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Mixed-state properties of superconducting MgB single crystals
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We report on measurements of the magnetic moment in superconducting $itylBe crystals. We find
woHS,(0)=3.2 T, uoH32(0)=14.5 T, y=4.6, uoH(0)=0.28 T, andk(T,)=4.7. The standard Ginzburg-
Landau and London model relations lead to a consistent data set and indicate thatidvigBlean limit
superconductor of intermediate coupling strength with very pronounced anisotropy effects.
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The recent discovery of superconductivity in MgBRef.  details, cf. Ref. 1h Figure 1a) shows the upper critical field
1) has attracted a lot of attention. Especially the rather higtof MgB, for applied fieldsH,|lc (HS,) andHJab (HZD).
transition temperature of nearly 40 K in such a simple com-H,(T) is determined either from the onset of the supercon-
pound is of interest for applications, but also for an analysiglucting signal in then(T) curve “T.(Hg)" or from the dis-
of the physical mechanism leading to superconductivity. Sevappearance of the superconducting signal in thEH,)
eral experiments indicate a phonon mediasagave BCS curve. The same results were obtained by both methﬂ)@%.
mechanisnt:® Different models are proposed to explain the could be evaluated directly only below 8 T¥21 K in this
particular properties of Mg*® Their correctness has to be casg. At lower temperatures the London theory for the re-
checked by experiments, but only a few results are availablgersible magnetic momenty,, i.e., m;=In(He/Hy), was
on single crystal§-*? used for the sake of simplicity to extrapolate the experimen-
We report on magnetization measurements on single crygal m, data to zero. The very small magnetic moment in
talline MgB, in magnetic fields applied parallel and perpen_higherf!eIQS apd the Iogarithmic be.havior Igad_ to rather large
dicular to the uniaxial crystallographiesc) axis. A detailed uncertainties in the evaluation, which are indicated by error

evaluation allows us to obtain the temperature dependence 8RS in Fig. Ia)é _ _
the most important reversible mixed-state parameters, such 10 0Ptain Hep(0), the data were fEcted to the function
as the critical magnetic fields, the characteristic lengths, thilc2(1) =He2(0)(1-t)#  with  uoHE,(0)=3.18 T [t
Ginzburg-Landau(GL) parameter, and the anisotropy. We = /Tc, Tc denotes the bulk transition temperatute; 3,
will show that MgB, is a clean limit superconductor of in- @1dHc(0) are fit parametefsThe initial slope of the upper

termediate coupling strength with very pronounced anisotéritical  field (k:'“O[‘?Hﬁ/‘?T]Tc) is found to be
ropy effects. —0.112 T/K nearT, thus ugHS,(0)/(kT,)=—0.75. This
Several single crystals of MgBwere grown using high- is close to the weak-coupling BCS resut (-0.73 in the
pressure cubic anvils. Details of the process will be pubclean limit,—0.69 would correspond to the dirty limf. kis
lished elsewher& Two crystals(sampleA:axbxc=660 not very sensitive to the coupling strength and the above
X 570x21 wm?®; sampleB:ax bX c=600x 384x 54 um°) result,—0.75, is actually close to that of the strong-coupling
were investigated by magnetic methods. The transition temSuperconductor PH, of course without considering anisot-
perature T,) of each sample was obtained from the ac susopy effects*® If we apply the same procedure kb, |ab,
ceptibility measured in a 1-T quantum interference deviceve obtainuoH29(0)=15 T. However, the slope was deter-
(SQUID) magnetometer. Sampk shows an onset of; at ~ Mined in this case from the linear region above 1KF(
38 K and a rather broad transition of about 1 K. A linear fit of —0.55 T/K) and the corresponding extrapolated.* of
HS,(T) nearT, indicates a “bulk transition temperature” of 36.1 K, because a strong positive curvatureHfg(T) is
37.5 K [see inset of Fig. ®@]. In sampleB we find T, observed in the vicinity ofT; [cf. the inset of Fig. (@)],
=38.3 K, A T.=0.3 K, and a “bulk T, of 38.2 K. A which represents a well-known feature of anisotropic super-
simple analysi¥' of the slope of the magnetic moment after conductors, e.g., of the high.'s, but also of conventional
reversing the applied field demonstrates that the size of theuperconductors, such as NbThe Fermi surface and the
domain, in which the supercurrents flow without impedanceglectron phonon coupling are usually held responsible for
is identical to the sample size. Furthermore, a comparison dhese anisotropic properties. According to Ref. 18, the high-
the calculated and the measured magnetization in the Meistemperature end dﬂﬁS(T) can be obtained by an anisotropic
ner regime indicates a superconducting volume fraction ofFermi velocity, but not by the coupling alone. A similar
about 100%. The further evaluation of the mixed-state pamodel could possibly apply in the case of MgBut alter-
rameters did not show significant differences between theseative theories are also under discussion. For example, it was
two crystals. shown that both, the two-bahdand the anisotropic gap
The measurements of the magnetic moment were carrieahodel?® can qualitatively describe the positive curvature
outin an 1-T and in an 8-TSHE) SQUID magnetometefor nearT,.
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FIG. 1. (@ Upper critical field forH,c (HS,) and H,Jlab 5
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(Hg2). HEy is obtained from(i) a direct evaluation ofn(T) for T T (K) T (K)

