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High critical current density and vortex pinning of epitaxial MgB , thin films
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We have studied transport properties of a numbemaoditu epitaxial MgB, thin films grown by hybrid
physical-chemical vapor deposition. The films show single-crystal-like structure with & hig narrowA T,
and a high zero-fielgl. . The besf.(H=0) of the films at 5 K is corparable to the estimated depairing current
densityj, of MgB,. The zero-fieldj(T) data of different films can be scaled j6t)=(1—t?)*(1+t?)?,
wherej(t)=]j.(t)/j.(0) andt=T/T.. We have found that= 1.7+ 0.1 fits the data measured with the 4-probe
method andx~ 2 fits the data derived from the magnetization hysterglsld measurements. At low tempera-
ture thej (H) of the films show a common feature thjafH) first appears as a plateau when the external field
is lower thanH* , whereuoH* ~1072 T, and therj(H)>=H~# when the field is lower than a crossover value
moHm~1T, where3~0.7—1.0 resembling that of epitaxial high-cuprate films. AboveH,,, j.(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 ebg(dy, T) values
calculated from the resistivity measurement of the films.
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I. INTRODUCTION polycrystalline graing,or films with ac-axis texture but ran-
dom grain orientation inab plane? vortices seem to be
The dependence of the critical current dengityon tem-  mainly pinned by point defect™ The vortex glass model
perature and magnetic fields is an important aspect of a swas suggested to describe the vortex state in these fiifris.
perconducting material for both academic research and dd-arge suppression of; induced by flux jump at low tem-
vice applications. Among different types of superconducting®€rature and low field was also observed in these fithagid _
materials, epitaxial thin fims usually have a much betterduantum effects such as quantum fluctuation and tunneling
intergrain conductance than that of sintered bulk materialsOf vortices are suggested to explain the large separation be-
but also more vortex pinning centers than those in singldVeen irreversibility fielcH;, and the upper critical fielé .,
crystals. Both conditions favor a high. For example, high- atlow temperaturfzjss.ln thein situ epitaxial Mng_thln films
T VBaC . e made by HPCVD 8 and the films made by radio frequency
c ,Cu;0;_ 5 (YBCO) thin films can show a zero-field X ) IR !
i of 10— 10 Alen? at 77 K, or 16— 1CF Alem? at 4.2 K- sputtering followed with Mg diffusion processir,both

) . . c-axis orientation and good in-plane epitaxy have been ob-
both are 2—3 orders of magnitude higher than that obtaineg.. : oo
: . . . heref ff
in YBCO bulks or single crystals. Similarly, in the supercon- ined, therefore one may expect a different vortex pinning

; b 2 ) mechanism in these films from those previously reported. In
ductor MgB, (Ref. 1) j values over 10A/cm” in zero-field  yhis paner. we present experimental data on the transport

have been repeatedly obtained in thin films synthesized b}ﬁroperties measured from over two dozen of MdHin films
two-step methods with post-annealifijand recently by the made by HPCVD, with an emphasis on the dependengg of
in situ hybrid physical-chemical vapor depositi@iPCVD) o, temperature and magnetic fields. The valueg.oivere
approact.”® The j of 3.5x 10" Alcm? at 4.2 K in zero ex-  obtained by means of both 4-probe method as well as mag-
ternal field and X 10° A/cm? at 20 K in 1 T of perpendicu- netization hysteresis loo-H approach. As the MgBfilms
lar field (Hlic) obtained from ann situ epitaxial MgB, film  discussed in this paper consist of single-crystal-like columns
on 6H-SiC made by HPCVD methdds 1-3 orders of mag-  with uniform column sizé;” bearing some similarity to that
nitude higher than that observed in MgBintered bulks, of high-quality epitaxial highF, cuprate(e.g., YBCQ thin
single crystals, wires or tapésThis makes MgB thin films  films, we will discuss the vortex pinning in the films with
promising for applications in many kinds of film-based pas-some frameworks applied to high- cuprate thin films.
sive and active devices working at the temperature range of
20-25 K, where an electrical cryostat could replace liquid
helium cooling®

