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We report on scanning tunneling spectroscopy studies of magnesium dibeigiBs) thin films grown by
different techniques. The films have critical temperatures ranging between 28 and 41 K with very different
upper critical fields. We find that the superconducting gap associated withlibad decreases almost linearly
with decreasing critical temperature while the gap associated withr thend is only very weakly affected in
the range of critical temperatures above 30 K. In the sample with the lowest critical temp&2&ue we
observe a small increase of thegap that can only be explained in terms of an increase in the interband
scattering. The tunneling data was analyzed in the framework of the two-band model. The magnetic-field-
dependent tunneling spectra and the upper critical field measurements of these disordered samples can be
consistently explained in terms of an increase of disorder that mostly affects tiend in samples with
reduced critical temperatures.
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I. INTRODUCTION of the electronic states in this material. Only substitutions

The discovery of 40 K superconductivity in magnesiumthat cause out-of-plane distortions can lead to significant
diboride (MgB,),12 a compound made of just two light ele- 77 scattering. Therefore, substitutions in the Mg planes are

ments, has reinvigorated interest in the fundamental physic?(peCted t]? tlrr:crease th% mtgrband scatft(:ggg an? causing an
of superconductivity. The salient feature in MgB the ex- ;ncrteaseg e”bg‘?? ?n a the;:rease 0 ¢ %atp. rf‘_fcogt'h
istence of two distinct gaps on different portions of the Fermi rast, carbon SUbstiUtions, that are expected 1o atrectine

surface. The two sets of electrons are only weakly interactin@lane' should give only small contribution to the interband

. . ) . cattering. Point contact spectroscopy experiments and
and the highT; is mainly due to a strong coupling between 4 specific-heat experimerfs®® have confirmed that the two-

small friCtio.n .Of pho.”ons and a por.tion of the Ferm'gap feature persists even in heavily C-doped MgBth a
surfaqé This is a unique occurrence in superconductorsreduced critical temperature as low as 22 K.

t_hat did not receive much theoretlt_:al and experimental atten- \ye report on a systematic study of tunneling spectroscopy
tion earlier. The two-gap scenario in Mgis now commonly  performed by a low-temperature scanning tunneling micro-
accepted in the scientific Community and has been investiscope on thin films, produced by different research groups
gated by different techniqués:* One of the open issues is and grown by different techniques. Our motivation is to
the role played by the disorder in a two-band superconductoktudy the evolution of the two gaps in this material and elu-
Three impurity scattering channels are possible: intrabandidate the role of the different scattering channels and their
scattering within each band and interband scattering betweamlation with the gap values. The directional nature of tun-
them. According to the multiband superconductivity thédry neling has been used to directly probe the two superconduct-
the interband scattering by the impurities should blend théng gaps. The values oA, and A, that we measured in
order parameters in the two bands, resulting in a merging ogB, thin films, with different degree of disorder, have been
the two gaps. The effect of the interband scattering shouldompared with gap values reported in literature and with new
also decrease the critical temperature expected to be linear theoretical predictiond: Moreover, we demonstrate the ex-
a range of small impurities concentratioffi$’ Different  istence of two different length scales of the two bands in the
types of controlled defects have been introduced in this mapresence of a magnetic field. The measured density of states
terial but, yet no merging of the two gaps has been observedt the Fermi level in ther band approaches the normal value
even for samples with substantially reduced critical temperaat a field much smaller than the upper critical fielg, of the

ture compared with pure samples. Erwin and M&¥olem-  sample. The field scale for the gap filling in a presence of
onstrated that interband scatteriegm is moderately sup- magnetic field is set by the ratio of the diffusivities of the
pressed as a consequence of the spatial symmetry propertigsasiparticles in the two bands, while the order parameter
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reaches zero at the upper critical field of the sample. We(a)
mapped the field dependence of thévand density of states

at the Fermi level in films with different degrees of disorder
and we fitted the experimental data with the theoretical
model proposed by Koshelev and Golubbto extract the
diffusivities in the two bands. The combined analysis of the
tunneling data and the upper critical field measurements pro
vides a unique tool to better understand and control the dis:
order in this material.

