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Unusual Hall effect in superconducting MgB, films
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We have investigated the temperature and magnetic field dependence of the Hall coefficient of two well-
characterized superconducting Mgiims (T.,=38.0 K) in both the normal and superconducting states. Our
results show that the normal-state Hall coefficiBpt is positive and increases with decreasing temperature,
independent of the applied magnetic fieltb 8 T). We find that R,]loCT(4O—300 K) and co#y
«T?(100-300 K). As the sample is cooled bel@w(H), Ry decreases rapidly with temperature and changes
sign before it reaches zero. The position and magnitude at vigjjckhows a minimum depends on the applied
field.
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The recent discovetyof unexpectedly high temperature temperature and magnetic field dependenceRgfin the
superconductivity in MgB—a material with no d  mixed state resembles that observed in hole-doped high-
electrons—has stimulated a great deal of interest in itguprates, although similar behaviors have been observed in a
mechanism. One of the central issues is whether MigB few conventional BCS superconductors as well.
related to other well-known superconductors or represents a The MgB, films were prepared using a precursor post-
new class of superconductor. Although superconductivityprocessing approach and extensively characterized as de-
was found in other borides with the same crystal structure ascribed in Ref. 17. For the films used in the Hall measure-
MgB,,*®the T, of these other materials does not exceed 0.6ments, the zero-field resistivity indicates an on3&fs®
K. What makes thé . of MgB, almost two orders of mag- =38.6 K with a transition width ofAT=0.4 K [see Fig.
nitude higher? One school of thought proposes a phonorg(b)], indicating the good quality of our samples. For the
mediated BCS pairing mechanism. Evidence for this view isHall measurements, we cut the samples into a rectangular
provided by isotope effect experimeritan isotropic energy  shape with dimensions of*42 mn®. The Hall and longitu-
gap>® NMR studies’® and specific heat measuremehtS.  dinal resistivities were measured using a standard six-point
Evidence that the superconductivity may be unconventionamethod. Stable low-resistance contacts were achieved by
can be found in the non-BCS-like temperature dependendeeating the sample with fresh contadEpotek H-20E silver
of both penetration depth'? and microwave surface epoxy at 120 °C for 4 h. The experiments were performed in
resistancé? a Quantum Design Physical Property Measurement System

In the study of hight. cuprates, th&@-linear behavior of using a horizontal rotator and magnetic fields up to 8 T. In
the inverse Hall coefficient is one of their most remarkableorder to exclude the longitudinal contribution due to mis-
and puzzling propertie¥. In a one band model with an iso- alignment of Hall-voltage contacts, the Hall resistivity was
tropic scattering rater” !, the Hall coefficientRy is pre-  derived from the antisymmetric part of the transverse resis-
dicted to beT independent because it is only the anisotropytivity under magnetic field reversal at a given temperature,
of 7, and not its magnitude, that contributesRg.> In a i.e.,py=[pn(+H)-pu(—H)1/2. Finally, the Hall coefficient
multiband metal containing both electrons and holes, @& is evaluated fronR,=p,/H. In the normal state, checks
strongly T-dependenRy, is much less surprising. If, for ex- were made at several temperatures to ensure that the Hall
ample, the mobility of each band has a different temperatureoefficient was linear in applied current and field.
dependence, or if thermal expansion produces a redistribu- In Fig. 1, we show the temperature depende(e300
tion of the carriers among the bands, then a strong temperé) of R, obtained on a 0.@um thick MgB, film. The ap-
ture dependence @&y can be easily rationalized. Neverthe- plied field was 8 T. To emphasize the variationRf in a
less, although not prohibited by theofig;*=T is rare in  superconducting state, we plot the data on a semilogarithmic
metals'® scale. Note thaRy reveals strond dependence in both the

In this communication, we report an inverse Hall coeffi- normal and superconducting states. Abdy€8 T)~25 K,
cient R;*=T in superconducting MgBfilms. The experi- Ry is positive and increases with decreasing temperature.
ments show thaRy is positive in the normal state. Further Similar to previous observations on bulk MgB® the mag-
analysis yields &2 dependence of the Hall angle from 100 nitude of the normal-stat® is essentially two orders of
to 300 K. Although this behavior may be due to the complexmagnitude smaller than that of high-cuprates. More strik-
Fermi surface of MgB, the data bear a qualitative resem- ing is the behavior oRy in the mixed state. Below(H),
blance to the Hall response of high- cuprates and may Ry decreases rapidly and changes sign from positive to
reflect similar underlying physics if, for example, two quasi- negative. After reaching a minimuR{}" at T ., it increases
two-dimensional2D) bands(see below are the major con- again until zero is approached. The general behavior is quali-
tributors to the Hall coefficient of MgB We also find that tatively the same as that observed in hole-doped Hhigh-
Ry changes sign as the sample is cooled belbw The  cuprates.
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FIG. 1. Temperature dependenceRpf(H=28T) of a MgB; film
plotted on a logarithmic temperature scale. Note the sign change of