To further increase thg, value and improve the sustain-  The fabrication procedures for thie situ epitaxial MgB,
ability of MgB, thin films in fields, which is currently a thin films by HPCVD have been described elsewhere in
common drawback of Mg materials, it is necessary to detail*=® The films for this study were deposited at 710—
have a clear picture of the vortex state and pinning mechaz60 °C on(0001) sapphire and 4H- or 6H-SiC single-crystal
nism in the films. In MgB thin films with randomly oriented substrates(size ~5x5 mn?) with a B,Hg flow rate of

IIl. EXPERIMENT
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25-50 sccm, yielding a deposition rate of 2—4 A/s. The as- 10 A ASE AR AR A
deposited films consist of hexagonal columns of pure super- MgB2/6H-SIC
conducting phase MgB Impurities such as MgO are only
found in the film-substrate interface or on the film surface. 13 Hilab 3
From x-ray #-26 scan ande-scan diffraction analyses, the
films are single-crystal-like showing excellent crystalline
texture and a perfect in-plane epitaxy with theiaxis per-
pendicular to the substrate surfacBheab axes of the MgB
film grown on SiC follow theab axes of the SiC as their
lattices match welf.On sapphire, the majority of the MgB 0.014
film structures twist theimab axes in-plane by 30° with re- 5 él " 1-2 ‘ J‘z'-o' Lz'irl, : -31)“ ‘|35 4 o s
spect to theab axes of sapphire to reduce the lattice mis-
match between them, but a small portion of MgRttices 7K
have theirab axes following theab axes of the sapphire T T
substrate, yielding 30° twin boundariéghe film surfaces
are nearly free of big particles or outgrowths, and have a
root-mean-square  roughness Rfj~4nm on  both
substrate§:!’
For j. measurements with the 4-probe method, the films
were patterned into bridges with a width of 20 to &t and
a length-to-width ratio of 2—20 via photolithography and Ar
ion-beam milling. During ion milling, the samples were
cooled with a liquid nitrogen stage to avoid processing dam-
age. For magnetization measurement, the films were cut into A R
~2.5x5 mn?. Both the transport and magnetizatitiH K
hysteresis loop measurements were performed on a Quantum
Design Model 6000 Physical Property Measurement System FIG. 1. Resistivity-temperature data measured in parallel
with an accuracy of0.01 K for temperature control and a (Hllab) and perpendicularHlic) fields from a microbridge pat-
maximum field of 9 T. Standard 4-probe current-voltageterned in a 92 nm thickn situ epitaxial MgB, film grown on(0002)
(I-V) measurements were performed. A criterion ofu¥ 6H-SiC substrate.
was used to determine the samples’ critical curignfrom
thel-V curves. InM-H loop measurements, a field-sweeping a high purity of the MgB superconducting phase and perfect
rate, duoH)/dt, of 2—10 mT/s was used, and at each fixedcrystalline lattices. From the(T,H) curves we estimated
magnetic field, the magnetization value of the sample washe values of upper critical fieldgoH:,(T) in both parallel
averaged from 10 consecutive measurements. and perpendicular configurations. Similar to the results re-
ported in bulks, thin films and single crystdl$ the
moHe2(0) values of the present films vary largely in both
Ill. RESULTS AND DISCUSSION parallel and perpendicular fields, e.g., 6—23 T figH .»(0)
in perpendicular fields, showing a strong sample dependence.
As a general trend of these samples, the film with better
The as-deposited-axis MgB, thin films typically show  single-crystal-like crystalline structure has lowkeg,(0).
transition temperaturel, and width AT;(10-90%) of The j. values measured from the samples appear to be
39-41 K and 0.1-0.3 K, respectively. The residual resisdependent on the measurement methods applied. As shown
tance ratiorRRR= p(300 K)/p,, of the samples ranges from in Fig. 2, by usingM-H loop method and the expression
2 to 30, wherep, is the residual resistivity neaf..*®*®  derived from Bean critical state modej,=20AM/a(1
Usually the films on SiC have a highdr, than those on —b/3a), whereAM is the width ofM-H loop, anda andb
sapphire'® are the length and width of the samgfgerpendicular to the
We performed resistivity-temperatufe T) measurements applied field, respectively, we derived a nominjal value of
in varied external fields on both unpatterned films and pati1.05x 168 A/cm? at 5 K in zero external field for a film on
terned micro-bridges. Figure 1 plots théT,H) data mea- 6H-SIiC. For the same sample measured with 4-probe
sured in parallel dllab) and perpendicularHlic) fields for ~ method, thej. at 4.2 K is 3.5¢10" A/cm? in zero external
a ~92 nm thick film on 6H-SIiC from a 5@mX1mm field. The main reason for the difference is that the Bean
bridge with a measuring current density of 100 Afcrin model is a first order approximation and theH measure-
zero external field, this bridge sample shoWg-40.3K, ment is an average result of the whole film, while the
AT.~0.2K, p, (at 41 K ~4 puQcm andRRR~5. Note  4-probe method measures the properties of the weakest re-
that in parallel fieldsAT.(H) increases to~1.7 K at 9 T, gion of a microbridge sample. In addition, damage induced
while in perpendicular fields it increases fastert6.4 K at by lithography processing, the geometric efféttdand self-
5 T. In terms of the transition width, the results are compasdfield induced in microbridges can also cause jtheneasured
rable to that observed in MgBsingle crystal$®?indicating  to be lower than the real value. However, at zero external
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FIG. 4. Different MgB films show similar normalizegtt scal-
ing where j(t)=j.(t)/j.(0), although their corresponding.(0)
varies from 16 A/cm? to 1 A/lcm?. The data locate in a narrow
band defined by (t)=(1—t?)¥%1+t?)? and (1-t?)2(1+1?)2

