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The first penetration fielH,) has been deduced from local magnetization and specific heat measurements
in magnesium diboride single crystals. Hﬁf, the geometrical barrier€GB) play a dominant role in the
irreversibility mechanism. In thin samples, neglecting the GB in this direction would then lead to a large
overestimation oH¢, deduced fronH, through the standard elliptical formula. The lower critical field is found
to be isotropic at low temperatufe-0.11+0.01 7.
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MgB, is the first example of a superconduci@i,~39 ering only those “elliptical” demagnetizing effects can lead
K)! presenting two distinct superconducting gapsdeed, it  to an overestimation of., due to the presence of surface
is now well established that MgBs characterized by a com- [i.e., Bean-Livingston(BLB)]® and/or geometrical barriers
plex Fermi surface showing two sections: a three{(GB).*' GB are particularly important in thin samples as
dimensional(3D) tubular network of mostly boronr states  this overestimation is expected to vary\as/d (Refs. 10 and
and two-dimensional2D) cylindrical sheets derived mostly 11) (where 2v is the width of the samp)e Indeed, in
from borone states. The coexistence of those two gaps withsamples with rectangular cross sections, flux lines first pen-
different anisotropies leads to amomalous decreassf the etra_tg into the sample through the sharp corners, Ieadmg_to a
anisotropy of the upper critical field(Hg) —with posmop(x) dependent vortex energy per unit length reaching
temperaturé: On the contrary, we have recently shdtiat @ maximum for[x| ~w-d/2 (x being equal to zero at the
the anisotropy of the lower critical fieltH,) increasesby centgr of the samp)e?® The resulting bamer_decreases with
about 50% betwee5 K andT,. Nevertheless, the absolute 2PPlied field but delays the vortex penetrati@s compared
values ofHS,(0) (parallel to thec axis of the crystal and to samples with elliptical cross sectignshe magnetization

H?{’(O) (in the basal planestill had to be to determined ac- atH=H, Is larger j[haanl and the elliptical equatiofiEq.
curately.T'y, (0)=HS,/H2 is a very important parameter in (D] is thus not valid anymore.
the t y.b Hcld cl Cé ¢ y Imp hi Eh b It has, for instance, been shown by Zeldshal 12 that GB

1€ two-band superconductor s(scenano, which has been prBIay an important role in BiSrCaCuO crystals. To measure
dicted to be close to 1 at low.® However, previous mea-

; il wals led 0 | : realibly the absolute value d¢i.; in MgB,, it is thus neces-
surements on single crystals led ki, (0) values ranging sary to determinine the origin of irreversibility in this sys-

from 0.05 (Ref. 7 [with 'y (0)~1] to 0.25 T [with (o Wwe used a Hall probe array to get the field distribution

Iy, (0~2]8 in the samples, and we clearly show that, for low external
In samples with elliptical cross sectiorntd; can be de- fields H,llc, GB play a dominant role in the irreversibility

duced from the first penetration field,, assuming that the mechanism of this system, too. Taking properly into account

magnetizatiorM =—H; when the first vortex enters into the GB we deduced’,(0)~0.11+0.01 T. Those effects can be

sample. AM=-H,/(1-N) in the Meissner statewvhereNis  neglected forHllab, and we obtained a very similaf2”

the demagnetization coefficient artj the external fielll  value in this latter direction, confirming thiy, ~1 at low

Hei is thus related tdd, through temperaturé.’
H We performed both magnetic and specific heat measure-
Hclzﬁpﬁ. (1) ments in high-quality MgB single crystal®® showing flat

surfaces. Nine samples with different lengtti$, widths

In “real” samples, i.e., with arbitrary cross sections, the(2w), and thicknesse&l) have been measurégee Table )l
M-H curve can still be approximated by a linear variation inln samples 5—-9see Table ), magnetic field profiles have
the Meissner state and E(L) is often still used to deduce been determined using a two-dimensional electron-gas
He, from Hy in type Il superconductorgreplacingN by an  (2DEG) Hall-probe array constituted of 11 inline sensors of
effective demagnetization coefficieNts). However, consid- 8 8 um? active area and 20m separatiorfin samples 1-4
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the samples, respectively. The first penetration figjghas been
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TABLE I. d, 2w, andl are the thickness, width, and length of sensor 6, i.e., fox/w=0) and the field profiles are dome

