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Magnetotransport properties of pure Mg metal and MgBmples with varying amounts of unreacted Mg
are systematically studied in magnetic fields up to 18 T. With an increasing quantity of Mg, the inhomogeneous
MgB, samples show a greatly decreased residual resistivity, an enhanced residual resistatiRRRytiand
enhanced magnetoresistar(¢4R), gradually approaching the transport behaviors of pure Mg metal. We use
the generalized effective medium theory to show that the large RRR and MR of the inhomogeneous MgB
samples can be quantitatively explained by a two-phase model in which the two phases araldgBire Mg.
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The recent discovery of superconductivity in a binary me-heated at~975 °C for 2 h. The other two batche;MgB,
tallic system MgB with T,~39 K has sparked enormous and C-MgB, were heated at 900 and 850 °C, respectively.
scientific and technical research effott&ven though the The resulting samples were characterized with magnetiza-
pairing mechanism was suggested to be of phonon-mediateghn, scanning electron microscof$EM), and x-ray diffrac-
BCS type? there is no consensus yet even for basic physicajion (XRD).
properties such as magnetotransport and the magnitude of According to the XRD dataA-MgB, does not have any
the superconducting gdpln particular, transport properties appreciable impurities. However, unreacted Mg and a small
of various forms of MgB show very different values of re- amount of MgO impurity(2-59% were identified in the
sistivity, residual resistance rati®RR), and magnetoresis- o profiles ofB-MgB, and C-MgB,, while unreacted B

4-9
tanlct:e\(Nl\gI:). enerally accepted that a high quality MgB was not observed within the resolution of the XRD data. The
9 Y P gh d y g SEM study showed thak-MgB, has well-connected grains

sample should have high RRR~@0) and low residual . T ) . .
resistivity’® This is partly related to the so-called Testardiw'tho'“'t any clear distinction of grain boundaries. The images
of B- and C-MgB, indicated that they are inhomogeneous

correlation in BCS superconductdfswhich suggests the X ,
highestT, in the most metallic sample. To explain the di- Phase mixtures, mainly composed of pure Mg&nd Mg
verse transport properties which deviate from low residualvith grain sizes as large as100 um (the inset of Fig. 8
resistivity and a high RRR value, various possible originsas confirmed by energy dispersive spetfr&rom the SEM
such as microstrain, insulating impurities, and defect scattelpictures, the area of the Mg grainsBMgB, andC-MgB,
ing due to off-stoichiometry have been suggestédiow-  were estimated to be 16t2% and 29.6:1% of a total
ever, three groups recently reported data from single crystasample area, respectively. Details of the sample growth and
showing the same relatively low value of RRRG, in con-  characterization were reported elsewhére.
tradiction with the prevailing belief that high quality is =~ We measured thd- and magnetic-field Kl)-dependent
linked to high RRR! It is quite important to clarify this resistivity p(T,H) of the three MgB samples as well as
issue to understand which are the intrinsic physical propercommercial Mg metalAlfa Aesar #43355, 99.9%pusing the
ties of MgB,. standard four-probe method in a cryostat equipped with an
In this communication, we report our magnetotransportl8-T superconducting magnet. In all the measurements, elec-
study of pure Mg metal as well as a series of Mgmples trical current was applied perpendicular to the magnetic field.
with varying amounts of Mg. We observed that both pure MgThe bar-shaped MgB specimens were typically 0:51
metal and inhomogeneous MgBamples exhibit large RRR X4 mn? and the Mg metal was 1:21.3<5 mnt. The er-
and MR values and small low-temperatiTe resistivity val-  rors of resistivity,p, due to geometry are estimated to be less
ues. Based on the generalized effective-medium theory, wéhan 10%.
show that the large RRR and MR values can be explained by Figure 1 displayg(T,H) of A-, B-, andC-MgB,, and Mg
the magnetotransport properties of Mg. at 0, 5, 10, 12, 15, and 18 T inTarange between 3 and 300
We use high-pressure synthesis to make high-densityK. The A-MgB, sample shows the highedi, =38.8 K
polycrystalline MgB samples with different amounts of un- (midpoint and the smallest transition widthT.=0.3 K,
reacted Mg embedded. A Ta capsule containing a stoichidsased on a 10—90 % criterion pfvalue. Thep(T,H=0) of
metric mixture of Mg and'!B isotope was heated under 3 this sample at 40 and 300 K were 5.14 and 3@0 cm,
GPa in a 12-mm cubic multi-anvil-type pres%o control the  respectively, so that RRRp(300 K)/p(40 K), was 5.8,
amount of Mg unreacted inside the MgBthe maximum under H did not change appreciably so that MR
heatingT was varied. One batci-MgB,, denotes a sample =[p(T,H)-p(T,H=0)]/p(T,H=0) at T=40 K is less
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T ;" T which are prone to magnetic breakdown in sufficiently high
BE s A-MgB, T 1 B-MgB, ; H. Due to the presence of open orbiggH) of Mg is found
g o 2 Data / to be increasing ald' with 1.5<t<2, and the transverse MR
S 15 s becomes very sensitive to the crystal orientation and geom-
310 oT etry of a sample at lonH<~10 T2 In the higher-field