J. (Aem?)

B. Scaling of normalizedj-t

The data plotted in Fig. 3 can be well fitted with(t)
=j.(0)(1-t2)*(1+t?)*2 wheret=T/T, is the reduced
temperature, a=7/4, T.=39.1K and j.(0)=3.7
#H(M X 10° Alcm? for this sample. This scaling behavior pf in
temperature is similar to that observed in conventional low-
T. superconductors such as Sn microbridges, where for a
spatially uniform current flow, j¢(t)~j.(0)(1—t%)%41
+t2)1222 |ndeed we note thatj(t)=j.(0)(1—t?)%(1
+1t2)12 works well for thej (T) data of all the samples,

i _ .. where individuallya=1.7+0.1 for the data measured with
field, the data obtained from both methods show a similag,qo 4-probe method and~2 for the data derived from the
trend in thej-T curves as typically shown in Fig. 3: a posi- 1.4 |oops. In Fig. 4 we plotted the data measured with the
tive curvature aff —T,, a nearly linear part in the central 4-probe method of five different samples with their fitted
range of temperature and a negative curvature wiien j (0) values varying in three orders of magnitude from
—0 K. In particular, most samples show a quite wide tem-10" A/cm? to 10° A/lcm?. Most of their normalized;(t)
perature range for the linear part in their zero-figldT  =j(t)/j.(0) fall to a narrow band confined by twi(t)
curves. =(1-t)%(1+t?)Y? curves witha=3/2 and 2, respectively.

For type-ll superconductors one may find clues of the
general pinning mechanism from thejg(T) behavior in
temperature. It has been demonstrated that by using general-
ized inversion scheme(GIS)**® one can distinguish
#H=0T A Sl -pinning or 8T-pinning in highT,; superconducting thin
films with a scaling law ofj(t)=(1—t2)%%(1+1t%) "2 or
j(t)=(1—1%7%(1+12)%6, respectively> Here &l-pinning
and 8T .-pinning refer to the pinning results from disorders
in the mean free path and in the transition temperatufe,

1 respectively’® Griesseret al. concluded from the fitting re-
. , v 2 sults thatél -pinning mechanism is dominant in YBau;O;
o] T fitted with 367X g | and YBgCu,Og thin films?2® By using similar analyses on
- - T - the magnetization data of MgB it was argued that
00 02 0'4t=T/S'6 08 10 5T.-pinning mechanism is dominant in sintered Bland
¢ thin films1% For the current films, as shown in Fig. 4, the
FIG. 3. Plots of thej-T data measured with fine temperature €XPerimental data points are between the two fitting curves

steps at zero external field with 4-probe method for a sample oforresponding tosl- and oTc-pinning, respectively. This
4H-SiC. It shows the common features with a positive curvature afcaling behavior suggests that bothl-pinning and
T—T., a nearly linear part in the central range of temperature and®T-pinning play roles in the epitaxial Mgihin films made

a negative curvature whefi—0 K. The solid line is a fit with by HPCVD. Clearly theST.-pinning is not dominant in the
3.67X 10°X (1—1t2)"(1+t?)Y2, wheret=T/T,. present films, consistent with the fact that the present films