shaped (see Fig. 1 For bulk pinning (i.e., the Bean

defined as the field above which the local induction in the center omodel®), a minimum should be observed in the center of the

the sample becomes finite. The critical temperafligehas been

sample for ascending fields as vortices would remain pinned

deduced from the onset of the diamagnetic response in ac susceptiear surfaces by bulk defects. Such a unique accumulation of

bility measurements.

vortices in the center of the sample is typical of BLB and/or

the profiles measured at low temperat@te K) in sample 6.

GB, reflecting the fact that, in the absence of bulk pinning,

d 2w I Hp T, vortices are free to reach the center of the sampléiforH,,.
Sample (um) (um) (um) ©) (K) The importance of those barriers is further confirmed by
plotting the field gradientiB/dx on ascending and descend-
1 10 200 250 150 36.4 ing branches of the loofsee Fig. )]. In the case of bulk
2 2 13 19 270 34.4 pinning, according to the Bean moddB/dx is proportional
3 5 30 40 350 34.4  to the critical current, and the field gradient on ascending
field dB/dx,, is opposite to the field gradient on descending
4 >0 280 250 380375 field OB/ dXgon AB/ 0= ~0B/ xXgoun (<O for x<0). In
5 40 140 230 420 36.2 contrast, BLB and GB lead to a positig®/dx for x<<0 for
6 30 90 230 370 36.2  poth increasing and decreasing fields  with
7 70 200 470 400 36.2  dB/dx,,>dB/dxgown™> 0,12 in good agreement with experi-
8 20 50 120 410 35.1 mental data foB=0.05 T [see Fig. 1b)].
9 50 100 170 450 36.2 The difference betweedB/dx,, and dB/dxyq,» becomes

negligible above~0.15 T. In the presence of pure GB, the

irreversible  shielding is expected to vanish at
we only measured the induction in the center of the sample=1.5\w/duH,~ 2uoH,~ 0.1 T2 which is consistent with
as a function oH,). Figure 1a) shows a typical example of our experimental value-0.15 T. Similarly, the irreversibility

should vanish forB— 0. We did not observe this effect,

Each profile was obtained in a few seconds, and we checkedearly showing that a small amount of bulk pinning is also
that they were not time dependent by repeating the measurgresent in our samples. Indeed, as shown in F{b), Ihe
ments several times. Complementary information was profield gradientdB/dx increases when the applied field tends

vided by specific heatC;) measurementgsample 4. In-

towards zero and the field profiles present the typical pyra-

deed,C, is proportional to the number of vortices in the midal Bean model shape for low decreasing fie[dge

sample, andi, can be detected by a rapid increaseCgffor

Fig. (@ at 0.01 T. In the absence of bulk pinning, the

H>H, (see Fig. 2 Note that this determination is indepen- field at the center of the sampk, is expected to vary as

dent on the distribution of the vorticése., of the nature of
pinning). C, was measured by an ac technitfuallowing us
to measure small samples with high sensitiytiypically one

Bo= moHay1-(Hp/H.)? for Hy>H, (Ref. 10 (see the
solid line in Fig. 3 with uoH,=0.037 T). As shown, the
experimental data lie slightly below the theoretical curve due

part in 1¢). Heat was supplied to the sample by a light-to the presence of a small amount of bulk pinning
emitting diode via an optical fiber, and the temperature os¢=5x 10* A/cm?, in good agreement with our previous es-
cillations were measured by a chromel-constantan thermdimations ofJ. from ac transmittivity measurements above
0173

couple.