P limit, with magnetic breakdown of most open orbiggH) of

0 . . Mg is expected to largely recover ti behavior of closed

18 18 orbits.

Azs' 1 C-MeB, 1 s Mg 99.9 % Consistent with this picture, our data of polycrystalline
£ Data I 10 Data ! Mg atH=12 T can be well explained by the equation for a
gn gT 1 ] simple metal under a magnetic field, i.e(T,H)=p(T,0)
S lor X{1+ (we7)?}=p(T,00{1+b(H/p(T,00)%, with o,

5 =eH/m*c and a constanb.}* Based on this formula, the

O pecuhar'upturn inp(T,H>0) below~70 K can be undgr—
T (K) T(X) stood in terms of the crossover from the high-
T—thermal-phonon  [p(T,0)T] to the low
FIG. 1. T- and H-dependent resistivity curves forA-, B-, T—electron-phonor p(T,0)=p,+aT3] scattering regime.
C-MgB, and Mg (Alfa Aesar #4335h The quantitly of unreacted At a fixed H, asT is decreased, tHE dependence of the MR
Mg was increasing in the order &, B-, andC-MgBs. will dramatically increaséroughly fromoc T2 to o« T~ ) at
this crossover. Note, furthermore, that thedependence of
than 10% forH=<10 T. This relatively small MR value is the MR will saturate in the zerd@-limit when p(T)~po.
consistent with the results of many polycrystalfies well as consistent with our lowest temperature-Mg data.
single crystalline MgB samples, for which 45RRR<6." In Fig. 1, it is interesting to note that the loWupturn
Magnetization measurements also showed &#4gB, has  pehavior ofp(T,H>0) of Mg metal is quite similar to that
the highesfT;=39 K and the smalleshAT,=0.5 K. These seen inB-MgB, and C-MgB,. This observation strongly
results, combined with the SEM and XRD studies, sugges§yggests that the enhanced MR and RRRBéfIgB, and
that A-MgBs, is a highly stoichiometric sample. C-MgB, could be due to Mg embedded in those samples.
On the other handp(T,H=0) values ofB-MgB, and  Note also that the small loW-resistivity of Mg is consistent
C-MgB, decrease significantly so thatp(40 K)  with the systematic decrease @from A-MgB, to B-MgB,
=2.12(1.29)uQ) cm and p(300K)=21.0(17.9)uld cm for {5 c-MgB,. To quantitatively check this postulation, we cal-
B-MgB, (C-MgB,). p(T,H=0) of both samples shows cyjated the resistivity expected from two-phase samples con-
slightly lower values off;=38.2 K (B-MgB,) and 38.0 K sjsting of MgB, and Mg, based on the generalized effective
(C-MgB,) and significantly largeAT.=0.6 (B-MgB5) and  medium (GEM) theory developed by McLachldf.If we
1.5 K (C-MgB,). Due to the faster decrease pfat low T,  assume thaB-MgB, and C-MgB, are isotropic phase mix-
RRR values become 9.90 and 13.9 f&MgB, and tyres, mainly composed of the MgBand Mg grains, the

C-MgB,, respectively. The increasing RRR value is corre-GEM equation predicts the effective resistivjiy of the bi-
lated with increasing MR at low temperatufeand more nary phase mixture as

linear T dependence op(T) in our samples. For example,

MR values atT=40 K andH=18 T changed from 30%

(A-MgB,) to 226% B-MgB,) and 452% C-MgB,). The py V=pe
peculiar upturn behavior of(T,H), seen inB-MgB, and (1-1) PR
C-MgB, below 70 K, is a common feature observed in P1 Pe
MgB, samples with large RRR valués.

