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Anisotropic resistivity and Hall effect in MgB , single crystals
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We report resistivity and the Hall-effect measurements in the normal and superconducting states, of MgB
single crystals. The resistivity has been found to be anisotropic with slightly temperature-dependent resistivity
ratio of about 3.5. The Hall constant, with a magnetic field parallel to the Mg and B sheets, is negative in
contrast to the holelike Hall response with a field directed along thes, indicating presence of both types
of charge carriers and, thus, the multiband electronic structure of,M@Be Hall effect in the mixed state
shows no sign change anomaly, reproducing Hall-effect behavior in clean limit type-Il superconductors.
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Following the recent discovery of superconductivity atc axis and along thab planes in both the normal and super-
about 39 K in magnesium diboritiearious properties of this conducting states.
compound have been extensively studied. Early observation MgB, single crystals were grown as described
of the boron isotope effettlearly indicated the important previously??> Several platelike crystals of dimensionsd.5
role of the electron-phonon interaction in MgBSubsequent X 0.1xX0.03 nni were selected for the in-plane transport
measurements of specific hdat!B NMR,* and Raman measurements, while in experiments with the current parallel
scattering provided evidence fors-wave order-parameter to thec axis we used thicker crystals0.2x 0.1x 0.1 mn?
symmetry. However, more recent studies of quasiparticlén size. All the crystals had., defined as the resistivity
tunneling®’ specific heat® and penetration depthre-  onset, of about 38.8 K withAT,<0.3K. Stable, low-
vealed unusual features indicating a double-energy supercoresistance(~1-2 Q) electrical contacts were made using
ducting gap. Theoretical studies also give support for thigjold or silver paste. For the measurements of the anisotropic
scenario. In particular, the existence of two superconductingesistivity, the contact configuration with two contacts on
gaps in MgB with a smaller one on the three-dimensional bothab planes of a crystalsample 1 was used, as shown in
(3D) tubular network and a larger one on the 2D sheets wathe inset of Fig. 1, ang,, and p, were obtained from the
predicted by Liu, Mazin, and Kortus from first-principles Montgomery-type(MT) analysis. In our Hall-effect experi-
calculations'? ments the Hall resistivity;; was extracted from the antisym-

In spite of the quite complex electronic band structure ofmetric part of the transverse voltage response under

MgB,, results of theoretical calculatiolfs™® and direct ~magnetic-field reversal, and the Hall constRfftwas calcu-
studies of the Fermi surface in angle-resolved

photoemissiotf and de Haas—van Alph&hexperiments are

in good agreement. To further understand the electronic 15F 400t E..-»E’"-
structure of MgB it is crucially important to know the na- e
ture of the charge carriers in this compound. Hall-effect mea- @ ,_,.j"”
surements are a powerful tool to obtain such information. _ gz 200 &
Recently the Hall effect in MgB has been studied using E 10f 4 .
hot-pressed polycrystallitgand thin-film®?° samples. All q I —— 5 om
these experiments gave a positimlelike) sign of the Hall P 0 50 100 150 200 zsod...ﬂ" o #1
effect and about a one-order-of-magnitude lower value of the = T(K) -1 ° #2
normal-state Hall constant, compared to Idw-supercon- e 5 ra oo
ductors, such as NBn and NgGe. However, the other fea- p;ﬂg.-ﬂ‘”m Pub .,;@%?a""'@'
tures of the reported Hall effect of MgBare rather contra- Y- e _._gé-&-ﬁ'"'
dictory. In particular, thel dependence of the Hall constant " b,(,,g..b!é'&%'

: —20 - YN YN LS,
differed among the reported ddfx?°Also, in the measure- 2 i

ments belowT, Jin et al!® observed a sign change of the 00 50 00 150 200 250
Hall constant before it reaches zero, while Kagigl. found

no sign reversal in their study of the Hall effect in the mixed
state?

