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High critical current density and vortex pinning of epitaxial MgB 2 thin films
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We have studied transport properties of a number ofin situ epitaxial MgB2 thin films grown by hybrid
physical-chemical vapor deposition. The films show single-crystal-like structure with a highTc , a narrowDTc

and a high zero-fieldj c . The bestj c(H50) of the films at 5 K is comparable to the estimated depairing current
density j 0 of MgB2 . The zero-fieldj c(T) data of different films can be scaled toj (t)5(12t2)a(11t2)1/2,
wherej (t)5 j c(t)/ j c(0) andt5T/Tc . We have found thata51.760.1 fits the data measured with the 4-probe
method anda;2 fits the data derived from the magnetization hysteresisM-H measurements. At low tempera-
ture thej c(H) of the films show a common feature thatj c(H) first appears as a plateau when the external field
is lower thanH* , wherem0H* ;1022 T, and thenj c(H)}H2b when the field is lower than a crossover value
m0Hm;1 T, whereb;0.7– 1.0 resembling that of epitaxial high-Tc cuprate films. AboveHm , j c(H) de-
creases steeply. These results may be associated with the columnar growth mode of the films, where strong
pinning centers are mainly located at the column boundaries or twin boundaries, and within a single-crystal-
like column the pinning is weak. At low temperature, nearly temperature independent small peaks and flip-over
in M-H loops are observed in the films, consistent with the high thermal activation energyU0(H,T) values
calculated from the resistivity measurement of the films.

DOI: 10.1103/PhysRevB.68.224501 PACS number~s!: 74.25.Fy, 74.25.Qt, 74.62.Bf, 74.78.Db
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I. INTRODUCTION

The dependence of the critical current densityj c on tem-
perature and magnetic fields is an important aspect of a
perconducting material for both academic research and
vice applications. Among different types of superconduct
materials, epitaxial thin films usually have a much bet
intergrain conductance than that of sintered bulk materi
but also more vortex pinning centers than those in sin
crystals. Both conditions favor a highj c . For example, high-
Tc YBa2Cu3O72d ~YBCO! thin films can show a zero-field
j c of 106– 107 A/cm2 at 77 K, or 107– 108 A/cm2 at 4.2 K;
both are 2–3 orders of magnitude higher than that obtai
in YBCO bulks or single crystals. Similarly, in the superco
ductor MgB2 ~Ref. 1! j c values over 107 A/cm2 in zero-field
have been repeatedly obtained in thin films synthesized
two-step methods with post-annealing,2,3 and recently by the
in situ hybrid physical-chemical vapor deposition~HPCVD!
approach.4–6 The j c of 3.53107 A/cm2 at 4.2 K in zero ex-
ternal field and 13106 A/cm2 at 20 K in 1 T of perpendicu-
lar field (Hic) obtained from anin situ epitaxial MgB2 film
on 6H-SiC made by HPCVD method5 is 1–3 orders of mag-
nitude higher than that observed in MgB2 sintered bulks,
single crystals, wires or tapes.7 This makes MgB2 thin films
promising for applications in many kinds of film-based pa
sive and active devices working at the temperature rang
20–25 K, where an electrical cryostat could replace liq
helium cooling.8

To further increase thej c value and improve the sustain
ability of MgB2 thin films in fields, which is currently a
common drawback of MgB2 materials, it is necessary t
have a clear picture of the vortex state and pinning mec
nism in the films. In MgB2 thin films with randomly oriented
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polycrystalline grains,9 or films with ac-axis texture but ran-
dom grain orientation inab plane,2 vortices seem to be
mainly pinned by point defects.9–11 The vortex glass mode
was suggested to describe the vortex state in these films12,13

