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Reversible magnetization of MgB single crystals with a two-gap nature
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We present reversible magnetization measurements on, Migigle crystals in magnetic fields up to 2.5 T
applied parallel to the crystals axis. This magnetization is analyzed in terms of the Hao-Clem model, and
various superconducting parameters, such as the critical field®) andH.,(0)], the characteristic lengths
[£0) and A (0)], and the Ginzburg-Landau parameter,are derived. The temperature dependence of the
magnetic penetration dep(T), obtained from the Hao-Clem analysis, could not be explained by theories
assuming a single gap. Our data are well described by using a two-gap model.
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. INTRODUCTION single crystal$?® and therefore accurate determination of
superconducting parameters can be carried out using single

MgB, with a superconducting transition temperatufg)(  crystals. In an earlier st_udy on_single crystals, thes_e param-
of 39 K! has attracted great attention because it has severgfers have been determined using the London miidgihce
notable features compared to conventional superconductor§!® London model only considers the free energy from elec-
First of all, its T, of 39 K may be too high to be explained tromagnetic contributions and ignores the free energy of core
within the conventional electron-phonon mechanism. TherePa(ts, which becomes quite important in lown=\/§) ma-
fore, an unconventional pairing mechanfswas proposed as tena'ls suph as .MQB a descr|pt|o'n' W'th'.n the London qug:l
a possible candidate of theoretical description. However aﬁas inevitable limitations. In addition, since the upper critical
early isotope experiment ruled out the unconventional theor .elds of MgB, single crystals are quite small, the magnetic

and showed that the main driving force for the superconduc—'eIds applied in that experiment are far above the range of

T oy ; the London model. Therefore, a more complete model, such
tivity is electron-phonon coupling? Furthermore, it was

ted that th isot in the elect h as Hao-Clem’s general model, which considers the free en-
suggeste at the anisotropy In the €electron-p o5r1c7)n COl{e'rgies both from the electromagnetic part and from the core
pling plays an important role in the unusually high.

X : part is needed. The field range of this general model contains
Another notable feature of MgBis its multigap property.  hoth the low field London limit and the high field Abrikosov

A number of theoretica®® and experimental |imit.

investigationd~*° suggest that MgBhas two different super- In this paper we present reversible magnetization mea-

conducting gaps: a larger gap originating from a two-surements on MgBsingle crystals withl ,=38 K. The weak

dimensional cylindrical Fermi surface with an average gaminning property of our single crystals enabled us to have a

value of 6.8 meV and a smaller gap associated with a Fermiide reversible region in the magnetization data. To calculate

surface of three-dimensional tubular networks with an avermore reliable superconducting parameters, we applied the

age gap value of 2.5 meV. Recently, direct evidence for twdHao-Clem modél based on the Ginzburg-LandaGL)

superconducting gaps was obtained from several measurtheory to the magnetization. Using applied fields up to 2.5 T,

ments, such as specific héét, penetration depth’'®  we obtained superconducting parameters such as the critical

tunneling?®?° point-contact spectroscopy,and photoemis- field H,(0) and the coherence lengé0). We also investi-

sion spectroscopy?® on MgB, single crystals and thin gated the temperature dependence of the penetration depth

films. N(T) and found that our data are well described by using a
In addition, MgB, is a very interesting system regarding two-gap model.

its vortex phases. Like higlz superconductors, MgBis

reported to show various vortex phadésyortex phase

transitions?®> and even peak efféct?’ as a precursor of the

vortex melting transition. In this sense, MgBnay offer a Single crystals were grown using high pressures as de-

unique opportunity to study the interplay between the vari-scribed earlief®?° Briefly, a 1:1 mixture of Mg and amor-

ous vortex phases and the two superconducting gaps. phousB powders was well ground and pressed into a pellet.
To understand the vortex dynamics in MgBaccurate The pellet was put in a BN container and then placed in a

determination of a material's parameters and its temperaturgigh-pressure cell equipped with a graphite heater. The

dependence is necessary. Thermodynamic parameters suchsasnple was heated to a temperature-df500 °C for 60 min

the thermodynamic critical field and the magnetic penetrainside a 14-mm cubic multi-anvil-type pregRockland Re-

tion depth can be determined by the reversible magnetizatiosearch Corp.under 3.5 GPa. After the heat treatment, the

study. Due to strong pinning, the measurements cannot bsample was slowly cooled t& 900 °C at a rate of 2 °C/min

carried out using thin films and polycrystalline sampte®n  followed by a fast cool to room temperature.

