PHYSICAL REVIEW B, VOLUME 65, 134508

Hall effect in c-axis-oriented MgB, thin films
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We have measured the longitudinal resistivity and the Hall resistivity inatheplane of highly c-axis-
oriented MgB thin films. In the normal state, the Hall coefficier®{) behaves a®k,~T with increasing
temperaturdT) up to 130 K and then deviates from that lindadependence at higher temperatures. The
dependence of the cotangent of the Hall angle is only observed above 130 K. The mixed-state Hall effect
reveals no sign anomaly over a wide range of current densities fréo® A/cm? and for magnetic fields
upto5T.
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. INTRODUCTION been reported for polycrystalline MgBuperconductors*!
Another interesting feature concerning the mixed-state
The recent discovery of superconductivity in MgBvith Hall effect as a probe of superconductivity is the anomalous
a transition temperatureT() of about 39 K! has attracted sign change nedF, as a function of th& and the magnetic
extensive scientific interest in the fields of basic research antield, and its origin has remained an unsolved subject for
applications. Already, several physical properties, such as thever 30 years. The sign anomaly has been observed in some
Hall effect, the thermoelectric power, the magnetization, angonventional superconductorsas well as in most HT$
the magnetoresistance, have been investigated using polilowever, in clean superconductors, such as pure Nb, V, and
crystalline sample&:® However, many experimental results 2H-NbSe, no sign anomaly has been foutOur Hall data
still remain controversial because of the relatively highfor MgB, are more similar to the behavior seen in Nb, V, and
anisotropic nature of this compound. Based on measureH-NbSe, suggesting that MgB might be a clean-limit
ments of the upper critical field for different crystal planesSuPerconductor.

of MgB, single crystal5® and of highly c-axis-oriented In this paper, we report a measurement of the in-plane

thin films? they have confirmed the anisotropic nature of theH_aII effect of MgB,. The measurement was carried out using

MgB, superconductor. These results strongly suggest that th'?e'ghly c-axis-oriented thin films, and we found that the sign

‘ . . : . of the Ry was positive like those of HTS. Also, the,
ph_y5|ca_l properties of Mgﬁ_should be |n\_/est_|gated by either appeared to follow a linear behavior for theegion from 30
using single crystals or high-quality thin films having pre-

. : . i 0 130 K, which is different from the behaviors of polycrys-
ferred orientations. For the Hall measurements, since sizab 8lline MgB, and of HTS. The Hall effect in the mixed state

single crystals are not available and the Hall signal is vernLhowed no sign anomaly over a wide range of current den-
small due to its metallic character, the thin-film form is the itias from 16 to 10* A/cm? and for magnetic field up to 5

best candidate for achieving accurate experimental results.-l—, which is in contrast to the observations in most HTS and
In our earlier work on polycrystalline samplésye con- polycrystalline MgB thin films.
firmed that the majority charge carriers were holelike, which
was consistent with theoretical estimat@ssubsequently,
similar results were also reported for polycrystalline MgB Il. EXPERIMENT
thin films!! To the best of our knowledge, the in-plane Hall B
effect for MgB, has not been previously studied; thus, mea- The MgB, thin films were grown on AlO; (1 1 0 2
surement of theab-plane Hall effect forc-axis-oriented single crystals under a high-vacuum condition of
MgB, thin films should provide significant input for future ~10 7 Torr by using the pulsed laser deposition and the
investigations of its electronic transport properties and vortexyostannealing techniques reported in an earlier pApBipi-
dynamics. cal samples were 10 mm in length, 10 mm in width, and
For highT. cuprate superconductofsiTS), a universal 0.4 um in thickness. The film thickness was measured using
T2 dependence of the cotangent of the Hall angle @9t  scanning electron microscopy. Standard photolithographic
has been extensively discussed. Andetédras proposed techniques were used to produce thin-film Hall-bar patterns,
that this behavior can be explained if two different scatteringwhich consisted of a rectangular st€ip mm in width and 3
rates, a transport scattering time and a Kiatinsversescat- mm in length of MgB, with three pairs of sidearméhe
tering time, are considered, where the longitudinal resistivityupper inset of Fig. 2 below The narrow sidearm width of
(pxy) is determined by the former and the Hall resistivity 0.1 mm was patterned so that the sidearms would have an
(pxy) is determined by both. Most experimental results forinsignificant effect on the equipotential. Using this six-probe
HTS have supported this thedry,*° and it is generally ac- configuration, we were able to measure simultaneously the
cepted that, in the normal state, a €gi~T2 law is universal  p,, andp,, at the samd; thus the co®,, was obtained very
over a wide temperature range. Similar behavior has alsprecisely. To achieve good ohmic contagtsl (1), we
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0 10 20 30 40 ~0.15 K, was observed. The upper inset is a schematic diagram of

T (K) the Hall-bar pattern.

