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|-V characteristic measurements to study the nature of the vortex state and dissipation
in MgB,, thin films
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The temperature dependence of current-voltdge)(characteristics of MgBthin films has been studied at
different magnetic field§H) and angles §) betweenH and theab plane. Thel-V characteristics obtained at
differentH and @ show critical scaling indicative of vortex glass transition. The critical exponents are found to
be independent dfl and 6 indicating a universal behavior. The scaling functions are also seen to be field and
angle independent when resistivity and current density are normalized with two parameterd,, which
are functions oH and 6. Field and angle dependences of parametgrandJ,, and vortex glass transition
temperaturel ; are seen to be in agreement with the anisotropic Ginzburg-Landau model.

DOI: 10.1103/PhysRevB.66.104525 PACS nuniber74.60.Ge, 74.76-w, 74.70.Ad

[. INTRODUCTION wheref is the attempt frequency for hoppinB,is the av-
erage magnetic field penetrating the superconductearly
Several studies have been reported in the literature corequal to applied fieldH for H> lower critical magnetic field
cerning the mechanism of superconductivity in the recentlyH.;), L is the hopping distance) is the activation energy,
discovered MgB superconductor.The studies show that it V. is the volume of flux bundle, and, is the pinning po-
is an anisotropic type-Il superconductor with a large cohertential range. For small current densities, i.eAW
ence length, and has potential for various applications. Many=JBV,L,<kT, sinh@WIKT) is nearly equal taAW/kT and
of the applications of type-ll superconductors depend odinear |-V's are expected. FOAW>kT, we may approxi-
their ability to carry large currents in the presence of appliednate sinhAW/kT) by (1/2)exp@QW/kT) and an exponen-
magnetic fields, which is determined by several factors, suckial dependence of field with current is expected.
as, the nature of the vortex statéS), weak links at grain According to flux flow mode?® at high current densities
boundaries, anisotropy, and flux pinning properties. Varioushe Lorentz force on flux lines exceed the pinning forces and
studies have shown that weak link effect in this material isvortices move in a steady motion at a velocity limited by
negligible’ We have studied the effect of anisotropy on criti- viscous drag. In this region tHeV characteristics are linear
cal current density J;) and have seen that the angular de-and can be expressed by
pendence o, in MgB, thin films is well described by the
anisotropic Ginzburg-Landa@L) model with an anisotropy E=p:(I=J0), 2
parameter §) of ~2.5 However, further studies are neces- hereJ, is a constant ang, is the flux flow resistivity.
sary to understand the nature of VS and flux pinning proper-  random point disorder is found to play an important role
ties in this material. Measurement of current-voltage/§ iy getermination of physical properties of higl-supercon-
characteristics as a function of different parameters is an imqyctors. Disorder pins the vortex lines, destroying the trans-
portant technique for the study of pinning effects. We hav§agional long-range ordering of flux lattideln the presence
therefore measuredV characteristics in MgBthin films s of random point pinning centers, a second-order phase tran-
a function of magnetic field, temperature, and angle betweegition from vortex liquid to vortex glass state has been pre-
magnetic field and thab plane. The results have been ana-gicted. In the vortex glasd/G) phase, resistivity is expected
lyzed using different models that have been reported for Ungy yanish at small currents in contrast to flux creep model
derstanding the dissipation in superconductors and brieflynere finite linear resistivity is expected at low current den-
described in the following. sities. Near the vortex glass transition temperatrg) ( re-

Conventional theories of dissipation in superconductorsisiivity (p) versus current densityp¢J) characteristics are
have assumed that the vortices penetrating the superconduggzpected to scale with temperatuf® as®

ors form a lattice. The dissipation has been described in

terms of flux creep and flux flow models. In flux creep model pl|1=TITy|"& V=F (I 1-TIT4 ~2"IT), (3)
dissipation occurs by thermally activated hopping of flux ) )

bundles. Thd-V (or J-E whereJ is the current density and Wherezandy are dynamic and static VG exponents, respec-

E the electric field characteristics in this case are describedtively’ am_jﬂ andF _ are scaling functions a.b.ove and below
by the transition temperature. At the VG transition temperature

a power law behavior ofp-J characteristics has been
E=(2foBL)exp( —U/KT)sin(IBV,L,/kT), (1)  predicted®
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p(d)= aJ@ e (4) Il. EXPERIMENTAL

wherea is a constant. Existence of VG phase has been con- MgB, thin f_|Ims were prepared 0(1;02) orge?n?téed gmgle
firmed in various high-temperature superconductSrand crystal sapphire substrates as described earlicrBriefly,

. : : amorphous boron thin films were deposited using pulsed la-
particularly in YBgCu;O, (YBCO). In these studiefas pre- : . : )
dicted by Eq.(3)], p-J curves obtained at different tempera- ser ablation technique. These were annealed at high tempera

) ture under Mg vapors to yield highlg-axis oriented thin
tures are seen to collapse into two 95{2@31) T>Tg andT films. The films show very high critical current densities with
<Tg) when plotted as psc=plt| versus Jg.