Il. SAMPLES

We investigated three types of MgEhin films. The films
with the highest critical temperatutélm A) were produced
at Penn State University by hybrid physical-chemical vapor
deposition(HPCVD).?? X-ray diffraction and transmission (b) e o
electron microscopy indicate that the films are epitaxial on o S
SiC substrates witlt axis oriented normal to the substrate 1
surface?? The lattice parameters deduced from x ray are
=3.52+0.01 anda=3.09+£0.03. From x-ray measurements
and from TEM there is no evidence of MgO at the interface
with the substrate or at the film's surface. The critical tem-
perature of these films is 41 K, higher than the bulk critical
temperature, due to the strain in the films induced by the
substrate. The resistivity at low temperature [0 K)
=0.26uQdcm and the residual resistivity ratio
p(300 K)/p(40 K)=30.

High quality c-axis oriented MgB films on (1102 Al,0O4 g : " .
substrategfilms B1 and B2 were grown at Pohang Univer- 2 ud ’ RSt s SoSe
sity of Korea using a pulsed laser depositfdix-ray diffrac- 1.00urn
tion indicate that most of the grains are oriented with the
c-axis normal to the substrate, but thab-plane orientation
is relatively random. The surface of the films ix% mn?
and the thickness is of the order of 400 nm. The criticalThe morphology of these films is more similar to film A,
temperature of these films typically ranges from 35 to 39 K With crystallites submicron size.
with a sharp transitiofAT.~ 0.5 K), measured by SQUID

FIG. 1. SEM micrograph ofa) film A and (b) film C2.

magnetometry _ o lll. STM MEASUREMENTS
Finally, a third set of films grown by an in situ two step
planar magnetron sputtering technigdigms C1 and C22° Tunneling spectroscopic measurements were performed

were produced at the INFM Coherentia at the University ofon the as-grown samples at Argonne National Laboratory,
Napoli “Federico Il.” For these samples, x-ray diffraction using a low-temperature, helium-exchange gas scanning tun-
measurements indicated a broad range-akis orientation. neling microscopdSTM). In Fig. 2 the STM topographies
Furthermore, atomic force microscopyAFM) analysis recorded on films A, B1, B2, and C2 are reported. The to-
showed granular features at the surface with average rougipography of film A in Fig. 2a) shows terraces with steps of
ness on a single grain being about 20 nm. Scanning electrahe order of 1 nm and roughness on each terrace of 0.1 nm.
microscopy(SEM) images with microprobe analysis showed The topography of film B1Fig. 2b)] is very similar to the
high composition uniformity. The room-temperature resistiv-one in film A while film B2 in Fig. Zc) consists of submi-
ity values, estimated using a standard four probe geometrgron crystallites with théab) crystallographic plane slightly
were fairly high(=100 w() cm), probably due to the granu- tilted with respect to the substrate. The topography of film
lar structure of the films, which affects the estimate of theC2 in Fig. 2d) consists of grains on the order of 200-200 nm
“effective thickness,” due to the limited contact area betweernn size consistent with the SEM images. Comparing the to-
the grains. Best samples showéld=35 K, AT,=0.5 K  pography of the four films, C2 is the most disordered mor-
(1090 9% criteriopy, and residual resistivity ratio phologically.
p(300 K)/p(40 K)=1.6. Current-voltage characteristicd-V) and conductance

In Fig. 1 SEM images of film A and film C1 are reported. spectra(dl/dV vs V) were recorded at different locations on
The film A [Fig. 1(a)] consists of hexagonal crystallites of the scanning area. The differential conductadt&V vs V
submicron size, mostly oriented along tbeaxis. The film  curves were recorded using a standard lock-in technique with
C1 [Fig. 1(b)] is much more disordered morphologically. a small ac modulation superimposed on a slowly varying
SEM images of films B1 and B2 are reported elsewRre. bias voltage while the feedback loop was interrupted. The
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v film we were not able to observe a clear two gap feature
spectrum. Whether the two gaps are present but not resolv-
able at liquid helium temperature or the disorder in the
sample merged the two gaps is still not clear. However, the
reduced value of the observed gap/RT, is well below the
BCS weak coupling value of 3.52. Although this is quite
unusual and theoretically unexplained, earlier measurements
have indicated existence of very low BCS ratio in disordered
samples/~2°

Figures 4a) and 4b) comparec-axis and offe-axis tun-
neling spectra for samples with differeft. The large gap
associated with the- band, looks very sensitive to the criti-
cal temperature while the changes in the small gap are much
smaller. In the sample with lowedi, the unprocessed data
[Fig. 4a)] show an increase of the gap, which can only
come from an increase in interband scattering.