To better understand the effects of Mg, we measureavhereA=(1—f.)/f.. Here, the critical volume fractiof,
p(T,H) of Mg metal. p(T,H=0) was quite linear at~70  and critical exponent are close to 0.17 and 2 in three di-
<T=<300 K. AtT<70 K, itis found that the data are well mensions. When resistivity values of the componertand
fit by p(T,H=0)=po+aT® (ais a constant indicating that  p, and the volume fraction of the second componénare
electron-phonon scattering is dominant at [®wThe p val- ~ known, this equation successfully predictpd of various
ues at 40 and 300 K were 0.12 and 4ud) cm, respectively, inhomogeneous medfaas well as electronically phase-
so that RRR=34. Surprisingly,p(T,H) at H#0 show a separated manganitésjn wide f ranges including the per-
drastic increase below 70 K. For examplep(3 K, 18 T)is  colation regime.
almost three orders of magnitude larger thg8 K,H=0). To calculatepg(T,H) from Eqg. (1), we setp,(T,H) and

In the literature, it is well known that the divalent Mg p2(T,H) equal to the data frorA-MgB, and Mg, respec-
metal shows a nonsaturating large transverse MR, becauswely. Figure 2 shows the simulatgg(T,H) results at fixed
most electron trajectories of Mg on the Fermi surface closd. The curves withf =0.05-0.30 well represent main features
within one or more cells of the reciprocal lattice with volume of p(T,H) of B-MgB, and C-MgB,: a systematic decrease
compensation of electrons and holéd* However, some of p, a quasilineaT dependence &i=0, and than upturn
parts of the Fermi surface of Mg under certain orientations obehavior at high fields. Furthermore, even with small
magnetic field can produce open trajectories of electrons<0.05, MR values become significant at 6w Therefore,
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FIG. 2. Predictegh curves by the generalized-effective-medium 200 - A-MgB,
(GEM) theory at several Mg volume fractiofiswhen two ingredi-
ents are assumed to be Mg afAeMgB.. 05 10 15

RRR

p(T,H) curves ofB-MgB, andC-MgB, are well explained

qualitatively by the simulation results in Fig.'2.0n the : _

other hand, a strict comparison of th¢T,H) curves was a function off. Symbols+ and X represent the gxperlmental RRR
imperfect: the experimental values were, in general, sli htI)fInOI MR values 0B-MgB, andC-MgB,, respectively, from which
P ) .p INg ' 9 we estimatef=0.17 for B-MgB, and f=0.30 for C-MgB,. The

larger than the simulated ones, and showed a steeper increa

. . . A . iRSet shows a SEM image of sample C witt29 % of a total area
with T. This discrepancy in absolute resistivity might be dueas Mg islandstblack. The scale bar represents 1gam. (b) Cor-

to the presence of other insulating impurities such as MgQg|ation in the GEM theory between RRR and MR at 40, 50, and 60
and B. An alternative way to make a quantitative compari- (sojid lineg. Symbols+ and x represent the experimental MR

son to the GEM theory is to focus aalative physical quan-  yajyes of8-MgB, and C-MgB,, respectively. The inset shows the
tities such as RRR and MR, because they are dominated yculated MR vs RRR curve over a wider range of RRR.

