad and there appear two transitions as indicatedcurs. After the structural transition, a presumably nonsu-
in the graph. We believe that the first transition is the transiperconducting phase appears, and the two phases are inter-
tion within grains while the second one is associated with thgrown on a nanometer-length scale. Hence the granular na-
establishment of bulk screening currents. For doping levelsure of the superconducting phase and proximate effects,
lower thanx= 0.3, the full diamagnetism signal is obtained caused by the intergrowth, together with the possible nonuni-
whereas at higher-doping levels the bulk superconductivitform distribution of Al contents is expected to influence the
disappears. Furthermore, in the high doping region ( shapes of the curves in Fig. 3 and thedependence in Fig.
>0.3), not only the bulk superconductivity disappears, bu#.
also the diamagnetism magnetization becomes smaller and On the other hand, the decreaseTgfat substitution lev-
smaller. This is attributed to the decreased superconductingls lower thanx=0.1 has been attributed to a density-of-
volume fraction within grains in the Al-doped samples re-states effect®!*In MgB, the Fermi energ§- is close to an
sulting from the appreance of a nonsuperconducting pHase.edge of rapidly decreasing density of states and any increase
In Fig. 4, we show the variation of superconducting tran-of Eg by Al substitution could result in a significant decrease
sition temperature as a function of Al substitution level. Inof the density of states at the Fermi eneMfEg), which, in
the graph we present the data of both the onset supercondutite BCS formulism, leads to a decreaseTpf In the next
ing transition temperatur@,,s¢y and the bulk transition few paragraphs, we present the results of the upper critical
temperaturdl .,y . The determination of these two charac- field B;,(0) and try to deduce some information concerning
teristic temperatures is illustrated in the inset of Fig. 3. Be-N(Eg).
cause the magnetization data in the temperature range be- In the inset of Fig. 5 the magnetic moment versus tem-
tweenT¢onsey @NdTpuiy Show rounded curvature, there is perature curve measured at 0.5 T for #w0.07 sample is
a large uncertanity associated witQonsey. Therefore the  shown. A small normal-state background contribution has
value in Fig. 3(open circles might be regarded as the lower been subtracted from the data. As commonly observed in
bound of T¢onsey - The dashed line in the graph representshigh-T, superconduijctors, there were to characteristic tem-
the upper bound. For samples wikh>0.4, there is still a peraturesT, andT;,, . In the region between these two tem-
very small but measureable diamagnetism signal. In the lowperatures, field-cooledFC) and zero-field-cooledZFC)
doping region the two transition temperatures are close anthagnetization data were overlapped. The superconducting
decrease slowly with increasing Al doping level. For dopingtransition temperature was defined as the intercept of a linear
levels abovex=0.1, Ty, drops more quickly than extrapolation of the magnetic moment in the superconduct-
Tconsey - The x=0.1 composition coincides approximately ing state with the normal-state base line. The field depen-
with the substitution level at which the two-phase regiondence ofT gives the upper critical fiel®.,(0) data, which
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are presented in Fig. 5 for the two samples withO and
x=0.07, respectively. For both sampld3,,(0) shows an
approximately linear temperature dependence with a slope o
—0.6 T/K and —0.58 T/K, respectively. For thex=0 :
sample, the value is similar to that reported in the literattire.

The relation between the zero-temperature upper critical§
field B.,(0) anddB.,/dT at T is'®’

_ k1(0)) [dHc,
TC TC
In the dirty limit x,(0)/x=1.20181° while in the clean FIG. 6. TEM diffraction patterns for the two Mg,Al,B,

limit «,(0)/xk=1.26%° These expressions yiel®,(0) samples(a) x=0, (b) x=0.25.

=16.2 Tforx=0 andB.,(0)=14.8 T forx=0.07, respec- o )

tively, assuming the dirty limit. Similarly, we obtai,(0)  €lectron transfer from the Mg plane. In a rigid band picture,
=16.8 T forx=0 andB.,(0)=15.4 T forx=0.07, respec- this vyould mean a decreas_e of the density of states at the
tively, assuming the clean limit. Clearly, the decrease ofr€rmienergyN(Eg). In the dirty limit, N(Eg) can be related
B.,(0) is primarily due to the decrease Bf and the slope is 10 the slope 0B, nearT, with the relation—dB.,/dT]y_
barely changed. The coherent length at zero temperature; pN(Eg), wherep is the residual normal-state resistivity.
£(0), may be estimated using the expressioB;,(0) Clearly, the slight decrease dB.,/dT and the increase in

= ¢o/2wE?(0). For theundoped MgB sample the value is the normal-state resistivity indicate thd{E) is indeed re-
£(0)=4.5 nm in the dirty limit andé(0)=4.4 nm in the duced in the Al-doped sample. If the resistivity could be
clean limit. determined more accurately, a more quantitative estimation

The coherence length we just calculated is the Ginzburgef (Eg) could be made.