FIG. 2. Critical current density. in perpendicular field for a
sample on 6H-SiC(a) data measured with 4-probe method on a 30
um wide bridge, andb) data derived fronM-H hysteresis loops
with Bean critical state model.
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have a very pure superconducting phase by showing a higher 0 ' MgB/AH-SIC
T. and a narroweAT. in comparison with that previously :gzgggﬂ Hilc
reported. 10°7 e 1
For a superconductors, the depairing current density and 12 """"
the thermodynamic critical field can be estimated jRy “%105'“2105
=4B./[3/6uo\] and B,=d,/[2/27\E], respectively® =L L
where\ is the penetration depth, anbly=h/2e is the flux =10 “°:
quantum, and is the coherence length. For MgBby tak- qoe] EEER R T
iNg N 4p(0)~ 100—110 N2 and &,,(0)~5-7 nm/ j, and @)
B. are estimated to be 2x 10° A/lcm? and~0.35 T, respec- 10° » "
tively. The besi . values of the present films at low tempera- 10° 10 . 10
ture is in the order of 10-10° A/cm?, fulfill well the crite- #H M
rion for the strong vortex pinning regimg,/j,~0.1—12° , - T
Thus the scaling behavior on temperature observed in the 10 1% u MgB"s:/p/""e
present films may indicate the existence of strong pinning 10° 1 \§§ i m ¢ ]
forces in the films caused by extended defects. As discussed . TASHS
in the following section, such extended defects are most E 10° w4k AN 1
likely formed in the columnar boundaries along thexis < —0— 10K \\0\
during the growth of the present filnfig’ ~$10"3 —A—15K b AR \,
—0— 20K \o
103_ \\. .
C. Field dependence of . . (b)
For MgB, superconductors, it has been demonstrated that 1 10
grain boundaries do not cause remarkable decrease B! #H M
therefore thej.(H) behavior is mainly determined by the 7] ' A
nature of vortex state and vortex pinning of the materials. In = ==, H’“ MQB’/ﬁ//SlCC
low perpendicular magnetic fields and low temperatures, 10° NS 3
jc(H) exhibits a plateau in field less than*, which is < \o§° h
. . . 5 -
nearly temperature independent, as typically shown in the 2 1074 \A\O
inset of Fig. %a). The uoH* values are found to be gy —|—4.2K o
~10"2 T. By performing initial M-H measurements of the 1073 :z:ﬁE ]
films, we have found that in perpendicular fields, magnetic 10°1 —o— 20K ]
flux starts to penetrate into the films agtoH,~2.5 ©)
+0.3 mT, corresponding to a lower critical fiejdyH.; of 10 : ,
20-25 mT when the demagnetization of the films is consid- 1 10
ered. In the external fieldd ,<H<H*, the vortex pinning #H1 M