FIG. 1. (a) X-ray-diffraction patterns of MgB thin films. A L . . .
highly c-axis-oriented crystal structure normal to the substrate sur;a_' 4 p (;O%mkg/lwng43 rESIdufasl reshl_st;]wty rau(RIﬁR) t[hRRTh
faces was observe& denotes the substrate peakls. Magnetiza- =Pl ) )] of 3, which was smaller than the

tion atH=4 Oe in the ZFC and FC states. value observed for MgB single crystals:® A very small
(less than 0.5%magnetoresistance was observed in the nor-

coated an Au film on the contact pads after cleaning thénal state at 5 T. , o
sample surface by using Ar-ion milling. After installing a _ TheT dependence of th,, at 5 T is shown in Fig. 3. The

low-noise preamplifier prior to the nanovoltmeter, we OffS€t voltage due to the misaligned Hall electrodes was
achieved a voltage resolution of below 1 nV. The magnetic€liminated by reversing the field from5 T to 5 T (inset of
field was applied perpendicular to the sample surface by ud-i9- 3, and the Hall voltage was taken as the average value,
ing a superconducting magnet system, and the applied cutxy=(V+n—V_n)/2, for all data points. The offset voltage
rent densities were 26-10* A/cm?. The Hall voltage was atH=0 T was very small compared #,, at 5 T, indicat-

found to be linear in both the current and the magnetic fielding excellent alignment of the Hall electrodes. The value of
V,y Was about two orders-of-magnitude larger than that of

polycrystalline bulk samples.Due to our high-resolution

I1l. RESULTS AND DISCUSSION - .
measurements, we were able to interpret our Hall data rigor-

The structural analysis was carried out using x-ray dif-
fractometry, and the results are shown in Figa)l The 60
20

MgB, thin film showed a highlyc-axis-oriented crystal J = 10* Alem? T 40K
structure, and the sample purity exceeded 99% and had only s o /
a minor {101 oriented phase. Figure(d shows the low- Z,

field magnetization atH=4 Oe for both the zero-field- 40 L ] |
cooled(ZFC) and field-cooledFC) states of an MgB film. e

N’\ B R S
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A very sharp diamagnetic transition is observed. Even at a
T* .oo......

high T of 37 K and under self-field conditions, the critical

current density determined by direct current vs voltage mea-

surements was observed to be on the order 8f Alcm?.%

These results indicate that the Mgiims used in the present

study were homogeneous and of very high quality.
Figure 2 shows th& dependence df,, for a MgB, film

atH=0 and 5 T. The upper inset shows the six-probe Hall- 00 50 100 150 200 250 300

bar pattern. Pads 3 and 4 and 5 and 6 were used to measure T (K)

pxy @ndpy,, respectively, while the current was applied be-

tween 1 and 2. The lower inset shows a magnified view near FiG, 3. R, vs temperature of MgBthin films at 5 T. Distinct

the superconducting transition. The on$gtwas 39.2 K and  temperature dependencies of tRg are evident below and above

had a narrow transition width of0.15 K, as judged from 130 K. The data were measured by reversing the magnetic field

the 10% to 90% superconducting transition. At 40, was  from —5 Tto 5T at a fixed temperature, as shown in the inset.

R, (1072 m®C)
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FIG. 4. Temperature dependence of gat 5 T. A clearT? law
was observed above 130 K.