The tunneling spectra can be compared to a two-gap tun-
neling conductance model which is based on a weighted sum
of two modified BCS density of states, that includes the ef-
fect of the interband scattering, broadened by the Fermi

FIG. 2. STM topography ofa) film A, scanning area 200 nm function® The model contains four scattering parameters
X200 nm, (b) film B1, scanning area 300 nm300 nm, (c) film I'yr I'roy 'y @and T, The interband scattering parameters
B2, scanning area 300 nm300 nm, (d) film C2, scanning area I',, and I, can be reduced to one parameter since their
1 umx1 um. ratio is proportional to the ratio of the density of states at the

Fermi level in the two bands, determined from band structure
amplitude of the ac modulation was fixed between 0.2 andalculationdI’,../I",,=N_(0)/N,(0)]. ', andI’,, are the in-
0.4 mV, below the intrinsic thermal broadening value at 4.2traband scattering parameters. In principle we should con-
K. sider two different scattering parameters in the two bands,

As pointed out in our earlier publicatidd,band structure  but we considered only one in order to reduce the number of
effect in tunneling spectra allows us to probe the two band$ree parameters in our fit, although there is no physical rea-
in MgB, with different weights depending on the tunneling son to make this assumption. The estimated gap values ob-
direction. Figures @), 3(b), and 3c) show two spectra ac- tained by comparing the experimental data with the theoret-
quired on each sample with critical temperatufgs 40, 35, ical conductance curves are summarized in Fig) bgether
and 33.5 K, respectively. The spectra showing two-gap feawith other gap values reported in the literature. In Figh)5
tures were acquired close to a step edge, where tunnelinhe BCS ratios for the two gaps are reported and compared
from the side of the tip into the-b planes allows us to probe with the BCS weak coupling valugtraight ling and to data
both thes and 7 band of this material. In Fig.(8) a tunnel-  reported by other groups using different techniq(secific
ing spectrum recorded on a 28 K sample is reported. On thikeat3?3! point contact spectroscop§3?33STM) on various
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) ) ) FIG. 5. (a) Gap values for films with different, compared with
FIG. 4. Tunneling conductance spectra recorded on films withayes reported in literaturéb) BCS ratios obtained from the gap

different T, at T=4.2 K. (a) c-axis spectra on films withTc  yajyes in(a) and compared with other data reported in literature.
=28 K (film C2), 33.5 K(film C1), and 35 K(film B2). (b) Spectra

with a-b component of the tunneling current, recorded on films with .
T,=35 K (film B2) and 39 K (film B1). The spectra have been 92P feature persists to temperatures very close to 20 K. In

normalized to the conductance value at high voltage. The tunneling@rticular for C-doped samples with,=22 K there is evi-
resistance iR;=0.2 G0 (1=100 pA V=20 mV). dence from specific-heat measuremé&hog the two-gap fea-

ture, although the value of this gap is more difficult to extract

types of samplegsingle crystals, bulks, and thin fillns than from tunneling experiments. Recently, Holaneval®

where the disorder was introduced in several wétsmi-  reported point contact spectroscopy on heavily doped
num substitutiond!34 carbon substitution®3233 neutron ~ C-doped MgB pellets. The existence of the two gaps is very
irradiatior?®). Despite the wide variation of the source of difficult to observe directly from the datdor the T.=22 K
disorder it appears that the changes in gap values can be wégmple but after fitting, they were able to determine the
described by the sample’s critical temperature. The gap ag@lues of the two gaps. Gonne#it al® reported a system-
sociated with thewr band is only weakly sensitive to the atic study of the energy gaps in a series of Al-substituted and
critical temperature in the range of critical temperatureC-substituted MgBsingle crystals. They claim that the dop-
30-39 K while thes gap decreases almost linearly. The gaping dependence of the gaps is very different for the two
valuesA , andA,, form two branches when plotted as a func- series, in particular for heavily doped samples. Indeed, they
tion of the critical temperature of the sample and remarkablyobserved a merging of the two gaps for C-doped samples
all the published gap values fall on the same two branches. With T;=20 K while they could still resolve a two-gap fea-
is important to keep in mind that the reductionTpdue to  ture for Al-substituted samples with similar critical tempera-
disorder can be caused by an increase of the interband scéres.