. 7 2 _ : d.8
- e, = 10-13 typical J. of 1.6X 10" A/cm~ at T=15 K under self-field:

‘J(TQ/T)|t| wheret_ (T Tg)/Tg' MO.St (.)f these . For measurement dfV characteristics, the films were pat-
studies have been carried out with magnetic field applie . . .

; : 10 . ._“Tlerned using photolithography to make a bridge of @®
parallel to thec axis. Moloniet al.™” have emphasized thatin . . :
view of universality, scaling functions, and critical ex onentsWldth and 1.0 mm length. A film of 400 nm thickness was
X Y, 9 . P used for measurements reported here. The film showed a

should be independent of magnetic field and andlg lfe-

tween the field aneb plane. Universality provides stronger < > resistance transition temperature of 39.8 kv mea-
o @b p g, yp TONGET < irements were carried out using four probe resistivity tech-
test of critical scaling behavior. For the study of universality

o - o ; nique. The film was cooled using APD Cryogenics make
of VG tr_ansmon at dlfferentl magnehc fields they have intro- closed cycle cryostat and a Lakeshore temperature controller
duced field dependent resistivity and current scalggnd

. C : was used to maintain the film temperature to withif.02 K
TJO’ r_espectlve_zly_. ReS'St'V'ty scalepg) has been defined us- of the set value. For measurements, the sample was mounted
ing linear resistivity at low currents and temperatures abov%vith current parallel to the vertical axis and the magnetic
Ty

g field in horizontal direction was applied using an electromag-
1) net. The sample could be rotated along vertical axis to vary
Po=pt |T>Tg"J‘>O’ ®  the angle @) between theab plane and the magnetic field
while maintaining the current normal td. Angle () was

wheret=(T-T,)/T,. Current scalél, is defined as the cur- neasured with an accuracy of better than 1°.

rent density at whichh=p at T=Tg:

Jo=J(polp)?* V71 . (6) IIl. RESULTS AND DISCUSSION

Typical field (E) versus current density)) characteristics
measured at fixed field and temperature are shown in Fig. 1
in linear [Fig. 1(a@)] and semilogarithmidFig. 1(b)] plots.

7) Absence of a linear region in both of these plots shows that
' dissipation in MgB is not explained by flux creep and flux

flow model in any significant region df-V characteristics.

wherepg, Jo, andTg are function of magnetic field. Scaling The possibility of linear characteristics indicative of flux
functions G, and G_ (corresponding toT>T, and T  flow is, however, not ruled out at still higher current densi-
<T,, respectively and critical exponentsi(andz) are ex- ties. Similar results were obtained at other magnetic fields
pected to show universal behavior. Using and J, deter-  and temperatures. However, linda¥’s at very low current
mined at different magnetic fields, Molorétal’® have  densities were observéit all fields and anglgsor tempera-
shown thaip-J characteristics obtained at different magnetictures close to the transition temperatdrg(H, 6). Typical
fields collapse into a single universal curve as given by Edeurves are shown in Figs(d and Xd). It is seen that-V's
(7). In other studieS-*?angular dependence of VG transition are nonlinear over most of current range but show linear
has been investigated and it is shown thalk characteristics  behavior at very small current densities. While linear behav-
obtained at different angles collapse wheandJ are scaled jor at small current densities is in agreement with flux creep
by angle dependent fitting parametepg @ndJ,). However,  model, absence of any exponential dependence of fieldl on
the parameterg, andJ, in these studies showed unsystem-indicates that flux creep model does not explain the data. It
atic dependence on anghe Guptaet al'® have studied com- may be noted that linear behavior at small current densities
bined field and angle dependence of VG transition in YBCOand temperatures abovg, had also been predicted by VG
thin films. They have shown that field and angle dependenceodel. Analysis of measured data in terms of VG model,
of parameters,, Jo, and Ty show a smooth dependence carried out below, shows that the linear behavior in each case
on reduced fielde,H where e,=sirPd+ecosd and s observed ar>T, (see values of , for differentH and ¢
€2 (=m,,/m,) is mass anisotropy ratid. This is in accor- in Table ). No linear behavior at lower temperature¥ (

Using pg andJy; p—J characteristics may be written as

L

e =G| 2.
Po B

M JNEY
Nk

dance with anisotropic Ginzburg-Land&BL) model®® <T,) was seen indicating disagreement with flux creep
In the present study, we have measurddcharacteristics model but expected in terms of the VG model.
of MgB, thin films as a function oH, 8, and temperature. In order to study critical scaling behavior, resistivity ver-

