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Effect of two bands on critical fields in MgB, thin films with various resistivity values
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Upper critical fields of four MgB thin films were measured up to 28 T at Grenoble High Magnetic Field
Laboratory. The films were grown by pulsed laser deposition and showed critical temperatures ranging between
29.5 and 38.8 K and resistivities at 40 K varying from 5 to/8Q cm. The critical fields in the perpendicular
direction turned out to be in the 13-24 T range while they were estimated to be in 42—-57 T rarade for
planes. In contrast to the prediction of the BCS theory, we did not observe any saturation at low temperatures:

a linear temperature dependence is exhibited even at lowest temperatures at which we made the measurements.
Moreover, the critical field values seemed not to depend on the normal state resistivity value. In this paper, we
analyze these data considering the multiband nature of superconductivity in.Mg8 will show how the
scattering mechanisms that determine critical fields and resistivity can be different.
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[. INTRODUCTION and thin films can be ascribed to disorder, which is surely

stronger in thin films. Disorder can play a role in suppressing

Since the discovery of superconductivity in magnesiuml¢ and in increasing the critical fields: in a BCS scenario, the

diboride! several unusual properties arising from the prescritical field can be enhanced by increasing the resistivity,
ence of two distincs-wave gaps have been emphasized. ifput it is still not clear how thin films with low resistivity can
has been clarifié that two different gaps are associated SPOW Very high critical field, as in the case reported here.

with two distinct sheets of Fermi surface. The larger gap i Th!s. paper presents da@a _relevant to four thin .fllms with

associated with ther bands. while the émaller o the Sre5|st|V|ty values ranging within one order of magnitude. Our

h h i h . goal is to focus the role of disorder in thin films in order that
bands. Ther and o bands have different characteristies, he relations among,, T., and critical fields may be clari-

bands being essentially electron type and nearly isotropigeq . First, we study the resistivity curves in detail to estimate

and o bands essentially hole-type and nearly two dimen+he more important scattering mechanisms in our films. Sec-

sional.o bands determine the anisotropy of physical properpng, the critical field data are analyzed within the Gurevich

ties. model?® which correlates the critical fields to the diffusivity
Due to the different parity of ther and  bands, the of each band. Finally, the scattering mechanisms determining

interband impurity scattering is expected to be negligibleresistivity and critical field values are compared.

compared with the intraband ones; thusand 7= bands can

be considered as different channels conducting in parallel!l. SAMPLE PREPARATION AND CHARACTERIZATION

This scenario gives an explanation of some superconducting

46
properties, ® but the effect of the presence of the two bandssic.a| field behavior of MgB, we have measured four dif-

on the critical fields is still not clear. _ ferent films prepared by standard two-step method dif-
Upper critical fields and their anisotropy can be studiedrrent substrates. The samples, whose thickness is in the
on single crystals or os-axis oriented(or better epitaxial  range 900-1300 A, were deposited by pulsed laser ablation
thin films. Important differences exist between these twostarting from a stoichiometric target; details about the depo-
kinds of samples. Single crystals present homogeneous oplition technique are reported elsewh&rén the following,
mal T; values, low residual resistivityo, (about 2-5  they will be referred to as film 1, film 2, film 3, and film 4;
ufrem), relatively low critical fields values perpendicular thejr properties are summarized in Table I. The properties of
(Hgy) and parallel Hy) to theab planes Hg,=3-5T and  these films vary from film 1, which presents low critical
H,=16-19T), and an anisotropy factop=H{,/H;, temperature(29.5 K) and low residual resistivity ratio
=5-6 always decreasing with increasing temperatute. (RRR=1.2), to film 4, which showsl;=38.8 K, near the
On the contrary, thin films show an important spreadrin  bulk value, and a relatively high RRR.5). In Fig. 1 the
and pg values.T. can vary from the optimal value down to resistivity versus temperature curves are plotted. Normal
25 K and resistivity from fewulcm up to hundreds of state resistivity is related to the different purity of the
©Q cm. In thin films the critical field values are considerably samples; in fact, just above the transition, resistivity values
higher (up to tens of teslasand y values are always lower ranging between 50 cm and 5u€) cm have been found. It
(up to 3.5; y usually decreases when temperature increaseshould be noted that in these samples the resistivity at 40 K
even though in some cases the opposite behavior was aléacreases one order of magnitude while the change in resis-
observed!~*° tivity Ap=p(300 K)—p(40 K) remains nearly constant. All
The difference between the properties of single crystalshe samples show good structural properties, as evidenced by

In order to study the influence of disorder on the upper
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TABLE I. Main properties of the four thin films. The critical temperature value reported is the onset of the
transition(90% of the normal state resistan@nd the transition width is calculated between 90% and 10%
of the normal state resistance. The absolute value of resistivity is with an accuracy of 20% due to the
uncertainty in thickness determination. For comparisonctiagis of the bulk is 3.521 A.