conducting phases and, thus, will not be affected by the pres-
ence of small quantities of insulating phases. thesef values are quite consistent with the observed Mg ar-
Figure 3a shows a calculated RRR vk curve of eas in the SEM pictures &-MgB, and C-MgB,, confirm-
pe(T,H). The RRR values at=0.0 and 1.0 correspond to ing the validity of the GEM analyses.
5.8 (RRR of A-MgB,) and 34(RRR of Mg, respectively. The inset of Fig. ®) illustrates that the simulated MR vs
For the RRR values d8-MgB,, 9.9, andC-MgB,, 13.8, the RRR curves are roughly quadratic. More precisely, the simu-
calculated curve predicts thét=0.17 and 0.30 foB-MgB, lated MR vs RRR curves at 40T<50 K have a power law
and C-MgB,, respectively. The predicted MR ¥scurve at  relation MRx(RRR)! with t~1.9-2.4. A similar power law
H=18 T andT=40 K [right axis of Fig. 3a)] can also be relationship of MR:(RRRY? at T=50 K was empirically
calculated from Eq(1). At the predictedf=0.17 and 0.30, found in a previous report that studiedT,H) up to 5 T in
the calculated MR curve predicts MR values of 220% andVig, , sB, sample€ This report in the literature can be suc-
470 %, respectively. These values are in very good agreesessfully explained by Eq1), confirming that the RRR and
ment with the experimental MR data &MgB, (+) and MR behaviors of Mg can be attributed to those of MgB
C-MgB, (X), 220% and 460 %, respectively. This level of samples with excess Mg.
quantitative agreement confirms that the two-phase analysis As a final quantitative comparison, in Figgb#tand 4d)
provides an accurate modeling of the relative physical quanwe plot the curves of MR v§ from Eq. (1) with fixed f
tities RRR and MR. =0.17 and 0.30 at various value Bf Experimental curves
To check this agreement at various temperatures, we plaf MR of B-MgB, andC-MgB, are shown in Figs. @) and
predicted MR vs RRR curves at 40, 50, and 60 K in Fig.4(c), respectively. The agreement between theoretical curves
3(b). The experimental MR values &=18 T of B-MgB,  and experimental data is satisfactory at higks12 T. At
and C-MgB,, shown as+ and X, well match the curves lower H of 5 and 10 T, the theoretical MR values become
predicted by Eq(1) within error bars. We verified that this somewhat larger than experimental ones, a discrepancy that
agreement is valid at the other temperatures afQveAll of might well be related to the same magnetic breakdown ef-
these results unequivocally show that two important physicafects that make Mg sensitive to domain size and orientation
quantities, RRR and MR of MgBwith excess Mg are inti- at low H.»*'* A complete understanding of the role of the
mately linked to each other, and that they are determined bgnagnetic breakdown effect on the physical properties of im-
the properties of Mg itself. As a result, we estimate the Mgpure MgB, would be exceedingly difficult, requiring a de-
volume fractions embedded inside sampBsMgB, and tailed knowledge of the orientations of the Mg metal grains.
C-MgB, to bef=0.17 and 0.30, respectively. It is noted that  All of the above experimental findings demonstrate that

FIG. 3. (a) The GEM equation predictions for MR and RRR as
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300 ———————— — . . large RRR and low residual resistivity can no longer be cri-

200 - B-MgB, (a) GEM Theory (b) | teria for a stoichiometric MgB sample. According to our
1001 Data 1 &\ ;=017 _ experimental findings and single-crystal studiethe RRR
ol \_'_ of stoichiometric MgB is suggested to be 5—7. Our study

S 500l 18 C-Mgﬁz (© | 18  GEMTheory (d) | also finds that artificial inclusion of excess Mg into MgB
2 100 15 Data 15 12030 can be used to reduce the overall normal-state resistivity of
S I 12 1 2 1 the composite, a result which, for example, could improve

10
5T

300+
200+
100+

the quench characteristics of superconducting MgBes?

In conclusion, we systematically investigated the effect of
Mg metal on the magnetotransport properties of MgBec-
O — — — trical transport of MgB is found to depend sensitively on the
2050 7 A B0 U 2 S0 I I 2 15047 20 amount of Mg in the sample. Generalized effective-medium

(K) T (K) 2 - .
theory quantitatively accounts for the behavior of the relative

FIG. 4. Experimental MR data dB) B-MgB, and(c) C-MgB,  transport properties of magnetoresistance and residual resis-
aboveT.. The GEM theory for MR with(b) f=0.17 and(d) f tance ratio, establishing that MgBamples with unreacted
=0.30, which guantitatively accounts for the MR dataBsMgB, Mg form a two-phase mixture of MgBand Mg metal. This
and C-MgB,, respectively. study highlights the importance of Mg stoichiometry in un-
derstanding transport properties and developing technologi-
cal applications of the new superconductor MgB

the existence of a small amount of Mg inside Mg&amples
can significantly affect magnetotransport properties. The di- We appreciate valuable discussions with Dr. C. M. Varma,
versity of magnetotransport properties of MgEported in  Professor Y. Bang, and Dr. S. P. Chen. The work at NHMFL
the literature can be qualitatively understood by Mg nonstowas performed under the auspices of the National Science
ichiometry, as indicated by the simulation results of Figs.Foundation, the State of Florida, and the U. S. Department of
2—4. We identify low residual resistivity and a drastic in- Energy. This work was also supported by the Ministry of
crease of RRR and MR as due to Mg metal forming a two-Science and Technology of Korea through the Creative Re-
phase system with MgB With this understanding, then, a search Initiative Program.
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