The results show critical scaling behavior predicted for vor-sus current density characteristidsr fixed field and angle

tex glass transition at all fields and angles. Within experi-were plotted as a function of temperature. Typical results are
mental errors, the values of critical exponents and scalinghown in Fig. 2. Thep-J characteristics at higher tempera-
functions show universal behavior. tures show positive curvature with linear resistivity at low
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TABLE |. Magnetic field and angle dependence of parameters
15} (@ . 7-;3;‘;:(5'( Tg, po, andJp.
210l I / j H(kG) 9 Ty po(Qem)  Jo(107Alc?)
= [ ] '8 (Deg.)= 9.8 90  33.42 1.2 6.0
E j | ——90 75 90  34.63 1.0 35
W A iig 3.9 90 36.75 2.5 3.0
i&, E AV P 9.8 60  33.88 1.4 4.0
Of s oon ——0 75 60  35.10 1.0 2.3
(') é 5 3.9 60 36.87 1.0 2.6
J( 04 A/sz) 9.8 40 34.71 2.5 3.1
7.5 40 35.72 2.0 2.8
3.9 40 37.25 25 3.0
wi® g o s e TR 9.8 20 3574 2.0 25
/Zf rd / 7.5 20 3655 17 25
I i / 3.9 20 37.78 3.0 3.6
E lf ;o 6 (Deg) 9.8 0 3610 1.8 2.7
S oL 4T ;f 75 0 3692 21 3.0
(S | 7 4 —=—90
E I! ] %o 3.9 0 38.0 5.0 5.0
W s i(! 7 N —v—40
10°F H gy 4 —a—20
w1l —0 currents and those at lower temperatures show negative cur-
10° o0 25 5.0 vature with resistivity tending to zero at low currents. The
J(10° Alem?) chara_lc_teristics are simila_\r to those rep_orted for vortex gl_ass
transition in earlier studies. At very high current densities
20 . (region marked X in Fig. Rthe curvature op-J character-
(© B T(K) o(deg)  » istics changes indicating a transition from activated flux mo-
_ [ 7.5 36.02 40 ,." tion to free-flux-flow with constant resistivity. The value of
g "D"_' ?g gz;g gg - A resistivity in this region is of same order as resistivity in
= 10k ' ) ._.‘ normal state supporting the transition towards free-flux-flow
£ behavior. As seen below the characteristics in this region
W show deviation from scaling behavior. Vortex glass transition
temperature was determined frgen] characteristics of Fig.
2 2 as the temperature at which curvature changes from posi-
0 1‘“"&’3’- L tive to negative. The exponemtwas determined from the
0 2500 5001 slope of curve al =T, using Eq.(4). Value of v was deter-
J (Alem?)
105 r~ee—S722K
30 (@) . ‘ [ O.%,oooo.oo-oo-ow"’
. /5’ s
g20 - ¢ . E10-s 83:;.5 kG
g g | :
> e T
210 O
w
0 11 , . . ,
0 100 200 10 0 e 0’
J (Arem?’) J (Afem?)

FIG. 2. Plots of resistivity as function of current density ob-
tained at a fixed magnetic field of 7.5 kG applied at angledof
(obtained atB=9.8 kG andT=33.74 K) plotted as electric field =0Q°. The plots shown were obtained at temperatures of 37.74,
(E) versus current densityd) on linear (a) and semilogarithmic  37.39, 37.01, 36.38, 36.02, 35.68, 35.31, 34.85, 34.64, and 34.21 K,
scale(b). Also shown ard-V's measured at temperatures close to respectively. The dotted line indicates power law behaviol at
transition temperature for different fields and angdies (d) shows  (except in region X—marked by a dashed curve, which pertains to
data of(c) at small current densities. Note that different units havea transition from activated flux motion to free flux flawSlope of
been used along theaxis in(c) and (d). the dotted line was used to determine exporent

FIG. 1. Typical current-voltage characteristics of MgBin film
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FIG. 3. Scaling collapse of thp-J data of Fig. 2 withT,
=36.92 K, z=4.3 andv=1.0. The parameters, and J, are ob-
tained from this figure as showpy is the scaled resistivity at low
currents andl, is the value of current density at whigh=p, at
T=T,.

mined so as to obtain optimum collapsewf data plotted
as psc versusJg. as shown in Fig. 3. Values of; and z
determined from data of Fig. 2 were also varied in a narrow
range to optimize the collapse of data. Optimum values of
and z were also determined using-J characteristics ob-
tained at differenH and #. These were found to be indepen-
dent ofH and @ and arez=4.3+0.1 andv=1.0£0.1. These
values ofv and z are within the range predicted for vortex
glass transitiord. For comparison we note that for studies
carried out on YBCO this films, value afis found to be in
the range 3.8-5.2 and that ofin the range 1.6—1.9:3For
further analysis we use averageoéndz values determined
at different fields and angles, i.e:=1.0 and z= 4.3. Col-
lapsed curves of Fig. Barticularly forT<Tg) show some
deviation (i.e., shift of individual curves towards right of
collapsed common curyeorresponding to region X of Fig.