Landau(GL) coherence length. In order to know whether the In conventional alloy and intermetallic-compound super-
samples are in the clean limit or in the dirty limit, we need toconductors such as NbTi and (Nb,Ti, 8, the upper criti-
compare the BCS coherence length and the electronic cal field B.,(0) can be increased by substitutional alloying
mean free patH. The former can be estimated using thewhich results in resistivity increases while having a much
relatiort® £,=0.15iv g /kg T, Wherevr is the Fermi veloc- more mild effect onT, and density of states. This can be
ity. Taking an average valdef vp=4.7X10" cm/s, we ob- illustrated by the direct dependenceRy,(0) on the normal-

tain £,=14 nm. On the other hand, for estimatihgve use state resistivity through the formdfaB,(0)=3.11Q T,

the carrier density 6:710°2 cm 2 (two carriers per unit (in Sl unit9. Here vy is the electronic specific heat coeffi-
cell) (Ref. 22 and the resistivity value of 3.Q cm for our  cient. The work by Eonet al?® and Patnailet al?® appears
undoped MgB sample. Thenl is estimated to be approxi- to suggest that oxygen could be alloyed into Mg the B
mately 1 nm. This clearly puts the sample in the dirty limit. site and lead to a dramatic increase in the upper critical field
However, since the sample porosity and other extrinsic faceven thoughT, is reduced slightly® In contrast the data
tors would certainly result in overestimated resistivity val- shown here indicate that although low-level Al doping can
ues, we should be cautious with the valuelofCanfield increase the normal-state resistivity substantially in MgB
et al? reported very low resistivity values on dense MgB bothB,,(0) andT, are reduced. This is direct evidence that
wires and subsequently a long mean free path, and the cledhe rise inp is compensated for by the decrease in the desity
limit behavior was inferred. The resistivity value reported in of states.

the literature varies greatly for MgBWe note that even for In order to characterize the structural features associated
high-quality epitaxial thin-film samples resistivity valG&&*  with the structural transition as reported in the present sys-
are about one order of magnitude higher than those reporteadm, we have carried out TEM investigations on Al-doped
in Ref. 22. In particular, the recent work by Eanal®®and  samples, especially, witk ranging from 0.1 to 0.25. As a
Patnaiket al?® has shown that oxygen could be alloyed ontoresult, a variety of structural phenomena have been revealed
B site which leads to a significant increase in resistivity andn these materials, such as the phase separation and inter-
the upper critical field. Therefore, it is plausible that with growth of two structural phases. The most striking structural
increasing sample resistivity MgBmay change from the feature found in this investigation is the presence of a super-
clean limit to the dirty limit. Futhermore, the data obtained structure phase of doubled lattice parameter alongtaes

on our MgB, samples show that the GL coherence lengthdirection. Figure 6 presents the electron diffraction patterns
£(0) is substantially shorter than the BCS coherence lengtfor two samples taken along theaxis direction. Figure @)

&o, an indication of dirty limit behavior. is the electron diffraction pattern of the pure MgBample;

In assuming the dirty limit, we may infer some informa- all diffraction spots can be well indexed by the hexagonal
tion about the density of states from the upper critical fieldcell with lattice parameters ai=3.07 A andc=3.57 A.
data. As discussed above, the band calculation showed that The pattern in Fig. @) was taken on am=0.25 sample. In
MgB, the Fermi energy is situated around a peak in theaddition to the basic reflection spots, evident superstructure
density of state3?”?® The substitution of Al increases the spots can be clearly recognized at the systematiid, [

214536-4



SUPERCONDUCTING PROPERTIES AND-AXIS . .. PHYSICAL REVIEW B 65 214536

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

In summary, we have investigated the effect of Al substi-
tution for Mg on the structural and superconducting proper-
ties of Mg, _,Al,B, samples. The x-ray diffraction results
confirmed the existence of a structural transition associated
with the significant change in interboron layer distance as
reported previously by Sluskst al1* Moreover, a transmis-
sion electron microscopy examination showed the existence
of a superstructure in the direction perpendicular to the boron

FIG. 7. Adark-field image of a grain for the=0.25 sample. honeycomb layers with doublezlaxis lattice parameter. We

propose the observed superstructure be related to the struc-
+1/2) positions. TEM examination also revealed that thetural transition. The experimental results showed that the
grains were very small, on the order of Quim in the x normal-state resistivity was increased andwas decreased
=0.25 sample. In Fig. 7, we show a dark-field image of awith increasing Al concentration, respectively. The upper
grain for thex=0.25 sample. We could see that the phasecritical field B;,(0) was determined for samples with low Al
with the superstructure intergrows with the normal MgB concentrations and found to be reduced by Al doping. Fur-
phase. A more detailed TEM study was performed subsethermore, an estimation of the density of states at the Fermi
quently and the results are reported elsewfR&ta.particu-  €nergyN(Eg) using theB.,(0) and normal-state resistivity
lar, the results showed that the observed superstructure isd@ta suggests tht(Eg) is decreased too, being consistent
generic feature resulting from Al substitution in MgBnd  With theoretical calculations.
that the superstructure is of MgAlBstructure with Mg lay-
ers and Al layers sitting alternately in the crystal lattice.

The superstructure, however, was not observed in XRD
spectra. In principle, the appearance of the superstructure This work was supported by the National Center for Re-
with doubledc-axis parameter would result in an additional search and Development on Superconductivity and the Min-
(00l) peak at low @ angle. The XRD data showed no sign istry of Science and Technology Grant No. NKBRSF-
of such a peak within the instrumental sensitivity. We pro-G19990646. One of ud.Q.L) acknowledges support of the
pose that this is due to the very similar x-ray scattering factofHundred of Talents” program organized by the Chinese
for Mg and Al atoms. The diffraction of x rays by atoms in a Academy of Sciences, China.
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