Large suppression ofj c induced by flux jump at low tem-
perature and low field was also observed in these films,14 and
quantum effects such as quantum fluctuation and tunne
of vortices are suggested to explain the large separation
tween irreversibility fieldH irr and the upper critical fieldHc2
at low temperatures.15 In the in situ epitaxial MgB2 thin films
made by HPCVD4–6 and the films made by radio frequenc
sputtering followed with Mg diffusion processing,16 both
c-axis orientation and good in-plane epitaxy have been
tained, therefore one may expect a different vortex pinn
mechanism in these films from those previously reported
this paper, we present experimental data on the trans
properties measured from over two dozen of MgB2 thin films
made by HPCVD, with an emphasis on the dependence oj c
on temperature and magnetic fields. The values ofj c were
obtained by means of both 4-probe method as well as m
netization hysteresis loopM-H approach. As the MgB2 films
discussed in this paper consist of single-crystal-like colum
with uniform column size,4,17 bearing some similarity to tha
of high-quality epitaxial high-Tc cuprate~e.g., YBCO! thin
films, we will discuss the vortex pinning in the films wit
some frameworks applied to high-Tc cuprate thin films.

II. EXPERIMENT

The fabrication procedures for thein situ epitaxial MgB2
thin films by HPCVD have been described elsewhere
detail.4–6 The films for this study were deposited at 710
760 °C on~0001! sapphire and 4H- or 6H-SiC single-cryst
substrates~size ;535 mm2) with a B2H6 flow rate of
©2003 The American Physical Society01-1
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25–50 sccm, yielding a deposition rate of 2–4 Å/s. The
deposited films consist of hexagonal columns of pure su
conducting phase MgB2. Impurities such as MgO are onl
found in the film-substrate interface or on the film surfa
From x-ray u-2u scan andw-scan diffraction analyses, th
films are single-crystal-like showing excellent crystalli
texture and a perfect in-plane epitaxy with theirc-axis per-
pendicular to the substrate surface.5 Theabaxes of the MgB2
film grown on SiC follow theab axes of the SiC as thei
lattices match well.5 On sapphire, the majority of the MgB2
film structures twist theirab axes in-plane by 30° with re
spect to theab axes of sapphire to reduce the lattice m
match between them, but a small portion of MgB2 lattices
have theirab axes following theab axes of the sapphire
substrate, yielding 30° twin boundaries.5 The film surfaces
are nearly free of big particles or outgrowths, and hav
root-mean-square roughness (Rq);4 nm on both
substrates.4,17

For j c measurements with the 4-probe method, the fil
were patterned into bridges with a width of 20 to 50mm and
a length-to-width ratio of 2–20 via photolithography and
ion-beam milling. During ion milling, the samples we
cooled with a liquid nitrogen stage to avoid processing da
age. For magnetization measurement, the films were cut
;2.535 mm2. Both the transport and magnetizationM-H
hysteresis loop measurements were performed on a Qua
Design Model 6000 Physical Property Measurement Sys
with an accuracy of60.01 K for temperature control and
maximum field of 9 T. Standard 4-probe current-volta
(I -V) measurements were performed. A criterion of 1mV
was used to determine the samples’ critical currentI c from
the I -V curves. InM-H loop measurements, a field-sweepi
rate, d(m0H)/dt, of 2–10 mT/s was used, and at each fix
magnetic field, the magnetization value of the sample w
averaged from 10 consecutive measurements.

III. RESULTS AND DISCUSSION

A. General transport properties

The as-depositedc-axis MgB2 thin films typically show
transition temperatureTc and width DTc(10– 90 %) of
39–41 K and 0.1–0.3 K, respectively. The residual res
tance rationRRR5r(300 K)/rn of the samples ranges from
2 to 30, wherern is the residual resistivity nearTc .4,6,18