2. As the vortex glass scaling behavior has been worked out

with activated motion of flux lines, it is not expected to be

10°F

10° 10* ) 10° 10°
J_(A/em’)

plotted as scaled resistivity{) versus current densitylf), defined
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FIG. 5. Dependence of 4 (a), Jo (b), and pg (c) on reduced
FIG. 4. Scaling collapse gf-J data obtained at three different magnetic field. Vortex glass transition temperatiligeis found to
fields and five different angles as given in Table |. The data areshow approximately linear dependence on reduced magnetic field.

using Eq.(7) as ps=(p/po)|t| " 1) and Js=(ITy/IoT)|t| 2" valid at current densities where transition to free flux flow
The values ofpy(B,6) and Jo(B,6) have been determineths takes placé:® For further analysis of data obtained at differ-
shown in Fig. 3 from scaling of data obtained at different fields and ent magnetic fields and angles we have not considered data
angles. in region X. For comparison of VG scaling functions at dif-
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ferent fields and angles and study of universality, we deterbecausda) such a transition occurs at currents much higher
mine resistivity and current density scaleg(H,6) and than critical current density and the data in Fig. 2 is typi-
Jo(H,6) as defined by Eqs(5) and (6), respectively. The cally limited to 5 times]., (b) currents needed for the tran-
values ofp, andJ, were determined from collapsed curves sition diverge at temperatures négy,"*?*and (c) the tran-
obtained at different and 6 as shown in Fig. 3. The resis- sition is typically seen for weakly pinned superconductors
tivity scalep, is defined as the resistivity at low currents and@nd would be expected to occur at much higher currents for
T>T,. The current scald, is the value of current density strongly pinned material. ThieV's presented here show that
that givesp=po at T=T,. The values ofpy, Jo, and T, a_vortex glass state in MgHs _|r_1duced by strong pomt pin-
obtained at different fields and temperatures are listed ifind centers and therefore critical currents may be improved
Table I. Using these values gf, (H, 6), Jo(H,6), and by optlmlzat_lon of point defects. It may be noted that in
T4(H, 0) we define scaled resistivity:() and current density CONntrast to highk superconductors, Mgisingle crystals do
(J) using Eq. (7) as pe=(p/py)|t| @D and J, not s_hoyv strong point pinning and vortex glass transition.
:(JTg/JOT)|t|_2V- As shown in Fig. 4, resistivity versus This |nd|c§1tes that point defects and thgreby_ the cr|t|_cal cur-
current density characteristics obtained at different fields anffNt density may be better controlled in this material. We

angles collapse into two curves when plotteghasersus];. [)nahy a_dd trt'at we ha\I/e rlla\o'iaobser\lled at BOS_E;. glass_ tran]'c5|t|on
This collapse supports universality of scaling functighs ehavior at any angie. 0se glass transition arises from
of Eq. (7). columnar defect§ and presence of such defects would have

We have used anisotropic GL model to study the field an&)een indicated by change in critical behavior as angle is
angle dependence of parametpgs Jo, andTy. These pa- changed.
rameters are plotted in Fig. 5 as a functionegH using e
=0.4 as determined in an earlier study on similar fiffihe
error bars in this figure indicate the range of parameters for Current-voltage I(-V) characteristics of MgBthin films
which reasonable scaling was obtained. It is seen that thieave been studied at different temperatures, fields and angles
parameters show smooth variation with reduced figld as ~ betweerH and theab plane. Thd-V’'s show absence of any
expected from anisotropic GL mod&l. significant region where flux flow or flux creep model could

In some of the recent studies dsV's in peak effect re- be valid. Thel-V’s obtained at different fields and angles
gion, a current induced transition from disordered vortexshow critical scaling behavior predicted for a transition from
state (vortex glas to ordered vortex staté vortex lattice  vortex liquid state at higher temperatures to a strongly
has been reported. Such a transition is typically indicated bypinned vortex glass state at lower temperatures. The critical
a peak in differential resistivity versus current exponents are found to be independent of the field and angle
characteristic??°No such peak was observed fol’s re-  indicating an universal behavior. The field and angle depen-
ported here. However, the change of curvature in regiordence ofTy, and scaling functionsp, Jo) is seen to be in
marked X in Fig. 2 may indicate a possible tendency to or-agreement with anisotropic GL model. The results show that
dering of vortex state at high currents. The absence of trarpointlike pinning centers play a decisive role in determining
sition to ordered state in the present case is understandalttee vortex state of MgBthin films.
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