>21 K (solid circles and (i) H3=yHS, for T<21 K (solid
squareg The error bars indicate the extrapolation uncertainties of g5 2. Temperature dependence(@fthe magnetic penetration

the reversible moments measured up to 8 T. The BCS curves agepihs (b) the coherence length&) the lower critical fields from
cording to Ref. 16 are fitted to the ebxperlmental slopéef near  {he GL evaluation and the trapped magnetic moment measurements,
Tc. (b) Anisotropy from SQUID H¢z/Hc,) and torque measure- anq(g) the thermodynamic critical field and the deviation function
ments. (insed and(e), (f) the GL parameters of MgB

The upper critical-field anisotropy=H25/HS, is shown _ )
in Fig. 1(b) (full squares$. It increases from about 1 ne@; ~ branches is rather small, but grows at lower temperatuigs.

to 4.2 at 22 K, in qualitative agreement with previous The angular dependence of the background signal varies
results'®~? The open squares refer to results from torquewith temperature and cannot be determined exactly from
measurements taken in a 9-{fluantum design PPMS  measurements without a sample. However, different data sets
(physical properties measurement systesystem. In this for the background do not change at 5 K significantly.
case, the angular dependence of the reversible torque is fittédirthermore, the torque data were evaluated at several mag-
to the anisotropic London theory with three fit parameters ~ netic fields(0.5-2 1), which would change possible errors
¢,, and\,y, (cf. Ref. 21. The excellent agreement of the due to the irreveresibility, but the differencesynwere very
latter two parameters with results from the SQUID measureSmall (2%). Based on the excellent agreement between the
ments shows the high reliability of the evaluation. Note thatSQUID and the torque data in the overlapping temperature
the torque method does not lead to the anisotropy of théange, we assume thatg/\,,=H35/HS, for T<21 K,
upper critical field, but rather to that of the magnetic penetrawhich allows us to calculatél?} in this temperature range
tion depth {), which can, in general, deviate from [cf. the solid squares fdﬂig atT<21 Kin Fig. (@]. This
H§§/H§2. In MgB,, both seem to be the same, at least forleads toH§§(0)=14.5 T. A temperature-dependent anisot-
T<30 K. The torque indicates a small increaseyofrom  ropy can be described by the two-band model as well as by
4.3 at 20 K to about 4.5t& K leading toy(0)=4.55. How- the anisotropic gap model. However, it was recently pre-
ever, we cannot exclude some small systematic errors in théicted that\./\,, should increase with temperature and
evaluation because of the following reasotis Most of the  reach almost 1 at 0 Kclean limiY in the two-band modef
recorded torque data refer to the irreversible regime. Therewhich is in contradiction to our results, whereas thr)
fore, the reversible signal§ has to be calculated from the behavior depends on the shape of the gap in the anisotropic
irreversible branches at increasing, () and decreasingr(_) gap modef+?°
angles ¢=[7,.+7_]/2). The difference between the two  The further mixed-state parameters can be calculated
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H, // ab b field after successively applying higher external fields and
0 searching for the first deviation from zerotay . The effect
of the geometrical barrier was numerically calculated accord-
K ing to Ref. 31, including a rough estimation of the influence
10 15 20 25 %0 5 | o3 of the anisotropy. For examplelg;/H;=17.7 fory=4.5 in
17 1o e o mie| = sampleA and uoHg, (5 K)=70 mT, not too far away from
A\ &/ & Hiab o ..
oa] | \A 78 s ; the GL r_esult. The geometry effect_s are almost negllglbl_e_ for
LUV 3 Hglab (e, H3’=H3"), which provides an excellent verifi-
S SRR L cation of the GL resultgcf. Fig. 2c)].
ELIN \\:j\ \ Furthermore, the thermodynamic critical field is calcu-
0z \\\K N lated from the GL relationuoH = ¢o/(V87 A apéap) and
. : : 00 : s, found to be 0.28 T at 0 K. Becauﬁe‘z,uoHﬁ/Z (condensa-
oo uoﬁ: (T)°'3 04 00 0z I‘(‘::Ha (01?) 08 10 tion energy, it can also be obtained by integrating the re-