Usually the films on SiC have a higherTc than those on
sapphire.18

We performed resistivity-temperature~r-T! measurements
in varied external fields on both unpatterned films and p
terned micro-bridges. Figure 1 plots ther(T,H) data mea-
sured in parallel (Hiab) and perpendicular (Hic) fields for
a ;92 nm thick film on 6H-SiC from a 50mm31 mm
bridge with a measuring current density of 100 A/cm2. In
zero external field, this bridge sample showsTc;40.3 K,
DTc;0.2 K, rn ~at 41 K! ;4 mV cm andRRR;5. Note
that in parallel fieldsDTc(H) increases to;1.7 K at 9 T,
while in perpendicular fields it increases faster to;5.4 K at
5 T. In terms of the transition width, the results are com
rable to that observed in MgB2 single crystals,19,20 indicating
22450
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a high purity of the MgB2 superconducting phase and perfe
crystalline lattices. From ther(T,H) curves we estimated
the values of upper critical fieldsm0Hc2(T) in both parallel
and perpendicular configurations. Similar to the results
ported in bulks, thin films and single crystals,7,21 the
m0Hc2(0) values of the present films vary largely in bo
parallel and perpendicular fields, e.g., 6–23 T form0Hc2(0)
in perpendicular fields, showing a strong sample depende
As a general trend of these samples, the film with be
single-crystal-like crystalline structure has lowerHc2(0).

The j c values measured from the samples appear to
dependent on the measurement methods applied. As sh
in Fig. 2, by usingM-H loop method and the expressio
derived from Bean critical state model,j c520DM /a(1
2b/3a), whereDM is the width ofM-H loop, anda andb
are the length and width of the sample~perpendicular to the
applied field!, respectively, we derived a nominalj c value of
1.053108 A/cm2 at 5 K in zero external field for a film on
6H-SiC. For the same sample measured with 4-pro
method, thej c at 4.2 K is 3.53107 A/cm2 in zero external
field. The main reason for the difference is that the Be
model is a first order approximation and theM-H measure-
ment is an average result of the whole film, while t
4-probe method measures the properties of the weakes
gion of a microbridge sample. In addition, damage induc
by lithography processing, the geometric effects22,23and self-
field induced in microbridges can also cause thej c measured
to be lower than the real value. However, at zero exter

FIG. 1. Resistivity-temperature data measured in para
(Hiab) and perpendicular (Hic) fields from a microbridge pat-
terned in a 92 nm thickin situ epitaxial MgB2 film grown on~0001!
6H-SiC substrate.
1-2
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HIGH CRITICAL CURRENT DENSITY AND VORTEX . . . PHYSICAL REVIEW B68, 224501 ~2003!
field, the data obtained from both methods show a sim
trend in thej c-T curves as typically shown in Fig. 3: a pos
tive curvature atT→Tc , a nearly linear part in the centra
range of temperature and a negative curvature whenT
→0 K. In particular, most samples show a quite wide te
perature range for the linear part in their zero-fieldj c-T
curves.

FIG. 2. Critical current densityj c in perpendicular field for a
sample on 6H-SiC:~a! data measured with 4-probe method on a
mm wide bridge, and~b! data derived fromM-H hysteresis loops
with Bean critical state model.

FIG. 3. Plots of thej c-T data measured with fine temperatu
steps at zero external field with 4-probe method for a sample
4H-SiC. It shows the common features with a positive curvatur
T→Tc , a nearly linear part in the central range of temperature
a negative curvature whenT→0 K. The solid line is a fit with
3.6731063(12t2)7/4(11t2)1/2, wheret5T/Tc .
22450
r
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B. Scaling of normalized j-t

The data plotted in Fig. 3 can be well fitted withj c(t)
5 j c(0)(12t2)a(11t2)1/2, where t5T/Tc is the reduced
temperature, a57/4, Tc539.1 K and j c(0)53.7
3106 A/cm2 for this sample. This scaling behavior ofj c in
temperature is similar to that observed in conventional lo
Tc superconductors such as Sn microbridges, where fo
spatially uniform current flow, j c(t)' j c(0)(12t2)3/2(1
1t2)1/2.22 Indeed we note thatj c(t)5 j c(0)(12t2)a(1
1t2)1/2 works well for the j c(T) data of all the samples
where individuallya51.760.1 for the data measured wit
the 4-probe method anda'2 for the data derived from the
M-H loops. In Fig. 4 we plotted the data measured with
4-probe method of five different samples with their fitte
j c(0) values varying in three orders of magnitude fro
107 A/cm2 to 105 A/cm2. Most of their normalizedj (t)
[ j c(t)/ j c(0) fall to a narrow band confined by twoj (t)
5(12t2)a(11t2)1/2 curves witha53/2 and 2, respectively