the other hand, the pinning is orders of magnitude lower in Two sets of single crystals were investigated using mag-

II. EXPERIMENT
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FIG. 1. Tempera@ure dependence of low-field magnetizationgence of the upper critical fielti., and the irreversibility
47M/H, of a MgB, single crystal foH=10G. T.,=37.9 K and field H,, of MgB, H.(T) (in this paper,H., refers to
ATe (10_9(.) %)-14K. Inset temperature dependencéigj and _Hcoc) was determined from the onset of superconductivity
Hirr .determ'ned from th.e magnetization measurement. The soli n the 47M(T) curves obtained at different fields. A linear fit
line is a BCS-type function witlhic,(0)=2.80 T. of He(T) near T, indicated a “bulk” T, of 37.1 K.
2(0) was determined from the BCS-type function
2(T)=He(0)[1—(T/T) %143 using the bulkT,, with
H.,(0), a, andpB as fitting parameters$d .,(0) was found to

netization measurements. In the first set, we collected teH
relatively hexagonal-shaped single cryst&lwjith typical di-

mensions of 208 100X 25 um?® on a substrate without an L gl _ .
appreciable magnetic background and with theiraxis be 2.80 T withaw=1.9 andB=1.2, which are in a reasonable

aligned perpendicular to the substrate surface. The total vol8nge. The.irreversible ﬁg‘.lﬂiff(T)’ Whedre the ZFg gnd F.C
ume of the collected single crystals was carefully calculated@gnetizations start to diverge, was determined by using a

based on the images obtained using a polarizing optical mgiMPle criterion ofMec/Mzec=0.95, from the 4rM(T)
croscope. g gap g op curves obtained at different fieldsl;, approachedd.,(0)

In the second set, we mounted a shiny and flat, but noli)elow 10 K which results in a narrower reversible region at
hexagonal-shaped, single crystal with dimensions of god <10K.
X 300X 60 um® on a substrate. The values ®f and the Figure 2 S_hO\_NS the temperature depe_ndence .Of the revers-
transition widthAT. (10-90% determined from the low- lble magnetization, 4M(T), measured in the field range
field magnetization data were 36.8 and 2.5 K for the first seP:1 TSH<2.5T. Temperatures corresponding to the irre-

and 37.9 and 1.4 K for the second set. Regardless of slightly€rsiPility line are indicated by arrows. The curves shift to.
different values ofT,, these two sets of crystals did not ower temperatures as the field is increased and this feature is
c»

show any significant differences upon the magnetizatiorpiMilar to that for conventional SUPefC°”3§UCf°5fa”d for
analysis reported below. Therefore, in the following we dis-Infinite-layer superconductor g8y ,CuG,.™ An observed
cuss data obtained from the second set. systematic shift of the magnetization is a typical mean field

The measurement of the reversible magnetization was caPehavior in cor}ventional superconductors, but is quite differ-
ried out by using a superconducting quantum interferenc&nt from the hight,. superconductors. The thermal fluctua-

device magnetometefQuantum Design, MPMS-XLwith ton effect® observed in most cuprate superconducfor®
the field parallel to the axis of the samiole. is not significant in this system. The slope of magnetization,

d(47-rM)/dT|Tc, is found to vary with the field and decreases

by one order of magnitude as the magnetic field is increased
from 0.1 T to 2.0 T, which is not expected from both the
Figure 1 shows the zero-field-coolg@FC) and field-  Abrikosov and London models. This is because the field
cooled(FC) magnetizations measured at a field of 10 G. Therange applied in this experiment covers from the low-field
onset of superconducting transition is at 37.9 K with a tran{London limit to the high-field Abrikosov limit.
sition width AT, (10—90%)-1.4 K. At T=5K, the value To analyze magnetization data obtained in a wide field
of 47M/H for the ZFC is around 3 due to a demagnetizationrange, the Hao-Clem modélwas applied. By considering
effect. The calculated demagnetization factor is about 0.67ot only the electromagnetic energy outside of the vortex
and this large value is consistent with the platelike shape ofores, but also the free energy changes arising from