T(K)

. o ] FIG. 1. Zero-field temperature dependence of the in- and out-
The anisotropy of the upper critical field of Mgls well o hjane resistivities of MgB single crystals deduced from the

established nO\Rﬁ_ze’_ The aVa||ap|||ty of MgB S'f‘gle Montgomery-type analysis for sample 1. For comparisap(T)
crystal$® opens a unique opportunity to study the anisotropygependence obtained from the measurements with homogeneous
of the electrical transport properties of this compound. Herén-plane current on sample 2 is also shown. Dotted lines represent
we report measurements of the in-plang=p,p and out-of-  Bloch-Grineisen behavior as obtained from Ed). Inset: Defini-
planep,,=p. resistivity of MgB, single crystals as well as tion of contact arrangement and raw current-voltage data for sample
the Hall effect with the magnetic field applied parallel to the 1.
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lated astj'zpij /H. The in-plane Hall-effect measurements 240 SF—— :
(sample 2 were performed with a homogeneous current par- &
allel to theab planes and magnetic fields directed alongdhe 220{ *®°e S ooy e
axis. In the Hall-effect study withH parallel toab planes, Q e, g 40 y_,a--"’""
both the out-of-plane Hall resistivity componepts andp,, :s 200 ®e 20F oo
were obtained from the measurements with homogeneous=_ LR o —
current parallel to theab planes (sample 3 and ¢ axis T o0 20 40 60 80
(sample 4, respectively. The experiments were carried out in =, 180 .. T (10°K’)
a Quantum Design physical property measurement system in sample 2 (H//c, I//ab) L
magnetic fields up to 9 T with the sample mounted on a 160 ¢ e,
horizontal rotator. Current-voltage response was recorded us-
ing the usual low-frequencyl7? Hz) ac technique with an o
exgllthatlon _current_ of 0.5—_1 mMA within a_l|r_1e_ar regime. o = sample 3 (E/ab, U/ab) . L]

e anisotropic behavior of the resistivity of the MgB m=.1000 © sample 4 (H//ab, I/c) .
single crystal is illustrated in Fig. 1. The inset of Fig. 1 _& a
presents raw data obtained from the two sets of measure-"s o
ments with current injected along thab planes (1) and Sx .=
parallel to thec axis (1,3). Due to the combined effect of the 2150 .
contact configuration, crystal geometry and resistivity anisot- :p‘?: - .
ropy values ofR;=V3,/l1, and R,=V,,/1 5 are rather dif- B, o
ferent, with a slightlyT-dependent ratidr, /R,~6. To ex-
tract values of the,, andp., we used the MT analysfé:%® -200) 50 100 150 200 250 300
Since the electrical terminals cover a significant portion of T(K)

the sample surface, the finite contact size was taken into
account. In our calculations we assumed uniform current in- FIG. 2. The in- and the out-of-plane Hall constants, as a func-
jection within the contacts area. We also supposed that thgon of temperature in the normal state of Mg8ingle crystalgtop
voltage contacts did not disturb the current distributionand bottom panels, respectivelyThe out-of-plane Hall response
within the sample and thus probed the averaged value of th@as measured on two crystals with current parallel toathelanes
potential at the interface between the sample and voltagsample 3 and | parallel to thec axis (sample 4. In accordance
terminal. Both assumptions were safely justified by the higtwith the Onsager relation, the data for both samples demonstrate
conductivity of the crystal compared to the contact resisclose agreement within experimental error. Inset: Temperature de-
tance. pendence of cad, at 5 T. The line is a linear fit at intermediate
Obtained from our analysis, results fog,(T) andp.(T)  temperatures of 150-220 K.
are shown in the main panel of Fig. 1. Close agreement be- _ .
tween resistivity data for samples 1 andclculated from sult dempnstrates the importance o_f .th.e_ EP scattering for
the MT analysis and directly measured with homogeneou80th the in- and the out-of-plane resistivities.
in-plane current distribution, respectivelyives proof of the A striking anisotropy is observed in the normal-state Hall
validity of our analysi€® From Fig. 1 one can see the pro- effect. Shown in Flg. 2 are the in- _and the out-of-plane Hall
nounced resistivity anisotropy of the MgBsingle crystal. constants vdl, obtained fr_om_ the linear dependem_:e of the
Just aboveT, we obtain a resistivity ratiope/pa,=3.6 Hall response on magnet_lc fields up_;oo 9 T. at various tem-
+1.0. The rather small and monotonic decrease of this rati§eraiures. As in the previous studfés? the in-plane Hall
with temperature, down te-3.4 at T=273 K, suggests a constant has been fon_Jnd to be positive, while the out-of-
similar temperature dependence fQk, andp., and thus the plane Hall response withl parallel to ‘he?‘b planes .ShOWS
same scattering mechanism for the in- as well as the Out_O{J-type charge carriers. To understand this two-carrier behav-