versible magnetizationM(H,), i.e., Af=,u0fg°2MdHa.

FIG. 3. Hysteresis loops of sampk for (a) H,|c and (b) The reversible magnetic moment is either calculated from
H,lab. Inset: Irreversibility line of samplea andB for H,|c and  the irreversible branches of the magnetization in increasing
H,llab. (m.) and decreasingng_) fields in the fully penetrated

state,m,=(m, +m_)/2 (cf. Fig. 3 or directly measured.
from the London theory and some Ginzburg-Landau rela-The results of the numerical integration are shown in Fig.
tions. For instance, the magnetic penetration depth in th&(d) and denoted byd,|c direct andH,||ab direct, respec-
planes {,p) is obtained fronﬁM/am(Ha):qso/(gmgb) for tively. A comparison with the GL results indicates that the
Halc (M=m, per unit volume, $o=2.07x10 *° Vs). London model for the magnetic penetration depth and the GL
Since sampleA shows a reversible magnetization already atrelations forH., and ¢ represent excellent solutions for
very small fields(cf. Fig. 3, N\, can be evaluated in the MgB,. The maximum difference at low temperatures is less
whole temperature range fro5 K to T [see Fig. 2a)]. Afit than 2%. To check the influence of uncertainties rteguin
of A 2(t) leads to\ ,,(0)=82 nm and shows that the tem- the direct evaluatiorigeometrical barrier, flux pinningwe
perature dependence lies in between (tean limiy BCS  replaceM (H,) at 5 K by theseparately measured Meissner
and a typical strong-coupling modéfor T>20 K. Atlow  slope at B<H,<H.(1—D) and by a simple logarithmic
temperatures, however, we find a significant deviation indibehavior atH.;(1—D)<H,<H,,, i.e., we simulate the be-
cating a smaller excitation energy than according to the BC$Havior of an ellipsoidal sample, where the “effective demag-
theory, in agreement with other experimeffté>Again, the  netization factor’D is determined fromM (H,)=—H, /(1
two-band model can descnbe.such a scenario, but our dataD) in the Meissner regime. This procedure redudest 5
would suggest a rather weak '|nﬂqence of the band with thg 44 brings the above difference to almost zero.
s_maller ga_p(UsuaIIy, the contributions of_the two bands are _ The deviation functionD(t)=[H(t)/H.(0)]—[1—t?]
simply weighted and added and the weights are used as f('JIescribing the deviation dfi(t) from the parabolic behav-

6,2 ; ; ; e

param4eter§. ) The anisotropic gap model p.rowdes S|m_|lar ior (two fluid mode) and indicating the coupling strength in

results. Further work on more comprehensive calculations . . . : .
conventional superconductor is shown in the inset of Fig.

including material-dependent parameters are currently und . .
way. The penetration depth indirection is obtained from e?(d)' The maximum from-0.3% to—0.9% lies in between