ously. The value oRy was positive over the entife range, 15 20 25 30 35 40
which is consistent with the result of band calculatiths. T (K)
Although the charge-carrier density cannot be determined i 5 wiixed-state(@) py, and (b) pxy Measured at applied
simply within the context of the Boltzmann theory becausey,rent densities of 20 1%, and 16 A/cm? and forH=2 and 5 T.
of the anisotropic band structure and the complex Fermi sulyg sign change was observed, which is different from the case of
face of MgB,, such a calculation would be meaningful for yts.
comparison with other superconductors. At 100 K, Be
was 3x 10 * m®/C, and the hole carrier density, calculated tional to the transport scattering time,) whereas the Hall
from 1/eRy, was~2x10°® holes/cni. The absolute value conductivity (oy,) is determined byr, 7, where the Hall
of the hole density was two orders-of-magnitude larger thamelaxation time ) is proportional to If?. The 7 is
that of YBgCu;0;,%% indicating that MgB has a metallic  mainly governed by spinon-spinon interactions; thus,Tits
superconductor. The average value of jewas consistent dependence is not affected by impurities. As a result, the
with theoretical estimate'S. cot 6(= oy, /ay,) should follow aT? law. Such a universal
As the T was increased from th&, the Ry decreased temperature dependence has been observed in mostHTS,
linearly up to 130 K T*) and then deviated from that linear and the T?> law has been confirmed not to depend on
behavior at higheTl, suggesting that the electronic transportimpurities***°Above 130 K, our experimental data are also
mechanism changes at around 130 K. TiHewas observed in good agreement with &2 law as observed in most HTS.
to be independent of magnetic fields up to 5 T. This feature isiowever, our data cannot be interpreted within the Anderson
somewhat different from previous results for polycrystallinetheory because MgBdoes not have active spins. We also
bulk? and thin-film sample$ for which theR,, exhibited the observe a distinct? dependence of ca, at around 130 K.
sameT dependence over the entiferange from theT. to Finally, we address the transport properties in the super-
300 K. These results suggest that MgBight have different  conducting state. In Fig.(8), we show theT dependence of
transport mechanisms in the in-plane and the out-of-planéhe p,, for magnetic fields of 2 and 5 T and at current den-
directions. A similar distincfT dependence around 150 K sities of 16 to 10* A/cm?. A broad superconducting transi-
was also observed in the thermoelectric powertion is observed, which implies the existence of a relatively
measurementd? the thermoelectric power increased linearly wide vortex-liquid phase in this compound. This result is
with increasingT up to around 150 K and then showed a quite similar to those for HTS. In a separate papene
downward deviation from linearity. This behavior is believedreported that this vortex phase could be interpreted well by
to be due to the different dependencies of the multiband using two distinct regions: a thermal fluctuation region at
contributions to the transport properties; at [dWbelow 150  high T nearT, and a vortex-glass region at Iov Moreover,
K), charge transport is governed mainly by hole carriersve found a very narrow thermally activated flux-flow region,
whereas at highefl, the contribution of electron carriers which was different from the case of HTS.
must be consideret. The corresponding,, data are plotted in Fig. (). No
In Fig. 4, we show thel dependence of cé, at 5 T. A sign reversal was detected in the Hall data measured for
good linear fit toAT?+ B is observed for thd@ range from magnetic fields from 1 to 5 T and over two orders of mag-
130 to 300 K; clear deviation from & dependence is seen nitude of the current density. A puzzling sign reversal has
below 130 K. According to the Anderson thedfywhich is  been observed in the mixed-state Hall effect for most HTS
based on charge-spin separation, charge transport is go(Ref. 18 and even for polycrystalline MgBfilms.** In con-
erned by two separate scattering times with differérde-  ventional superconductors, this sign change occurs mostly in
pendencies. The longitudinal conductivity) is propor- moderately clean superconductors, but is not seen in either
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clean-limit superconductors, such as V, Nb, and Nb®e IV. SUMMARY
dirty-limit superconductors, such as superconducting
alloys® Therefore, the absence of the Hall sign anomaly Using high-qualityc-axis-oriented MgB thin films, we
suggests that MgBshould be categorized as a clean-limit studied the in-plane Hall effect as a function of the magnetic
superconductor. Indeed, a short superconducting coherenéield over a wide range of current densities. The normal-state
length (~50 A) and a relatively large mean free path R, increased linearly with increasifigup to 130 K and then
(250-600 A) have been reported for this compotitd. showed a downward deviation from its linear dependence at
An interesting microscopic approach based on the timehigher T, which is probably due to the distindt dependen-
dependent Ginzburg-Landau theory has been proposed incfes of the electronic states of the MgBompound. Our Hall
number of paper&~?’ According to this model, the mixed- qata were also in good agreement with a &otT? law
state Hall conductivity in type-ll superconductors is deter-gpove 130 K. The mixed-state Hall effect revealed no sign

mined by the quasiparticle contribution and the hydrody-5nomaly for magnetic fields from 1 to 5 T over two orders of
namic contribution of the vortex cores. Since the magnitude of the current density.

hydrodynamic contribution is determined by the energy de-
rivative of the density of staté§;?” if that term is negative
and dominates over the quasiparticle contribution, a sign

anomaly can appear. This theory is consistent with experi- ACKNOWLEDGMENTS
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