For applied fieldsugH, < uoHp (~0.037 T in sample 6

the external field is screened out, aBd-0 T for sensors
4-7 (see Fig. 3 forB vs H,). For H,>H,, a maximum in-
duction B(x) is observed in the center of the samplear

B() (T)

0.12

—— ——— 8

B (T)
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dB/dx (G/pum)

The first penetration fielt, has been deduced using four
different criteria(i) First,H, has been directly deduced from
the field profiles as being the field for which a finBevalue
could be measured in the samglee Fig. 3. As bulk pin-

FIG. 1. (a) Magnetic field profiles for increas-
ing (solid symbol$ and decreasingafter having
applied a maximum field of 1 T, open symbpls
magnetic field in sample Gsee Table ) at
T=4.2 K. (b) The magnetic field gradient as a
function of the magnetic inductiofprobe 5, see
arrows in Fig. 1a)] clearly showing that the slope
is larger for increasing fields than for decreasing
ones as expected in the presence of Bean-
Livingstone and/or geometrical barriers.
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FIG. 4. First penetration field wd/2w for the different samples

FIG. 2. Magnetic field dependence of the specific heat atsee Table) The solid lines are the dependences expected for disks
T~ 6 K for H parallel to thec axis(top) andab plane(bottom). The ~ and rectangular strips in the presence of GB takiig=0.11T.
data along the axis have been shifted upwards for clarity. Within The filled circle is theH, value previously deduced in Ref. 5 and
the calibration errors of the thermocouple, the specific heat is conthe filled triangle is the one obtained by Ref. 8. For samplepén/
stant up toH, and rapidly increases for higher magnetic fields. filled squares both magnetic and specific heat measurements led to
Vortices remain pinned in the sample for decreasing fieldsGyid the same value. The dotted lines show the behaviors for strips with
clearly irreversible at low field. elliptical cross sections in which no geometrical pinning would be
present. InsetH, as a function of the anglé between the external
r,.field and thec axis. The solid line is a fit to the data using E§),
I.e., assuming that no GB is present. As shown, the penetration is
clearly delayed in the vicinity of the axis due to the presence of
ahose barriers.

ning is very small, this value is independent on the positio
of the probe, as shown in the inset of Fig.(8) We previ-
ously deduced, from the sharp minimum in th#t,, vs H
curve, whereM,, is the average between the ascending an
descending branches of the local magnetization foEgen
though this average does not exactely reproduce the revers-
ible part of the magnetization in presence of Ga&hd/or
BLB), we obtained the samnig, values using procedures
and (i) (see the filled circle in Fig. ¥ (iii) In this third
7 procedure the remanent field in the sample has been mea-
] sured after applying successively larger magnetic field
cycles. A finite remanent field was then obtained for field
amplitudes larger thaHl, (due to the presence of some bulk
pinning), and this procedure again led to the sahevalues
in our samples(iv) H, was finally deduced from specific
heat(C,) measurements. Sample 4 has been cooled in zero
magnetic field down to~6 K. As shown in Fig. 2C, re-
mains almost constant at low fie{@vithin the uncertainties
of the thermocouple calibratiorand sharply increases as
vortices enter in the sample fét>H, (see Fig. 2, sample
3). We hence getoHS~0.038 T andugH3°~0.1 T, in ex-
cellent agreement with the values deduced from the magnetic
measurementprocedurgi)]. Note that the anomaly &t, is
smeared out by the presence of residual bulk pinning in the
FIG. 3. Local induction at the center of the sample as a functiord@scending branch of the curve. Some vortices remain
of the external fieldisample 5,T=4.2 K). The solid line is the Pinned forH<H,, leading to very different behaviors for the
dependence expected for pure geometrical barriers pinning. A sma#scending and descending branches at low field.
shift is observeddotted ling due to the presence of a small amount ~ The correspondingl, values have been reported in Fig. 4
of residual bulk pinning. Inset: local induction as a function of the (Open squargstogether with the value previously estimated
external field for three probes from the edge to the center of thén Ref. 5(filled circle) as well as the value obtained in Ref. 8
sample showing that, is independent on the probe position. (filled triangle). Following Ref. 11, in the presence of geo-

0.2 ———

B, (T)

0.1 -

0.05 -
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metrical barriersH,, is related toH,; through with a rectangular cross sectiéhFinally, note that it has
been suggested by Golubat all’ that H, can be very
|~ _Hy ) sensitive to intraband scattering, and differé#y; values
¢ tanh( ad/2w) ' could be obtained depending on the sample purity.