tering or by a change in the electronic structure that affects
the electron-phonon coupling matrix. The decreas& oénd

the almost constant or slightly increasing value/Xof are
consistent with recent theoretical predictidh3he model is

based on the scaling of the electron-phonon coupling con- |, the framework of the two-gap model, it is possible to

stant and includes effects due to the increase of the interband,|cjate the change in critical temperatdteand the gap

scattering. Both effects can capture most of the experimentf.-yaMesAw andA, as a function of the interband scattering:
observations.

Up to now, the situation below 30 K remains experimen-
tally more ambiguous. Some experiméfteeport little in- gc:_frfrw(ww_
crease of ther gap, but overall it looks as though the two- 8

IV. UNDERSTANDING THE ORIGIN OF DISORDER
FROM TUNNELING MEASUREMENTS

W{Tﬂ) + I‘(Tﬁ(Wﬁ - W’)T(T
W, + W, '
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where the theoretical model proposed by Koshelev and Goltibov

the slope of the initial increase of the zero bias should de-
crease when increasing the rafig/D_, whereD, andD
are the diffusivities in thab plane of the two bands and,
respectively. In our measured samples, it appears that a de-
crease inT. is accompanied with an increase in the ratio
D,/D,. The experimental data can be compared with the
theoretical curves to obtain the ratio of the diffusivities. In
a is the BCS ratio A/kgT,, the interband scattering,z is  Fig. 6(b) the experimental data for the samples Wit 40,
defined as twice the value of the interband scattering in Ref35, and 28 K are compared with the calculated curves ob-
16 andW is a matrix related to the electron-phon constantstained forD,/D,=0.1, 0.2, and 1.5, respectively. The experi-
[16]. ment is in good agreement with the theory for samples with
In the limit of small interband scattering we can considerhigh T, and marginal for the sample with the lowdst It is
the linear approximations important to keep in mind that the theory does not include

R() = fdx tankx

V2 + sintex’

In4r-1
R(0) = 1, R(1) = 74, R(r) ~ %for r>1

ST~ 039 1) the effects of interband scattering that are small but finite in
om most disordered sampldas shown by the increase of the
SA.~0.27, .. ) value of thew gap. Moreover, all the calculations are based
10
SA, ~-0.34,,. (3) st t (a)

Since in the lowT, sample we observe an increase of the ‘AEE -
of 0.2 meV, from Egs(1) and (2), this translates to a de- S So. o
crease inT. due to interband scattering of almost 4.6 K. - 03 ol oooo ]
Therefore, not all the decrease T can be explained in 3 00 & Ted0K, HepOR105T
terms of interband scattering. The origin of disorder in thin g o o Te=37 K Hep(0) 18 T
films is still a matter of debate. In TEM measurements, B ® Tes335K HepOF125 T
Gurevich et al3® observed a buckling of the Mg plane in 00 _© Te28k HeaOF16 T
highly disordered films. Such out-of-plane distortions can in- 00 02 04 06
crease the interband scattering. 10 H/He ()

To understand the nature of disorder in these films we (b)
focused on the magnetic field dependence of the tunneling
spectra. Magnetic field dependence of the tunneling spectra =
has been reported by many groups either from STM experi- % 4
ments and point-contact spectroscopy. It is well established z 05 7
that the zero bias of the-axis tunneling spectra increases s T_=40K H (0)105 T
with the applied magnetic field quite rapidly. Koshelev and o T 37K H (08T
GoluboV’ calculated the local density of states in the pres- o T=28K H_ (0)16 T
ence of a magnetic field for a two-band superconductor and 0.9 o5 To
demonstrated that the field dependence of the averaged den- H/Hey(0)

sity of states at the Fermi energy is a function of the ratio of
the in-plane diffusivities in the two bands. Figur@Bshows

FIG. 6. (a) Zero bias conductance as a function of the applied

the zero bias values of the tunneling spectra at different fieldmagnetic field normalized to the upper critical field at zero tempera-
as a function of the normalized upper critical figlat low  ture. () Comparison between experimental data and theoretical
temperaturgin the c-direction for each sample. According to curves.
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TABLE |. Summary of the critical temperatuii; gap values\ , A,; extrapolation at zero temperature
of the upper critical field for field applied perpendicular to the film surfegg0); the ratio of the in plane
diffusivities D,,/D, evaluated by the comparison between experimental data and theoretical [dtiges
4(a) and 4b)]; and values of the two in plane diffusiviti&s, andD,,. Film A was grown by HPCVD. Films
B1 and B2 were grown by the pulsed laser deposition technique. Films C1 and C2 were grown by the
magnetron sputtering technique.