Film 1 Film 2 Film 3 Film 4
Substrate AlO; ¢ cut MgQ(11)) MgO(111) Al,O; c cut
c axis (A) 3.517 3.532 3.533 3.519
T. (K) 295K 32 K 339K 38.8 K
AT, (K) 2.0 1.5 1.1 1.0
RRR 1.2 1.3 1.5 2.5
p(40 K) (uQcm) 40 50 20 5
dp/dT(300 K) (uf2 cm/K) 0.048 0.091 0.052 0.036

x-ray diffraction measurements. In a&l-26 patterns, intense sidual resistivity ratio compared with single crystals, because
(00l) peaks coming from MgBcan be detected, indicating a of the high structural disorder and nanostructure, which can
strong c-axis orientation of the phase. Only in film 4, the induce grain boundaries to scatter. Nowadays, thin films with
(101 reflection, which is the most intense in powders, seemsesistivity curves very similar to those of single crystals and
to be detectable, even though with very low intensity; thisresidual resistivityp, of the order of fewu() cm are avail-
indicates a not perfect orientation of the film. We have al-able, and film 4 is one of them. In particular, resistivity of
ready reportetf that samples with critical temperature near film 4 follows the power lawp(T)= po+ T2 up to 100 K,

the optimal value often present the worst structural properas usually occurs in MgB single crystals and bulk
ties, while samples with loW. and RRR values are usually samples®

more oriented and sometimes show in plane texturing and In Table | some data drawn from the resistivity curves
very high critical fields. Fromp scan measurements, we had have been summarized: the resistivity at 40ifikthe follow-
clear indications of in-plane alignment for film'$.Up to  ing considered to be nearly equal to the residual resistivity
now, similar measurements have not been performed on the)), the resistivity slope calculated at room temperature,
other films. From a structural point of view, a dependence otlp/dT (300 K), and the residual resistivity ratio. We point
the cell parameters on the substrate used has also been @t that the first two values, owing to the uncertainty in the
served. In particular, the parameter, calculated from the film thickness evaluation, have an uncertainty of 20%, but
position of the(002 peak, seems to be smaller than thethe following discussion is not affected by such indetermina-
optimal value in films grown om-cut sapphire(in our case tion.

film 1 and film 4, while it is slightly higher in samples If the interband scattering rate is negligible compared
deposited or(111) MgO (film 2 and film 3. This was veri-  with the intraband ones, is given by the parallel op,,

fied in all the films grown on these two kind of substrates. and p,,,, the residual resistivity ofr and 7= bands, respec-

tively, i.e.,
I1l. NORMAL STATE RESISTIVITY
1 1 1 ) 1 ) 1 @
To analyze the scattering mechanisms in our films we — =t —=w,,go T EoF -
Y 9 Po Poc Poxr i F(TU P 1_‘71'71'

consider the normal state electrical resistivity. We recall that

thin films, generally, show higher resistivity and lower re- Here, w,, andw,,, are the plasmon frequencies ofand

7 bands,e, is the vacuum dielectric constant, ahd, and

I' .. are the intraband scattering rates. Since inghelane

FILM 2 wp, and w,, do not differ too much(4.14 and 5.89 eV,
respectivel%), we can define an average plasmon frequency

2_ 2 2 . H ictivi
40 M wp=(wp,+ wp,)/2; thus, from the residual resistivity we

can calculate the parallel betwe€n,, andI" . :

(EEM_L// Fo'orﬂ'ﬂ' 2
20+ r= I,Tl_,wwzsopowp. (2)

oo

FILM 4
0 / The calculated” values are reported in Table Il and vary

50 100 150 200 250 from 171 to 17 meV.
T K] These values represent the effective scattering in each
film but we have to clarify which band is more affected. To
FIG. 1. Resistivity as a function of temperature for the four this purpose we analyze the resistivity slope. In fact, the
films. resistivity slope can change depending on whether

60

p [uecm]
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TABLE Il. Some data drawn from resitivity curves and from critical field curves for the four films.