IIl. RESULTS AND DISCUSSION
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FIG. 3. Temperature dependence of the thermodynamic critical F!G- 4. Temperature dependenceioéalculated from the Hao--
field, H,(T). The solid line representsH(T)=H.(0)/1 Clem model. A theoretical calculation with the two-gap model is

—(TITY)?). Inset: Magnetization—47M’=—47M/vVZH, Vs ex- shown as a solid line. The formula of the curve is given in the text.
ternal magnetic fieldHd’ =H/v2H, . The solid line depicts the uni- Inset: temperature dependencend{0)/\?(T) calculated from the
versal curve derived from the Hao-Clem model using6.4. Hao-Clem model. The solid line represents the two-gap model. The

theoretical curves by the two-fluid modélashed and the BCS
model (dotted are also drawn.

the cores, this variational model permits a reliable descrip-

tion of the reversible magnetization in tleetire mixed state

and an accurate determination of the thermodynamig: _ N ]
parameterd237:3 field slope as @Hc,/dT)r =—-0.11+0.01 T/K. Since

In the Hao-Clem model, the reversible magnetization inHcz2(T) for Hilc determined from the #M(H) data shows a
dimensionless form, #M’=47M/v2ZH(T), is a universal Nnearly linear behavior neaf, similar to the previous re-
function (temperature independgnof magnetic field,H’  Ports on single crystaf§;*'we used the Werthamer-Helfand-
=H/vZH(T), for a given value of the GL parameter>  Hohenberg(WHH) formula® to estimateH,(0). In the
Experimental 4-M versusH data obtained at each tempera- WHH formula, H¢»(0)=0.5758(1/x) T¢[dHc, /dT|r_ and
ture were fitted to the Hao-Clem model with,(T) andk as  ,/« is 1.26 and 1.20 in the clean and the dirty limits, re-
parameters. If the value ot is appropriately chosen, the spectively.H.,(0) was calculated to be 2.88.12 T in the
values ofH(T) should be the same for different fields, and clean limit, which in turn, the value of coherence lengté)
the _optlmum value o_fc is o_btalned to give the smallest de- pecame 10.20.4 nm as deduced using the relatig(o)
viation of H.(T). U;lng this procedurer was found to be =[ ¢o/2mH »,(0)]Y2 The value ofH,(0) estimated from
_nearly temperature independent with an average va_llue of 6#e Hao-Clem model was consistent with the value of
in the temperature range of 12K <31 K. Using optimum , ~ 9y gptained from the magnetization measurements

values ofH(T) 4wM(H) data obtfauned at different tem- H.»(T) (inset of Fig. 1, supporting the validity of the Hao-
peratures were seen to collapse into a single curve Whe&lem approach. The little lower value bf,,(0) than those
plotted as 4-M’ vs H'. Experimental data plotted in this ) c2

manner are shown along with a theoretical Hao-Clem funcpf previous report®** may indicate that our crystals were

tion corresponding to the average valuexoin the inset of relatively f_r ee of defects. .
Fig. 3. It is obvious that our data cover a wide field region EMPloying the values oH(T) and « obtained from the

from the London limit wheréd<H,, to the Abrikosov limit ~ H20-Clem model, we calculated the magnetic penetration
where H~H,. The slight deviations from the universal d€PthA(T) (in the following, A refers to,p) using the
curve at both ends of the data were caused by using th@lation \(T)=[x¢o/2v2mH(T)]" where ¢ is the flux
averagex. guantum. The result is shown in Fig. 4. The temperature