For type-II superconductors one may find clues of t
general pinning mechanism from theirj c(T) behavior in
temperature. It has been demonstrated that by using gen
ized inversion scheme~GIS!24,25 one can distinguish
d l -pinning or dTc-pinning in high-Tc superconducting thin
films with a scaling law ofj (t)5(12t2)5/2(11t2)21/2, or
j (t)5(12t2)7/6(11t2)5/6, respectively.25 Here d l -pinning
and dTc-pinning refer to the pinning results from disorde
in the mean free pathl, and in the transition temperatureTc ,
respectively.26 Griessenet al. concluded from the fitting re-
sults thatd l -pinning mechanism is dominant in YBa2Cu3O7
and YBa2Cu4O8 thin films.25 By using similar analyses on
the magnetization data of MgB2, it was argued that
dTc-pinning mechanism is dominant in sintered bulk27 and
thin films.10 For the current films, as shown in Fig. 4, th
experimental data points are between the two fitting cur
corresponding tod l - and dTc-pinning, respectively. This
scaling behavior suggests that bothd l -pinning and
dTc-pinning play roles in the epitaxial MgB2 thin films made
by HPCVD. Clearly thedTc-pinning is not dominant in the
present films, consistent with the fact that the present fi

n
t
d

FIG. 4. Different MgB2 films show similar normalizedj-t scal-
ing where j (t)5 j c(t)/ j c(0), although their correspondingj c(0)
varies from 107 A/cm2 to 105 A/cm2. The data locate in a narrow
band defined byj (t)5(12t2)3/2(11t2)1/2 and (12t2)2(11t2)1/2.
1-3
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have a very pure superconducting phase by showing a hi
Tc and a narrowerDTc in comparison with that previously
reported.

For a superconductors, the depairing current density
the thermodynamic critical field can be estimated byj 0

54Bc /@3A6m0l# and Bc5F0 /@2A2plj#, respectively,26

wherel is the penetration depth, andF05h/2e is the flux
quantum, andj is the coherence length. For MgB2, by tak-
ing lab(0);100– 110 nm28,29andjab(0);5 – 7 nm,7 j 0 and
Bc are estimated to be;23108 A/cm2 and;0.35 T, respec-
tively. The bestj c values of the present films at low temper
ture is in the order of 107– 108 A/cm2, fulfill well the crite-
rion for the strong vortex pinning regime,j c / j 0;0.1– 1.26

Thus the scaling behavior on temperature observed in
present films may indicate the existence of strong pinn
forces in the films caused by extended defects. As discu
in the following section, such extended defects are m
likely formed in the columnar boundaries along thec axis
during the growth of the present films.4,17

C. Field dependence ofj c

For MgB2 superconductors, it has been demonstrated
grain boundaries do not cause remarkable decrease ofj c ,30,31

therefore thej c(H) behavior is mainly determined by th
nature of vortex state and vortex pinning of the materials
low perpendicular magnetic fields and low temperatur
j c(H) exhibits a plateau in field less thanH* , which is
nearly temperature independent, as typically shown in
inset of Fig. 5~a!. The m0H* values are found to be
;1022 T. By performing initialM-H measurements of th
films, we have found that in perpendicular fields, magne
flux starts to penetrate into the films atm0Ha;2.5
60.3 mT, corresponding to a lower critical fieldm0Hc1 of
20–25 mT when the demagnetization of the films is cons
ered. In the external fieldsHa,H,H* , the vortex pinning
in the films is described under the ideal single vort
regime.26 In MgB2 powders, similar behavior wa
observed,30 while them0H* values are;1021 T at low tem-
peratures.