Film 1 Film 2 Film 3 Film 4
r=r, I /(T,,+T_.) (meV) 140 171 69 17
r,, (mev) 4.2 3.2 2.4 0.1
D, (m?s™}) 0.49x10°3 0.48<10°2 0.46x10°3 0.37x10°2
7(9) 2.30x10°1° 2.28x10°1° 2.16x10°1° 1.74<10° %
po (uQcm 123 125 131 163
pr (ncm) 59 83 23 5
7 1.6 1.1 4.2 24
H.(0)Lab (T) 14.2 15.5 16.8 24.6
y 3.0 35 3.0 2.3
He(0)llab (T) 42 54 50 57

conduction band prevaif$:>®> The resistivity slope for-and  ues depend on the kind of substrate but no correlation be-

m bandsdp,/dT anddp,/dT, are given b§? tween the lattice parameters and the critical temperature has
been observed. In a two-gap superconductor in the absence
dp, 1  27Kghiro of magnetic scattering, only the interband scattering rate,
aTt w50 — ~0.26 nQremkK, I',., is able to reduce the critical temperatéié’the equa-

tion that describes th€&; suppression in the case of Mgk
H 3
dpﬂ' 1 2'77-|(B)\tr11' given b);
== ~0.06 uQ cm/K,
dT Wpr€o h (STC) 7TF(7'17 (A(r_Aﬂ')(ArrNﬂ'_Aﬂ'N(r)
T.)  8kgT. (A2+ AN, ’

)
where \,, and A\, (1.1 and 0.56, respectivéfy are the
transport electron-phonon coupling constants. where 6T, is the critical temperature reduction with respect
Due to the lower coupling constant and to the larger plasy, the optimal valueA, and A, are the gap amplitudes at
mon frequency, the phonon contribution to resistivity iST—o K andN_ andN_ are the density of states ofand =
lower for thes band. In clean samples this contribution pre-,54s respegtively. i
vails and at room temperature a slope closalpg./dT is By introducing the following valuesA, =7 meV, A
expected. On the other hand, in dirty samples the value of the 5 5 ey N =0.3 states/eV cell andN_= 0.4 states/eV
resistivity slope depends on the ratio between the residu@enz in Eq.'(l)g we find T

resistivities of theo and 7 bands,pq,/po,; Whenpg,/pox
>1, dp/dT~dp_/dT, while when py,/pg,<1, dp/dT (5TC) r

~dp, /dT. Looking up thedp/d T (300 K) value$® of Table T = -0.2 - (4)
C

, T
[, one can see that the slopes of the films are close to the BlC

dpﬂ./dT Value; Only film 2 has an intermediate Slope be- If we assume an 0pt|ma‘[c value of 39 K, we can calcu-
tween dp,/dT and dp,/dT, but, however, closer to |atel" _ for each film: the values range from 0.1 to 4 meV
dp,/dT. and are reported in Table Il. We recall that, owing to the
In conclusion, in the films here presented, theonduc- ifferent parity ofe and bands[', . is expected to be very
tion prevails and so we can assurpesp,<p, andI'  |ow and, in general, negligible compared with, andTl’ ..
~I'z<I',,; this could be due to disorder, especially effec-T"__ values, compared with the intraband scattering rates es-
tive in the B planeS. This result has to be considered in thgmated before’ turn out to be more than one order of mag-
following analysis of critical field data. nitude lower for all the films, even for film 1, which presents
Really, the analysis of resistivity data as a tool to extracty conspicuousT, suppression10 K). Moreover, a rough
information on multiband effects in MgBhas been ques- correlation between intra- and interband scattering rates can
tioned by Rowelf® In his paper, he showed how grain he observed: the latter increase as far as the first increase.
boundary scattering and poor connectivity between grains \we conclude that the large spreading Tf values ob-
can make the actual geometrical factor for the calculation okeryed in thin films rather than in bulk samples can be caused

resistivity hard to estimate. Due to this uncertainty, the calyy the large structural disorder presented by films. In any
culated resistivity, as well as its variation, can be overestizase the conditiofr,,<T",,,,I ., is fairly met.

mated. Even if this overestimation is present in our data, the o
actual dp/dT values would become even lower, therefore
reinforcing our previous conclusions.