Figure 3 shows the thermodynamic critical fiéld versus ~ dependence ok has been controversial, and quadratic, lin-
the temperature plot obtained from this analysis. The largear, and exponential dependences have been repfted?
errors ofH, at low temperatures were caused by the scatter- For a system like MgBwhich is found to have two dif-
ing of data due to stronger background contributions inferent gaps, the existence of two gaps should be reflected in
higher magnetic fields and by taking the averag&he solid \(T) in the following way: the large gap has a significant
line represents the fit of the temperature dependeneg &6  impact on\(T) at higher temperatures while the temperature
Ho(T)=H(0)|1— (T/T.)?].%° The result forH(T) yields dependence of for T<T, would be dominated by the small
H.(0)=0.23T andT.=37.0K, which corresponds to a gap. Therefore, we tried to apply the two-gap moted
slope ofdH./dT=—0.012 T/K nearT.. By using the rela- describe oun(T). Here, the theoretical(T) was calculated
tion H.,(T)=v2«H(T), we calculated the upper critical using
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TABLE I. Transition temperatur&,, the GL parametek =\/¢&, the thermodynamic critical field .(0),

the upper critical fieldH.,(0), thecoherence lengtl§(0), and the penetration depi{0) of MgB, derived
from the reversible magnetization.

T dHc, /d T, Hc(0) Hc(0) £(0) AO)

Cc
(K) K (T/K) (T (M (nm) (nm)
37.9 6.4-0.6 —0.10-0.01 0.23 2.860.1F 10.7+0.4° 76.£
37.1° 2.8¢f 10.¢

3 rom low field magnetization.

PBulk T,: from a linear fit ofH,(T) nearT,.
“Assuming the BCS clean limit.

dFrom He,(T).

®From the two-gap model.

o 9 then a downward curvature up t00.5T/T, reflect a higher
)\_Z(T)/)\‘Z(O)=1—2{01J (— a_E) Ds(E)dE contribution of the small gap to the superfluid density. For
As comparison, the two-fluid modal?(0)/A%(T)=1—(T/T.)*
o of and the BCS predictions are also depicted. Even though a
+ (1—C1)J ( - a_E) DL(E)dE}, direct comparison with the theoretical models is not possible
A at low temperatures due to lack of data belowTdR., our
(1) data show obvious discrepancies from the two-fluid model

. : . I nd a single-gap BCS theory. All the parameters determined
wherec;, is a parameter which determlnes the contrlbutllon ofﬁq this study are summarized in Table I.

the small gapA; is the small gapA, is the large gapf is

the Fermi-Dirac distribution function, andDg,(E)

=E/[E?—-A%,,]"% Each parameter was allowed to vary IV. SUMMARY

only within a certain range determined from the earlier The reversible magnetization of MgBingle crystals was
results.”**?°The two-gap model using E¢l) describes our measured for magnetic fields up to 2.5 T. The reversible
A(T) relatively well over the whole temperature region asmagnetization was analyzed using the Hao-Clem model.
plotted as a solid line. From this, we obtained the gap valueyarious superconducting parameters derived from this analy-
Ag=1.9meV andA =6.1 meV with relative proportion 4:6 sjs are summarized in Table I. The temperature dependence
and these gap values are in agreement with values obtainedl A determined using Hao-Clem approach was found to be
by other experiments:*"-1#2°%?The contribution of a small ell described by a two-gap model with gap valuas

gap is manifested by a plateau at low temperatures anet 1.9 meV andA, =6.1 meV.

nearly the same relative proportions of two gaps were re-
ported on polycrystalline and single cryst&l4srom the two-
gap model\(0) of 76.4 nm was obtained.

The inset of Fig. 4 shows the temperature dependence of We thank P. Chowdhury and Mun-Seog Kim for many
A2(0)/\?(T), which represents the normalized superfluidhelpful discussions. This work was supported by the Minis-
density of MgB,. As expected from Fig. 4, a good agree- try of Science and Technology of Korea through the Creative
ment with the two-gap model is achieved. A little plateau andResearch Initiative Program.
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