With further increase ofH, a nearly linear region appear
in the double logarithmic plot of thej c-H data, as shown in
Fig. 5~b! and Fig. 5~c!, indicating a power dependence ofj c
on H. The j c(H) curves show a transition at a crossov
field, here referred to asHm . When the external field is les
thanm0Hm;1 T @in Figs. 5~b! and 5~c!#, j c(H)}H2b where
b;0.7– 1.0. WhenH.Hm , j c(H) decreases nearly expo
nentially with the field.

The power dependence ofj c(H) observed here is very
similar to that observed in high-Tc cuprate thin films consist
ing of linear defects as strong pinning sites.32,33 In epitaxial
YBCO thin films, strong pinning sites in the grain boun
aries lead to a power dependencej c(H)}H2b with b
;0.5,32 and linear dislocations in the films lead to ab
;0.5– 1.133 in moderate perpendicular fields. For the latt
clear correlations amongb, H* , and the dislocation densit
ndisl , revealed by continuous wet etching and atomic fo
microscopy mapping, have been observed.33
22450
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Considering both the fact ofj c / j 0;0.1– 1 and the power
dependence ofj c(H) in fields, vortex pinning revealed in th
present films could be explained under the framework
strong vortex pinning.26 The turning fields from the platea
to a power slope at low temperature might correspond to
bundle fieldBrb for strong pinning, above which, the vort
ces are in the plastic pinning or collective pinning regime26

Schönenbergeret al.34 have shown thatb50.760.1 for
j c(H)}H2b can be derived from simulations using th
model of plastic deformation due to strong pinning. In t
region Hm,H,H irr , the j c(H) curve deviates from the
power dependence and decreases steeply, where the sm

FIG. 5. Critical current densityj c(H) data in perpendicular ex
ternal field (Hic) of three MgB2 epitaxial films:~a! a 180 nm thick
sample on 4H-SiC, derived fromM-H loops with the Bean model
~b! a 290 nm thick sample on sapphire, measured with 4-pr
method, and~c! a 92 nm thick sample on 6H-SiC, measured w
4-probe method. The inset of~a! shows a plateau at low fields.~b!
and~e! show thej c(H) behavior in high fields, wherej c turns from
power dependence to exponential dependence in increasing fi
The dashed lines are guides to the eye.
1-4
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large bundle pinning are possibly dominant in the vor
pinning.26

From transmission electron microscopy~TEM! and
atomic force microscopy analyses,4,17 we have revealed tha
the present films consist of columnar grains with flat t
surfaces. It leads to a natural speculation that most of
strong pinning centers in these films are located at the
umn boundaries. With columnar growth mode, planes of
column boundaries are parallel to thec-axis of the film. In
perpendicular field whereHic, once a vortex is pinned it is
expected that the vortex line be pinned along its wh
length within the column boundary, thus presenting a stro
pinning force. Looking back to the fieldHm , we find it in the
same order as the in-plane matching fields for the geom
lattices formed by the uniform hexagonal columns of t
films. For example, the films for Figs. 5~b! and 5~c! have an
average in-plane column dimension;100 nm.17 Considering
identical in-plane hexagonal shape of these columns,
length of each edge of the hexagons is thus 100A3
;60 nm, and we obtain a matching flux densityBf;0.7 T
for a triangular vortex lattice as that observed in MgB2 single
crystals.35 In the films on sapphire, theHm value is usually
larger than that of the films on SiC. This is probably due
more defects induced by the large lattice mismatch betw
sapphire and MgB2, causing the existence of twi
boundaries.4 The perfect lattice matching between MgB2 and
SiC in theab plane~20.5%!5 naturally makes the entire film
on SiC more single-crystal-like with better intercolumn co
nection and few defects, as compared to those on sapp
resulting in a higher zero-fieldj c but a poorer sustainability
of j c in fields. The weaker sustainability ofj c(H) in high
fields suggests a lack of a high density of pinning centers
vortex pinning,26 consistent with the single-crystal-like crys
talline quality of the films.4

The above discussions generally classify the vorti
pinned in the films into two sorts: those strongly pinned
the column boundaries~and twin boundaries as well in film
on sapphire!, and those weakly pinned in the single-cryst
like bodies of the columns. The latter have a much hig
chance to creep locally, or jump over to neighboring stro
pinning sites and form small bundles. The weak sustaina
ity of j c of the films in high fields is attributed to the lack o
a high density of point defects in the present films.