Finally, we suggest that disorder could also be the cause High magnetic field electrical resistance measurements up
of the T, suppression in thin films. In our case, in fact, thisto 28 T and downd 2 K were performed at GHMFL
suppression seems not to be caused by uniaxial stresses. &8renoble High Magnetic Field Laboratgnysing a standard
already mentioned in the previous paragraph,afsis val-  four-probe ac resistance technique. For each temperature up-

IV. UPPER CRITICAL FIELD
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FIG. 3. Anisotropy factorg/=H ,(68=0°)/H.,(6=90°) for all

FIG. 2. Critical fields in the two orientationgarallel, open ' "
the films as a function of the reduced temperature.

symbols; perpendicular, full symbols, to the basal plafoe the
four samples. For an easier comparison, they are presented as a
function of the reduced temperature. extrapolation strongly underestimates the reigh(0); for

film 1, for example, we calculate the BCS zero-temperature
per critical field H., and H%, have been estimated as the extrapolation value oH},(0)=22 T andHg,(0)=8.75T,
point of the transition in which the resistance is 90% of thewhereas these values have already been reached at 13 and 10
normal state value. K, respectively. In contrast with the BCS theory predictions,

In Fig. 2, H'(':2 andHg, are reported as a function of the we have not observed any saturationtgy, at low tempera-
reduced temperature for the four samples. Despite the gretitre: a linear temperature dependence is observed even at the
difference in critical temperature and resistivity values, alowest temperatures we measured. This is fairly evident, in
common trend oH%, (T) curves is exhibited by all the films particular, in perpendicular orientation, where the magnetic
but film 4 (the film with the lowest resistivity vallewhose  field we can apply is strong enough to determithg down
H., seems to be considerably higher than the otiiedsT  to 2K, which allows a reasonable estimationtef,(0) by
instead of 14—16 T for the other three samples at)2We linear extrapolation. The obtained values are reported in
recall that, as previously observed, this sample is not comIable Il.
pletelyc oriented: if upper critical fields are determined with ~ The slopedH.,/dT at T is proportional to residual re-
the criterion of 90% of the normal state resistivity, the mis-Sistivity [see Eq(6)], so an increase ip should proportion-
aligned regions can only cause an overestimation of thally increase the upper critical field values. This was verified
smaller critical field HL,), the larger H',) being not af- for low temperature superconductor; and represents the usual
fected. In fact misaligned grains remain superconductor afethod to enhancel; in technological materials, such as
fields higher thanH., but, in any case lower thahi't'cz. Nb-Ti and A15 compounds. The same approach was fol-

Therefore, a comparison of the foblr‘éz curves of Fig. 2 is lowed also for MgB, where the resistivity was increased

possible H., values at low temperature are quite similar andb.mh by alloying® and irradiating”*“the phase, leading to a

the derivative is even higher for film 4. Two interesting fea- rise of critical fields in both cases. In the whole set of our

tures can be noted in these data: first, the upward curvatu%ata’ on the contrary, we cannot observg a d'le@rdepen.-
. . - ence onp. In the four samples, the resistivity values just
nearT., becoming more evident when the critical tempera-

ture value is near the optimal ofe*®and second the linear- ahove the transition vary by one order of magnitiem 5

ity of the H_, (T) curves, even at the lowest temperatures Weto 50 w2 cm) but the critical fields values are similar to each

measured? K in the case of perpendicular orientation othlsr. the data of Fia. 2. it i ible t timate th
In low-T; superconductors in the dirty limit, the zero- _ . rom the data 8 ng' n 1 15 possibe 1o estimate ihe

temperature upper critical field can be calculated, in a simplglnISOtrOpy factorsy=H,/H, for all t_he f|_Ims. Their tem-

BCS framework. from perature dependences are ;hown in _Flg. 3 AII t;k(é')_

’ curves have the same behavigrlecreasing with increasing
dHe, temperature. At t.he lowest temperatures the anisotropies of
W) (5) all the films are in the range between 3 and @te maxi-

mum value reported fory up to now for filmg, the only
with exception being film 4 for whichy is 2.3, probably because
of the imperfectc orientation. The maximumy value re-
dHs, 4ekg ported in the literature for films must be compared with 5-6
aT WNFPW (6) reported for single crystals. An understanding of this topic is
still lacking in the literature. For our purpose, considering
whereNg is the density of states at the Fermi surface ppd that they curves seem to saturate at low temperature, it is
is the normal state residual resistivity. It should be noted thatieasonable to use thgvalues at the lowest temperature to
in this case, this standard BCS formula fails. In fact this BCSestimateH!.,(0) from theH,(0) values(see Table ). The

ch(O):o.egrc(
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so calculated parallel critical field values are also reported ifable Il and they are similar for films 1, 2, and(&round
Table Il and range between 42 and 57 T, which are values d§.48<10 3 m?s ) and slightly lower only for fim 4,
great interest for high field application of superconductivity.which presents highét, value. Using thes® , values, the

two-band nature of superconductivity in MgBas to be  fom 1/p, =€?N,D, (see Table II.