lane charge transport. Actually, b T) and o.(T) for iorin more detail, let us fir;t consider the Hall effect in a two
I?/IgB maygbe fairI)F/) well desc%begp%;/(a)Blocﬁf((}n)alisen parabolic band model with both electrons and holes as
(BG)zexpression for resistivity? charge carriers. In this case the Hall constant is a sum of the

contributions from each band,

Op/2T ) H_ 2 2 2
p=p0+C*(47T)2(2T/®D)5f x¥/sinkP(x)dx, (1) R™=(pup—nup)/ec(pup+nu,)”, v

° wheree is the carrier charge; is light velocity,n andp are
where®y, is the Debye temperaturpg is the residual resis- the densities of electrons and holes, respectively,andnd
tivity, and C is a proportionality constant. The dotted lines in u, are the corresponding mobilitié.From Eq. (2), the
Fig. 1 represent BG behavior as obtained from @g.with  positive or negative sign of the Hall constant comes from a
the same® =880 K,?” and different valueg, of 0.69 and balance of the hole and electronic terms. Thus, opposite
2.62 uQ) cm, and constar of 0.25 and 0.8u{) cm forp,,  signs of the Hall response in two magnetic-field orientations
andp., respectively. Thus, in agreement with theoretical cal-may be obtained if one suggests strongly anisotropic mobil-
culations of the electronic structure and electron-phonority for at least one type of carrier. ThHedependent behavior
(EP) interaction in magnesium diboritfe* the present re- of both Hall constants is also expected within a two-band
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model, taking into account a possibility of differéehtdepen-
dencies of the hole and electron mobilities in E2). Actu-
ally, the situation for MgB is more complicated compared to

a simple two parabolic band model since the Fermi surface
of this compound consists of two quasi-two-dimensional

hole sheetgo band$ and two three-dimensional light hole
and electron honeycombsr band$.127° In this particular

case a nearly isotropic mobility for both types of carriers
from 7 bands as well as a strongly anisotropic mass and,

thus, an anisotropic mobility far-band holes is expected. In

fact, the results of computing the independent components of  ¢.1}

T
5T
the positive in-plane Hall response, while the prevailing con- i”‘“' P, e e

the Hall tensor for MgB within a rigid-band schente show
that anisotropic contribution of the holestates dominates in

tribution of the electronier band results in tha type of Hall
effect withH parallel to theab planes. Thus, our observation

of two-carrier behavior is qualitatively supported by the band Qf(’) 1l
theory considering MgBas a multiband metal. Assuming no

contribution from the electrons and holes to the in- and out-
of-plane transport, respectively, we can also estimate from

Eqg. (2) the upper limit of electron and hole densitiesras
~3.4x10%? cm 2 andp~2.6x 10?2 cm 2 at T=40 K. Ob-
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tained values are about one-order-of-magnitude lower than FiG. 3. Upper panel: The mixed-state temperature dependence
the previously reported carrier density for bulk and thin-film of p,, andp,, at various magnetic fields ¢from right to leff 0, 1,

MgB, samples®-?°This difference does not look surprising,

15,2,25,3,35,4,45,and 5 T parallel to thaxis and of(from

since the apparent Hall coefficient derived from the measuredght to lefi) 0, 2, 3, 4, 5, 6, 7, 8, and 9 T parallel to thb planes,
ments on polycrystalline samples with randomly orientedrespectively. Lower panel: The in- and out-of-plane Hall resistivi-
grains could represent a sum of the in- and out-of-plane Hallies at the same fields.