In Fhe zgllms is described under f[h? ideal S'”Q'e vorteX g1 5. critical current density.(H) data in perpendicular ex-
regime™ In MgB, powders, similar behavior was iernalfield (Hiic) of three MgB epitaxial films:(a) a 180 nm thick
observed’ while the uoH* values are~10"* T at low tem- sample on 4H-SiC, derived froml-H loops with the Bean model,
peratures. (b) a 290 nm thick sample on sapphire, measured with 4-probe
With further increase oH, a nearly linear region appears method, andc) a 92 nm thick sample on 6H-SiC, measured with
in the double logarithmic plot of thi.-H data, as shown in  4-probe method. The inset ¢&) shows a plateau at low field&o)
Fig. 5(b) and Fig. %c), indicating a power dependencejQf  and(e) show thej,(H) behavior in high fields, wherg, turns from
on H. The j.(H) curves show a transition at a crossoverpower dependence to exponential dependence in increasing fields.
field, here referred to ad,,. When the external field is less The dashed lines are guides to the eye.
thanuoH,~1 T [in Figs. 5b) and 5c)], j(H)<H # where
B~0.7-1.0. WhenH>H,,,j.(H) decreases nearly expo- Considering both the fact gf./j,~0.1-1 and the power
nentially with the field. dependence gf.(H) in fields, vortex pinning revealed in the
The power dependence ¢f(H) observed here is very present films could be explained under the framework for
similar to that observed in highiz cuprate thin films consist- strong vortex pinning® The turning fields from the plateau
ing of linear defects as strong pinning sifés? In epitaxial  to a power slope at low temperature might correspond to the
YBCO thin films, strong pinning sites in the grain bound- bundle fieldB,, for strong pinning, above which, the vorti-
aries lead to a power dependenggH)xH # with g ces are in the plastic pinning or collective pinning regfthe.
~0.5%% and linear dislocations in the films lead to@&  Schmenbergeret al®* have shown that3=0.7+0.1 for
~0.5-1.%% in moderate perpendicular fields. For the latter,j . (H)H # can be derived from simulations using the
clear correlations among, H*, and the dislocation density model of plastic deformation due to strong pinning. In the
Ngist» revealed by continuous wet etching and atomic forceregion H,,<H<H;,, the j.(H) curve deviates from the
microscopy mapping, have been observéd. power dependence and decreases steeply, where the small or
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large bundle pinning are possibly dominant in the vortex

pinning2®

From transmission electron microscopyTEM) and
atomic force microscopy analysés’ we have revealed that
the present films consist of columnar grains with flat top
surfaces. It leads to a natural speculation that most of th

strong pinning centers in these films are located at the col-
umn boundaries. With columnar growth mode, planes of the

column boundaries are parallel to thexis of the film. In
perpendicular field wherkllic, once a vortex is pinned it is

expected that the vortex line be pinned along its whole
length within the column boundary, thus presenting a strong

pinning force. Looking back to the field,,,, we find it in the

same order as the in-plane matching fields for the geometry
lattices formed by the uniform hexagonal columns of the

films. For example, the films for Figs() and 5c) have an
average in-plane column dimensieri00 nm?’ Considering
identical in-plane hexagonal shape of these columns, th
length of each edge of the hexagons is thus IR0/
~60 nm, and we obtain a matching flux densy~0.7 T

for a triangular vortex lattice as that observed in Mgihgle
crystals®® In the films on sapphire, the,, value is usually
larger than that of the films on SiC. This is probably due to

more defects induced by the large lattice mismatch betwee

sapphire and MgB, causing the existence of twin
boundarie$. The perfect lattice matching between Mg&nd
SiC in theab plane(—0.5%° naturally makes the entire film
on SiC more single-crystal-like with better intercolumn con-
nection and few defects, as compared to those on sapphi
resulting in a higher zero-fielgl. but a poorer sustainability
of j. in fields. The weaker sustainability ¢£(H) in high
fields suggests a lack of a high density of pinning centers fo
vortex pinning?® consistent with the single-crystal-like crys-
talline quality of the filmg

PHYSICAL REVIEW B68, 224501 (2003
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FIG. 6. The irreversibility fieldH;, in perpendicular fields
(Hllc), derived fromp(T,H) and j.(T,H) data measured with
4-probe method from two films on sapphire and 6H-SiC, respec-
tively. The fields atj.(T,H)=10® Alcm? and p(T,H)/p,=10"3

Sre defined here as the,, values, respectively. Thid, values of

these samples, estimated at 9@%6rom the p(T,H) data, are also
plotted for reference. All lines are guides to the eye.

similar results. Figure 6 presents two sets of typldal data
measured from two microbridge samples of films on SiC and
Qapphire. The films on SiC tend to show lowdy;, values
than those on sapphire due to a better crystallinity. Fihge
values inH||c estimated at 90% g3, from p(T,H) curves of
the same samples are also plotted in Fig. 6 for a comparison.
One sees here a small gap betwdén and H., for the

rﬁresent films, which is in sharp contrast to the large gap

observe® in the c-axis MgB, thin films made by the two-
step approach.