The irreversibility fieldH irr are roughly estimated from
j c(T,H) and r(T,H) data obtained with 4-probe measur
ments, where the criteria ofj c(T,H)5103 A/cm2 and
r(T,H)/rn51023 are applied for the estimation, respe
tively, similar to those used for MgB2 bulk,30 thin film15 and
single crystal19 for a reasonable comparison. The curre
density 103 A/cm2 is considered as the same level of therm
noises.30 At the vicinity where resistivity of the films ap
pears, the resistivity values increase steeply in temperatu
logr-T plots, as shown in Fig. 1. Atr(T,H)/rn51024 the
data are already in the noise background~this part is not
shown in Fig. 1!, and the temperature differences betwe
that corresponding tor(T,H)/rn51023 and r(T,H)/rn
51022 are mostly in the order of 0.1 K under various fiel
Therefore the criterionr(T,H)/rn51023 gives reasonable
estimation ofH irr data. For the same film, both methods gi
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similar results. Figure 6 presents two sets of typicalH irr data
measured from two microbridge samples of films on SiC a
sapphire. The films on SiC tend to show lowerH irr values
than those on sapphire due to a better crystallinity. TheHc2
values inHic estimated at 90% ofrn from r(T,H) curves of
the same samples are also plotted in Fig. 6 for a compari
One sees here a small gap betweenH irr and Hc2 for the
present films, which is in sharp contrast to the large g
observed15 in the c-axis MgB2 thin films made by the two-
step approach.2

D. Magnetic flux jump induced effects

As just discussed, it is expected that vortices in the fil
are weakly pinned in the single-crystal-like bodies of t
columns and easy to creep locally or jump over to neighb
ing strong pinning sites. When a number of such jumps oc
at the same time, it would result in an observable macros
change in the transport properties of the films. In magnet
tion measurements, as shown in Fig. 7, flux-jump induc
peaks inM-H loops repeatedly appear at the same fiel
regardless of the change of temperature from 5 K to 15 K.
This implies that the flux jump is mainly determined stru
turally, not thermally, and the thermal activation energy
vortex depinning is very high in the films.

Much higher flux jump induced magnetization peaks
M-H loops at low field have been reported in Mg-diffuse
thin films,14 MgB2 sintered bulks36 and wires.37 Severe sup-
pression of the nominalj c at temperature lower than 10–1
K was reported in these samples.12,14 It has been argued an
demonstrated that in polycrystalline MgB2 materials the
samples were not uniform and dentritic penetration of vo
ces occurred.12,38

By contrast, under low fields the presentin situ epitaxial
MgB2 thin films have not shown a suppression of the nom
nal j c in the M-H loops with a temperature down to 4.2 K
We attribute it to the uniform and excellent crystalline m
crostructures of the films. However, we repeatedly obse

FIG. 6. The irreversibility fieldH irr in perpendicular fields
(Hic), derived from r(T,H) and j c(T,H) data measured with
4-probe method from two films on sapphire and 6H-SiC, resp
tively. The fields atj c(T,H)5103 A/cm2 and r(T,H)/rn51023

are defined here as theH irr values, respectively. TheHc2 values of
these samples, estimated at 90%rn from ther(T,H) data, are also
plotted for reference. All lines are guides to the eye.
1-5
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flip-over jumps in theM-H loops when the maximum field i
high ~e.g., 3–5 T! and the field-sweeping rate is high~e.g.,
10 mT/s!, as shown in Fig. 8. For both films on sapphire a
SiC the flip-over field was around 0.85 T, and does not s
in varied temperature from 5 K to 15 K. Itonce again implies
strong structurally but not thermally pinning characterist
of the present films. The loss of hysteresis in theM-H loops
when the field is larger than the flip-over field indicates t
collapse of the normal pinning mechanism; probably d
tritic penetration of vortices has occurred in this regime38

When the external field is less than the flip-over field,

FIG. 7. Magnetization hysteresis curves measured from a
nm thick film grown on 4H-SiC, with a field step of 10 mT and
sweeping rate d(m0H)/dt52 mT/s. Many small peaks, probabl
flux jump induced, are observed. These peaks occur at the s
fields ~marked with dotted lines and an arrow as guides to the e!
when temperature varies. The inset shows the full loops.