Ry in the mixed state. . .
0 100 200 300

We first discuss the normal-state Hall response. In a T&)

single-band model, as mentioned abdwg,is T independent FIG. 2. Temperature dependence@fR;* and(b) longitudinal

. . 71 . - -
if the an'sc,’tmpy qu is independent OT; In _a multiband resistivity p. The solid lines are fits to experimental data using Egs.
model,Ry, is a weighted sum of the contributions from each (1) anq(2), respectively.

band; if the scattering rate of each band has a diffefient
dependence, the weighted sum changes with temperature a@%xis resistivityp
can produce & dependenfy. Recent band structure cal- ¢
culations predict that the Fermi surface of Mg&onsists of

is distinctly different fromp,,,, the mea-
suredp for polycrystals can deviate significantly fropyy, .

_ , ) While experimental investigation of the resistivity anisotropy
four sheets: three are holelike and one is electrorifio i lacking, theoretical calculations predict a nearly isotropic

of the holelike bands, derived from,, orbitals, have 2D qgigtivity, which can be described by a standard Bloch-
character and contribute over 30% of the states at the Fe”@rihneisen(BG) expressior'f.o The BG formula for the resis-

level 1° At present, it is unclear whether tiiedependenRy, tivity can be written as
of MgB, is caused by multiband effects or is a reflection of
an unusual transport mechanism. In higheuprates, though

. . . . P—Po 2T \® [op/2r x°
a one-band model is thought to be appropri&g,is consid- =(4m)? — f dx , 2
ered to be controlled by both a transport scattering rate A Op/) Jo sinkP(x)
and a transverse scattering ratg®.* Within this picture, ) ) o ) )
Ry(T) is expected to vary & where p, is the residual resistivityA is a T-independent
constant, and®p is the Debye temperature. Usin@p
R,l=aT+bh, (1) =746 K.° we model our resistivity data between 40 and 300

K wusing Eg. (2), vyielding pp=59uQcm and A
wherea andb are constants. Can E(l) also be applied to  =0.37 xQ) cm. As shown in Fig. @), Eq. (2) (solid line)
MgB,? In Fig. 2a), we plot the temperature dependence ofdescribes our data fairly well, indicating the importance of
the inverse Hall coefficienR;* at H=8 T. Interestingly, electron-phonon interaction in MgBIn this circumstance, it
R,]l varies approximately linearly witfi at all temperatures is surprising that the lineaf dependence oR,]1 persists
betweenT (H) and 300 K. By fitting the data with Ed1), down to T,(H) even in the region that =T no longer
we obtaina=5.06x 10" C/m®* K and b=1.66x 10 C/m?.  holds.

The fitting result is illustrated in Fig.(8) as the solid line. Though the in-plane resistivity of high; materials can
The above fitting procedure demonstrates the validity ofalso be described by E),? their Hall response is unusual
Eq. (1) for MgB,. The fact thalR,]locT is rare in metaf®  in a one-band picture becausg+ 7. For MgB,, the similar
supports the notion that the Hall response of MgBay be T dependence dﬂgl to high-T, cuprates may be accidental
anomalous. However, we recall that Ed) holds if 7~ =T owing to multiband effects. Due to the lack of detailed infor-
and 7, *=T2.2 In this framework a lineafl dependence of mation about each individual band, any model we construct
the longitudinal resistivityp is expected. Figure(B) shows would contain such a large number of adjustable parameters
the temperature dependencepaditH=0 and 8 T. Though it that no conclusions could be drawn from such an analysis.
decreases with decreasing T, the normal-siateeviates On the other hand, if the quasi-2D bands derived fion
from linearity below ~100 K. Measurements on bulk orbitals dominate the Hall response of MgBt is plausible
sample&® and wireé are qualitatively similar. However, we that the qualitatively similar behavior &, in high-T, cu-
cannot exclude the possibility that the measupechay not  prates and MgB is a manifestation of similar underlying
represent the in-plane resistivipy, . If the T dependence of physics. In this case, the Hall angle @qt=wc‘lr,]1 (we is
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FIG. 5. Magnetic field dependence of the Hall resistiyity of

300 K atH=8 T. The solid line is fit to experimental data above MgB, at T=14, 18, 22, 26, 30, 34, and 38 K.

100 K using Eq(3).

the cyclotron frequendyis expected to exhibit a quadratic

temperature dependence in the normal states.,

cotdy=aT?+B, T>T.,

wherea and 8 are constants. For MgB cot6,=p/RyH is
shown in Fig. 3 plotted as cét, vs T2. It should be noted

theRy vs T curve exhibits the same feature. Surprisingly, the

sign reversal oR, appears not only in high fields but also

persists in low fields. An increase &f pushes theRy(T)