taken into account. Articles describing the critical field be-

havior in this f K orl v b o th p, ranges between 123 and 168) cm, values consider-
avior |n2t0'|2% ramework only recently began to appear in t eably higher compared with the measureg (5—50 . cm).

literature. This is an important result: in a two band superconductor

The modell pro_posgd _by Gurevﬁ?nconsm!ers the intra- the resistivity and the critical field can be determined by two
band electronic diffusivitie® . andD,, the interband one . . . o
different mechanismsin our case the scattering in the

being neglected; the upper critical field is determined by th e : L
smaller (or large) one depending on the temperature rangg)ands for critical field and the scattering in thebands for

considered. The shape can be considerably different from tr{é’s'sft“_”ty)' Frpm comparison bgtwee_n the measupgaand
BCS one andH,(0) can drastically exceed the BCS ex- Po> it is possible to gstlmatpﬁ: it varies between 5 and 83
trapolation. nL cm, as reported in Table Il. From these values we calcu-
For H¢,(0) the following equation has been givéh: late D, and, finally, we could estimatg. It turned to be 1.6,
1.1, 4.2, and 24 for films 1, 2, 3, and 4, respectively, which
Kg T .92 confirms that the assumptions made were reasonable. Finally
Heo( )= “2heD n (7)  we have found that the critical fields of our films are deter-
VPN mined by the diffusivity ofo- band, which is the lower, while
with resistivities are determined by the larger diffusiviiy,, .
> This explain why it is possible to have high critical fields in
1 ) AmIn(77) Ao Ao low resistivity films. What is peculiar in our films is that their
9im=z| VI tn+2——+ =3 @ 5 s hear [ imi iti
- y the samein fact, they have similar critical
fields) but D ,. changes by more than one order of magnitude.
This could be due to the fact that disorder in the B planes
that forms in the course of the deposition process is poorly
recovered during annealing in Mg atmosphere for the phase
crystallization.

where Np=Xyo—Apmr  Ao=(A3+4NA.0)Y2%  Inw
=—0.577,W=Ny oA s Ngzh 7o, aNdp=D /D,

Equation(7) can be specialized for the three different con-
ditions »>1, <1, andn=1, giving

(;bOkBTC —\ol2w

HCZ(O):ZﬁvD e for D,<D(%>1), (93

V. CONCLUSIONS

dokgT
He2(0)= Zﬁ\/—D—CD for D,=D,(7=1), (9D We studied the role of disorder in thin films with different
NH ol m values of resistivity and critical temperature, but similar val-
boksT ues of critical fields. We suggest that tfig suppression is
c __

HcZ(O):We MW for D_<D,(7<1), (9c)  determined by the interband impurity scattering, which is
m able to reduce the critical temperature in a two-gap supercon-

with N ,=Xo*\p,. Interestingly, the zero-temperature up- ductor.
per critical field value is always dominated by the lowest The upper critical fields were analyzed using the model
diffusivity when D, and D, are different, and by the geo- proposed by Gurevich, which takes the multiband nature of
metrical media when they are similar. The intermediate cassuperconductivity in MgB into account. We observed how
is similar to the BCS one. What distinguishes the three difthe scattering mechanisms determining critical field and re-
ferent conditions is the dependence of critical fields anisotsistivity values can be different. This explains why films with
ropy on temperature: b ,<D ., yincreases when tempera- resitivities differing by one order of magnitude can show
ture decreases, while the temperature dependence is tQgnilar critical fields.H,, values up to 24 T in perpendicular
opposite ifD,<D,. ForD,~D, finally, yis nearly con-  gjrection and up to 57 T in the parallel orientation have been
stant and only a slight increase is observed as temperatufg,ng. These high values confirm the importance of this ma-

decreases. ; ot
. terial for large scale applications.
In the framework of the Gurevich model, thetempera- g PP

ture dependences of Fig. 3 seem to indicate that we are in the
D .=D, condition. This is in agreement with our results on
normal state resistivity: in fact, we found,.<p, for all the
films, which impliesD ,>D,, (#»>1). With this hypothesis We acknowledge A.S. Siri, I. Pallecchi, A. Palenzona, R.
on the diffusivity ratio, it is possible to estimaie, from the  Vaglio, and L. Romandfor the helfpul discussions. This
measuredH,(0). In fact, for >1 Eq.(7) depends weakly work was supported by the European Community through
on n and the calculated , values vary only by 4% as  “Access to Research Infrastructure Action of the Improving
varies from 1 to 10. The obtaindd, values are reported in Human Potential Program.”
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