FIG. 8. Magnetization hysteresis curves from~a!, a 110 nm
thick MgB2 epitaxial film on 4H-SiC with a field sweeping rat
d(m0H)/dt510 mT/s and a field step of 100 mT, and~b! a 220 nm
thick MgB2 film on sapphire with a field sweeping rate of 5 mT
and a field step of 40 mT. The insets show the full loops.
22450
ft

s

-

n

overall supercurrent is recovered in the film and vortices
pinned again sufficiently, and the magnetization mom
flips over to follow the ‘‘normal’’M-H loops. Such phenom
enon has also been observed in the measurements of oin
situ MgB2 films made by pulsed laser deposition.39 The role
of the sweeping rate of field in the flux jumping mechanis
is to be further studied, e.g., by relaxation measurement

The temperature independent flux jumps observed in
M-H loops are consistent with the large values of the therm
activation energyU0(H,T) derived from Arrhenius plots of
the sample resistivity, r(H,T)5r0 exp@2U0(H,T)/kBT#,
wherer0 is a fitting parameter andkB the Boltzman constant
We find thatU0 is three orders of magnitude higher tha
kBTc , as shown in Fig. 9. Similar to those observed in hig
Tc single crystals,40 in both perpendicular and parallel field
a power dependenceU}H2n and a turning field wheren
steeply increases are observed. For example, inHic, n in-
creases from;0.26 to;2.8 when the fields cross the turnin
point ;1.5 T for two films on sapphire and SiC, respective
~Fig. 9!. The origin of this phenomenon is not yet clear.

IV. CONCLUSION

In summary, thein situ epitaxial MgB2 thin films grown
on ~0001! sapphire and SiC by HPCVD technique sho
single-crystal-like epitaxial textures and excellent transp
properties in terms of highTc , narrowDTc and high zero-
field j c . The best zero-fieldj c is comparable to the depairin
current density of MgB2. The zero-fieldj c(T) values of dif-
ferent films show a common trend and can be scaled
j (t)5(12t2)a(11t2)1/2, where a51.760.1 for the data
measured with the 4-probe method anda'2 for the data
derived from theM-H loops. Films on both sapphire and Si
show weak sustainability in moderate perpendicular fiel
At low temperature thej c of the films show a common fea
ture, i.e., j c(H) first appears as a plateau when the exter
field is lower thanH* , where m0H* ;1022 T, and then
j c(H)}H2b when the field is lower than a crossover val
Hm , whereb;0.7– 1.0 andm0Hm;1 T. AboveHm , j c(H)

0

me
e

FIG. 9. Thermal activation energy derived fromr(H,T) data of
two MgB2 thin films on sapphire and 4H-SiC, respectively, in pe
pendicular fields. The data follow some power dependences to
field, i.e., U}Hn, with turning fields around 1.5 T whereU de-
creases much faster withH. The dotted lines are guides to the ey
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decreases steeply. The power dependence ofj c(H)}H2b is
similar to that observed in epitaxial high-Tc cuprate films
with a density of linear defects as strong pinning sites. Th
results indicate the existence of extended defects in
present MgB2 thin films. Considering the microstructure o
the films, we suggest that the strong pinning centers
mainly located in the column boundaries, which are form
during the columnar growth of the films. We also observ
nearly temperature independent small peaks and flip-ove
M-H hysteresis loops of the films, which might be related
the creeping behavior of the weakly pinned vortices that p
etrate in the single-crystal-like columns. This implies a hi
thermal activation energyU0(H,T) of the films, consistent
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