. ) . o Finally, we measured, for various angleg6) between
where « varies from 0.36 in strips to 0.67 in disks. AS 1y and thec axis. The field measured by the sensors is equal
shown, thls behavior is consistent with our experimentakq the perpendicular component of the local induct(x)
data, takingueHc;~0.11£0.01 T. Note that for samples 3 gnq the Hall signal thus rapidly decreases for increaging
and 4,1 ~2w, and those samples can be better described by, ,es. However. we were able to determityeeven forH,

the disk formula. The dotted lines in Fig. 4 have been depgrq|ie| to theab planes as this plane was making an angle of
duced from Eq(1) (|_.e., negl_ectlng GRfor strips with rect-  apout 3° with the plane of the probe. The angular depen-
angular cross sections tgkmg tm‘?ff values CQmputed N dence ofH,, is displayed in the inset of Fig. 4 for sample 6.
Ref. 16. As shown, in this case, it would be impossible topq 4 strip with an elliptical cross sectidth, would be re-
describe our samples by a unigHg, value. Neglecting GB  |5ted toH,, through

would thus lead to an overestimation Hf; ranging from b
0.14 T(sample 9 up to 0.25 T(sample 3. Note that Eq(2) H = Her 3)
is characteristic of GB, clearly showing that those barriers P cogd) |2 |sing) |2

dominate in the irreversibility process for low applied fields. \/{ 1-N J + { N J

Indeed, in presence of BLB, the dependenceHyf on eff eff
the sample geometry is expected to be again given by th&hereN; is the demagnetizing coefficient along thaxis.
(1-Ng¢p factor but replacingd.; by the thermodynamic field The solid line in the inset of Fig. 4 is a fit to the data taking
H..18 Ne;1=0.78 andugH2’~0.12 T. This demagnetization coeffi-

In a previous articl&,we discussed th& dependence of cient value is in good agreement with the one calculated by
the anisotropy ofH., (and ofH.,) in which we gave a rough Brandt! for a strip withd/2w~ 1/3 (sample 6. In the ab
estimate oHZ,;(0) since we did not measure at that time theplane, the GB are negligible and as shown, the agreement
importance of GB. This estimatéd.10 T) happens to be between the experimental data and &).is excellent. How-
close to the precise determinatiq.11 T) found here, ever, asd becomes smaller than45°, H, becomes progres-
mainly due to the fact that this sample was “not too thin.”sively larger than the theoretical value of the ellipsoide. This
Neglecting those GB, the authors of Ref. 8 found a muchmight be interpreted as due to some anisotroppin How-
larger valueHg; ~0.25 T for a ratiod/2w~ 0.1(Nei~0.9).  ever, this deviation is a direct consequence of the GB, which
As shown in Fig. 4, this point lies close to the upper soliddelay the vortex penetration close to tbexis, leading to
line, and we can thus reconcile their measurements with ourdc; values larger than those which could be deduced from
since Eq.(2) would give a correcH,, value on the order of the ellipsoid formulgEq. (3)].

0.12 T for this sample. On the contrary, ad, values are In conclusion, we have shown that GB play a dominant
much larger than those recently obtained by Kitval” [still ~ role in the origin of irreversibility in high-quality MgB
obtained using Eq.)]. This discrepancy caa priori not be  single crystals. Those barriers are superimposed to a small
attributed to GB. However, Kinet al” deducecH, from the  bulk critical current density~a few 10 A/cm? at low tem-

field at “which deviation from the Meissner shielding oc- perature and low field They govern vortex penetration for
curs” in the global magnetization curve. If this criterion external fields parallel to the axis but are negligible foH
would be perfectly valid for elliptical samples, it can be mis-in the basal planes. We confirm thdt, is isotropic at low
leading in the presence of GB. Indeed, since vortices aréemperature being on the order of 0.11+0.01 T. As predicted
partially penetrating into the sample through the corners thi®y the two-band scenariby, <I'y  at low temperature and
deviation occurs for fields much lower th&t), for samples  those two quantities merge &t.
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