)

curve to lower temperatures, i.€l,,, decreases with in-

min

creasingH. However, the magnitude &, seems to depend
on H nonmonotonically. It first increases and then decreases
with increasingH. Although similar features have been ob-

that the data fall on an approximately straight line in theserved in all hight; cuprates and few BCS superconductors,
temperature range between 100 and 300 K. The solid line iff is interesting that the sign change Bf; also occurs in

Fig. 3 shows a fit to Eq(3) with a=4.9e—-3 K 2 and 8
=128. TheT? dependence of cat; and thus ofrgl indi-

MgB,. To assure that the sign changeRy is not due to
inhomogeneous superconductivity, we simultaneously mea-

cates thatry# 7, suggesting an unconventional Hall re- sured the longitudinal resistivity. As shown in Figlo4 p
does not only reveal a sharp transition in zero field but also
We now consider the Hall effect in the superconductingdecreases smoothly within applied fields without showing
state. Shown in Fig. @) is the temperature dependence ofany step or kink throughout the entire transition regime. As

Ry atH=2, 4, 6, and 8 T, respectively. At each applied field, "eported previousl§? an increase of applied magnetic field
results in a shift of the resistive transition to lower tempera-

tures with appreciable broadening.

sponse in MgB.
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FIG. 4. Temperature dependence(af R, and(b) longitudinal

resistivityp atH=2, 4, 6, and 8 T.

Figure 4 clearly indicates that the sign changeRqfoc-
curs beforep reaches zero. This strongly suggests that the
Hall anomaly is a consequence of vortex dynamics. For con-
ventional superconductors, a phenomenological flux-flow
model was developed by Nozieres and Vifighat takes into
account the hydrodynamic magnus force. In this model, the
mixed-state Hall resistivitydy=E,/j,) is given by

pH:(eT/m)an!

H<Hg,.

4

Herem is the effective mass of the normal electrops,is
the normal-state longitudinal resistivity, akhi}, is the upper
critical field. As presented in Fig. py varies perfectly lin-
early withH atT=T.(H=0)=38 K. Below 38 K, it departs
markedly from this behavior at fields smaller thElR,. In
this regime,py increases rapidly wittH after reaching a
negative peakp _
behavior. It is interesting to note that the valuegf" re-
mains more or less the same below 34 K, thotigh, in-
creases with decreasing temperature. It seems that a lower

limit for p

min

H

min
H

at H,;, to merge with the normal-state

sets in at a temperature slightly below 38 K. To
the best of our knowledge, such a feature has not been seen

in any other superconductors. Nevertheless, our data in Fig.
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5 demonstrates that E¢4) fails to describe the unusuéd titatively explain our data in mixed state. Clearly, to find out
dependence gby of MgB,. In spite of many different ap- whether the Hall anomaly arises from the layered nature or
proaches, the mechanism responsible for the Hall sign reveelectronic band structure of MgB further experiments on
sal remains controversial. For cuprate superconductors, modingle crystals would be desirable.

els have been proposéd® suggesting that the sign change  |n summary, we have measured the Hall effect on well-
iS related to ﬂUX pinning, baCkﬂOW Of therma”y eXCited qua' characterized films of Mgﬁ|n both the normal and Super-
siparticles, layered structure, a vortex-glass transition, or imgondycting states. The Hall quantities exhibit many features
bala_nce of t_he electron de_nsity between the center and the f{at are strikingly similar to those found in high-cuprates.
outside region of the vortices. In the absence of a more deAIthough these similarities may be accidental, it is more

tailed analysis than is available for these scenarios, their useyophapie that these similarities are clues to understanding the
fulness in explaining our results remains uncertain. However,

, - ‘ , unusual electrical transport properties of both Mg®id the

it should be pointed out that the scaling behavior betwgen cuprates.

and p does not seem to hold for MgB suggesting that the

sign reversal is not a consequence of a vortex-glass We would like to thank P. Fleming for technical assistance
transition?® Given the fact that the sign change persists aand E.W. Plummer and B.C. Sales for useful discussions.
temperatures well below,, the backflow scenario should This work was partly supported by the U.S. DOE, Office of

also be ruled out® In addition, we find that the Hall conduc- Power Technologies—Superconductivity Program, Office of
tivity oy cannot be described hy,=—-C/H+DH, where EE-RE. Oak Ridge National laboratory is managed by UT-
C andD are positive constants. Therefore, models based oBattelle, LLC, for the U.S. Department of Energy under con-
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