Ne=Yhap, hencer,(0)=370 nm. The evaluation of, the weak-coupling  —3.5%) and the strong—cqupling re-
from them(T) measurements fd4 |ab confirms the anisot-  SUlt (~+2.5% for Pb. Although we have to consider evalu-
ropy, but is affected by comparatively large errors. ation errors, the results |nd'|cate a clgar dewaﬂpn from the
Further, the(GL) relation uoHS, = ¢o/(277§§b) gives ac- weak-coupllng mod_el, even_lf we consider _the anisotreay
cess to the coherence length in &b planeé,, and in thec ~ Re€f- 4, and is consistent with other experimeffs.
direction £.=&,,/y [Fig. 2b)]. Accordingly, £.,(0) The GL parametekfxlg is defined aff=T,. At lower
~10.2 nm andt,(0)=2.3 nm. temperatures the Maki paramet’ér&%g Heo ! (V2H) and
The lower critical field Hy, can be calculated from X2=[0.5+0.43/(GM/dH,)y ,—0.43D]7* can be used with
woHX =[ o/ (4w N2 [IN(ANap/éa)+0.5] (x=c and 6  ku(Tc)=k2(Te)=«. k1 (=N/§ in the GL model is shown
=1 for H,/lc andx=ab and 5=y for H,||ab), leading to in Fig. 2(e) for H,[c. Linear extrapolations lead te7(0)
woHS(0)=63 mT anduH2’(0)=22 mT [Fig. 2¢)]. A  =8.1 andkj(T;)=4.7. The ratiox7(0)/«3(T.) is 1.72 and
direct experimental assessmenthtf; is usually quite diffi- ~ considerably larger than the BCS valde26 in the clean and
cult, because only the penetration fiedg, i.e., the field at  1.20 in the dirty limit®), but this is not unexpected consid-
which the first flux lines enter the sample can be obtainedering stronger coupling and anisotropyx, depends on the
which depends on the sample geométrthe anisotropy, and slope ofM nearH, and allows a precise determination of
the pinning forcé® We determinedH » from measurements k¢, which is again found to be 4.7 from a linear extrapolation
of the trapped magnetic momefwith a resolution of better to T.. For H,|ab, we get«3"= y«¢ and thereforex3®(0)
than 10%° Am?), i.e., by measuring the moment in zero =37.1 and«3®(T,)=4.7. The errors ink3° are relatively
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TABLE I. Summary of mixed-state parameters for MgB of a difference between the field-cooled and the zero-field-
cooled m(T) measurement were evaluated. The results of

moHH(0) 318 T  peHB(0) 145T T 38 K Fig. 3 (insebd show that the irreversibility line is very low for
moHG(0) 63 mT  weHE(0)  22mT  weHc(0) 0.28 T  hoth field directions.

\:(0) 370 nm  \4,(0) 82 nm v(0) 4.6 In summary, we presented measurements of the magnetic
£.(0) 23nm  £,(0)  10.2nm  y(T.) 1 moments in single crystalline MgBfor fields H,J|c and
«$(0) 8.1 x3°(0) 37.1 k(Te) 4.7 H_.Jlab, and the subsequent evaluation of the basic mixed-

state parameters. The most important results are summarized
in Table I. The general consistency of the data set that is

large in this case because of the very small slope of thdocumented in a p_r_esen_table form, e.g., by the results on the
magnetization neaH.,, but the extrapolation leads t?® thermodynam_lc -cr|t|cal field, suggests-that the standard the-

=5, very close toc®. o_retlcal descrlpthn can be employed in MgBhe dat_a in-

At last, we turn to the irreversible properties of the Mg dicate that MgB is a low-« type-Il superconductor in the
single crystals. Hysteresis curves recorded at different terr/€an limit with an intermediate electron phonon coupling
peratures are presented in Fig. 3 Fog|c andH,|ab. They strength(cf. also Refs. 34 and 35but a very large anisot-
demonstrate the excellent crystal quality by the small hyster"OPY-
esis and the low irreversibility fields in both directions. Note
that all data points presented in Fig. 3 were measured in the We wish to thank F. M. Sauerzopf for useful discussions
fully penetrated state. According to the Bean mddlél. is  and H. Hartmann for technical assistance. This work was
assumed to be constanthe critical current density in the supported in part by the Austrian Science FoundatfewF
planes can be calculated from the irreversible magnetic moProject No. 1442p the Austrian Exchange Servi¢® EAD
ment (m;=[m, —m_]/2). For rectangular samples we use Grant No. 27/2000) the European Commissiofprogram
Jo(B)={m;(B)/Q}{4[b(1—-b/3a)]} (sample volume:Q Grant No. ICA1-CT-2000-70018, Center of Excellence CEL-
=abc), and get 1.410° Am~? at 5 K in theremnant state DIS), the TMR Network SUPERCURRENT, and the Swiss
for both samples. To obtain the irreversibility line, the onsetsNational Science Foundation.
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