responses of opposite polarities, thus, resulting in overesti-

mated carrier density.

tudinal and Hall resistivities. As reported previodsly,,

We would also like to point out that the different signs of exhibits a remarkable broadening of the superconducting

the in- and out-of-plane Hall constants in MgR:semble the
Hall effect in YBaCu;O;_ 5 with p- and n-type Hall re-
sponses obtained in studies wkhparallel to thec axis and
ab planes, respectivefy*° However, this similarity does not
extend to theT dependence of the Hall effect in MgEnd
the highT, superconductoréHTS). In particular, studies of

transition in a magnetic field. Measured simultaneoysjy,
was found to be positive in the entire transition region, and
with decreasing temperature monotonically decreased to
zero. Data for the out-of-plane Hall effect display a very
similar behavior, except for the negative sign of the out-of-
plane Hall constant, a smaller transition width, and a higher

the Hall effect in various HTS revealed an anomalouslytransition temperature in a magnetic field of the same mag-
strongT dependence of the in-plane Hall constant, which justitude. In striking contrast to the Hall voltage sign reversal

aboveT, can be turned into a simpl& dependence of the
cotangent of the Hall angle, cat=py./py, (for a review, see
Ref. 31). According to Andersor? this unusual behavior of

previously reported for MgBfilms'® our results for both the
in- and out-of-plane Hall effects do not show sign change.
However, as we already mentioned, the anomalous Hall-

the Hall effect in HTS was interpreted as a result of theeffect behavior in polycrystalline MgBsamples may have
existence of two distinct relaxation time scales. On the conan extrinsic origin reflecting a possible mixture of the in- and

trary, for MgB,, coté,(T) does not show @2 dependence in

out-of-plane Hall responses of opposite polarities.

a broad temperature range as obtained from our resistivity In conventional superconductors the Hall-effect sign

and Hall-effect measuremerisee inset in the upper panel of

change anomaly nedr, was reported for moderately clean

Fig. 2).23 Furthermore, th& dependence of the Hall constant superconductors with a ratibé,=0.5+5, wherel is the

in MgB, and HTS seems to be of completely different ori-

electron mean free path, ang) is the coherence length,

gins. As mentioned above, in a multiband metal, such asvhile a sign reversal does not occur in either the clelan (
MgB,, the T dependence of the Hall constant may come>¢y) or dirty (I<&p) limits (see Ref. 35, and references
from the differentT dependencies of the hole and electrontherein. For MgB,, the in- and out-of-plane coherence
mobilities. Such a possibility was recently suggested in dengths were found to be-68 and~23 A, respectively?

model of electric transport in MgBbased on the assumption
of a large difference in the scattering rate of teand =
bands and extremely smattr scattering®*

Using data for anisotropic resistivity and carrier density ob-
tained from our normal-state measurements, and the Fermi
velocity of 4.9<10 cm/s parallel to theab planes and of

Finally, we present results of the Hall-effect measure-4.76x10’ cm/s along thec axis® we estimate the corre-

ments in the mixed state of a MgBingle crystal. Shown in

Fig. 3 areT dependencies of the in- and out-of-plane longi-

sponding to be~700 and~180 A just aboveT, and, thus,
I/£,~10 for both directions. From this analysis we can con-
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clude that the absence of the Hall-effect sign change itMeasurements of the normal-state Hall effect witlparallel
MgB, is in good agreement with the empirical correlationto theab planes and t.he axis revealed the presence of bo;h
between microscopic material parameters and the mixedypes of charge carriers. In agreement with the theoretical

state  Hall-effect  behavior
superconductor®

In summary, the in- and out-of-plane electrical transpor
properties of MgB single crystals have been studied. We
found substantial resistivity anisotropy with a resistivity ratio

pel papn=3.5. Bothp,, andp, display similarT dependencies

reported  for

type-II Prediction this result clearly demonstrates the multiband
electronic structure of MgRB In the mixed state the in- as
tWeII as out-of-plane Hall constants display no sign change
anomaly reproducing the Hall-effect behavior in clean limit
type-1l superconductors.
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