T(K) A (meV) A,meV) Hy(0)(T) D,/D,  Djcn?/s) D,(cn?/s)

Film A 40+0.1 2.2+£0.2 7.2+£0.2 10.5+0.5 0.1+£0.05 2.7 27
Film B1 39+£0.5 2.2+£0.2 7.1+£0.2 16+£0.5 0.2+£0.1 1.8 9.0
Film B2 35£0.5 2.2+£0.2 6.0£0.2 18+0.5 0.2+£0.1 1.4 7.0
Film C1 33.5%+0.5 2.0£0.2 5.7£0.2 12.5+0.5 0.3£0.2 2.0 6.0
Film C2 28+0.5 2.4+0.2 16+0.5 1.5+0.4 1.3 0.9
on the electron-phonon coupling matrix obtained from band W, +W,_—Inr,
structure calculations on optimal samples. In disordered 9(r) =- T
samples, this matrix could in principle be very different from
optimally grown samples. N \/(WU+W77_ Inry)? FW+Inr
The tunneling measurements in the framework of this 4 v X

analysis can only provide an estimate of the ratio of the . . . e e
diffusivities in theab plane. To separate the two diffusivities, wherer, is the ratio of the in-plane diffucivities
upper critical field measurements are necessary. It is possible D,

to calculateD,, from the following equations’ Mx= D’

In Table | theT,, gap valuesH(0), diffusivity ratios,

and in-plane diffusivities are summarized for the measured

2ks T Dy samplesH,(0) is the upper critical field for magnetic field
He(0) = 0-14Teg(rx), (4)  applied perpendicular to the film surface and it represents the

value at zero temperature extrapolated from the experimental
data at higher temperatures. Although the estimates of the in
plane diffusivities have been made using a model based on

2 (a) ' . e H | film surfuce calculations for pure MgB there are some qualitative con-
sk o o7 i fmsurfice clusions that can be drawn from this analysis. For the lowest
= ° T, film the 7 band looks dirtier than the band while in thin
E]O '\. ] films with higher critical temperatures the band looks
e oL ‘e cleaner than the band. These conclusions are in agreement
= oL e with magnetic field measurements performed on the same
5 O\o\O \o\ ] samples. In Figs. (3 and 1b) we report the upper critical
\O\O\O.‘o\ field for two samples withT;=40 and 33.5 K, respectively.
0 10 20 30 40 According to Gurevicht8 if the o band is dirtier than ther
T(X) band, the plot of the upper critical fiekd.,(T), for H applied
30_‘\' e Hylfilm surface perpendicular to the film surface, s_hould show a positive
25Hb) N, —o— HL film surface curvature afl., whereas if thes band is cleaner than the
_ o0l 1 band,H., vs T is linear neaiT.. Since ther band is affected
% * by the disorder in the Mg plane, it seems that the reduction
g 157 \\. 1 of the critical temperature is mainly caused by the disorder in
:?’10- °~ \ | the Mg plane. This is also consistent with the small increase
o of the interband scattering in the film wiff,=28 K.
5t O\O\, | In conclusion, we performed a systematic study of tunnel-
05 7 > \3?}“—40 ing_ spectroscopy in thin films grown by different techniq_ues
T®) to investigate the evolution of the two-gap feature in films

the electron-phonon matrix obtained from the band structure

with different critical temperatures. We obtained an estimate
FIG. 7. Upper critical field forH applied parallel and perpen- of the in-plane diffusivities in the two bands trough a com-
dicular to the film surface fofa) a sample withT,=40 K (film A), parison of the magnetic field dependence of the spectra with
(b) a sample withT,=33.5 K (film C1). the two-band model in disordered films. We find that the
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