D. Magnetic flux jump induced effects

. The .above 'discgssions generally classify the' vortices As just discussed, it is expected that vortices in the films
pinned in the films into two sorts: those strongly pinned atare weakly pinned in the single-crystal-like bodies of the

the column boundarie@nd twin boundaries as well in films
on sapphirg and those weakly pinned in the single-crystal-
like bodies of the columns. The latter have a much highe

columns and easy to creep locally or jump over to neighbor-
ing strong pinning sites. When a number of such jumps occur
&t the same time, it would result in an observable macroscale

chance to creep locally, or jump over to neighboring strongchange in the transport properties of the films. In magnetiza-

pinning sites and form small bundles. The weak sustainabil
ity of j. of the films in high fields is attributed to the lack of
a high density of point defects in the present films.

The irreversibility fieldH;, are roughly estimated from
j<(T,H) and p(T,H) data obtained with 4-probe measure-
ments, where the criteria of(T,H)=10° Alcm? and
p(T,H)/p,=10"2 are applied for the estimation, respec-
tively, similar to those used for MgBbulk,* thin film*® and
single crystdP® for a reasonable comparison. The current
density 18 A/cm? is considered as the same level of thermal
noises® At the vicinity where resistivity of the films ap-
pears, the resistivity values increase steeply in temperature
log p-T plots, as shown in Fig. 1. Ab(T,H)/p,=10* the
data are already in the noise backgrouititis part is not

shown in Fig. }, and the temperature differences between

that corresponding tg(T,H)/p,=10"2 and p(T,H)/p,
=102 are mostly in the order of 0.1 K under various field.
Therefore the criteriop(T,H)/p,=10"2 gives reasonable
estimation ofH;,, data. For the same film, both methods give

tion measurements, as shown in Fig. 7, flux-jump induced
peaks inM-H loops repeatedly appear at the same fields,
regardless of the change of temperaturenrd K to 15 K.
This implies that the flux jump is mainly determined struc-
turally, not thermally, and the thermal activation energy for
vortex depinning is very high in the films.

Much higher flux jump induced magnetization peaks in
M-H loops at low field have been reported in Mg-diffused
thin films 4 MgB, sintered bulk¥ and wires®’ Severe sup-
pression of the nomingl, at temperature lower than 10-15
K was reported in these sampfés:* It has been argued and
tlemonstrated that in polycrystalline MgBmaterials the
samples were not uniform and dentritic penetration of vorti-
ces occurred?=8

By contrast, under low fields the preseéntsitu epitaxial
MgB, thin films have not shown a suppression of the nomi-
nal j. in the M-H loops with a temperature down to 4.2 K.
We attribute it to the uniform and excellent crystalline mi-
crostructures of the films. However, we repeatedly observe
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FIG. 7. Magnetization hysteresis curves measured from a 110 u#H(T)

nm thick film grown on 4H-SiC, with a field step of 10 mT and a o ]

sweeping rate G¢oH)/dt=2 mT/s. Many small peaks, probably FIG. 9. Thermal actlvatlon.energy derlv_ed frqr(1H,'I’_) data_l of

flux jump induced, are observed. These peaks occur at the sant&© MgB; thin films on sapphire and 4H-SiC, respectively, in per-

fields (marked with dotted lines and an arrow as guides to the eyePendicular fields. The data follow some power dependences to the

when temperature varies. The inset shows the full loops. field, i.e., U=H", with turning fields around 1.5 T where de-
creases much faster with. The dotted lines are guides to the eye.

flip-over jumps in theM-H loops when the maximum field is _ ) _ )
high (e.g., 3-5 T and the field-sweeping rate is high.g., overall supercurrent is recovered in the film and vortices are
10 mT/9, as shown in Fig. 8. For both films on sapphire andPinned again sufficiently, and the magnetization moment
SiC the flip-over field was around 0.85 T, and does not shififlips over to follow the “normal”M-H loops. Such phenom-
in varied temperature fro 5 K to 15 K. Itonce again implies €non has also been observed in the measurements af our
strong structurally but not thermally pinning characteristicsSitu MgB films made by pulsed laser depositftirhe role
of the present films. The loss of hysteresis in ki loops ~ Of the sweeping rate of field in the flux jumping mechanism
when the field is larger than the flip-over field indicates theiS to be further studied, e.g., by relaxation measurement.
collapse of the normal pinning mechanism; probably den- The temperature independent flux jumps observed in the
tritic penetration of vortices has occurred in this regithe. M-H loops are consistent with the large values of the thermal
When the external field is less than the flip-over field, anactivation energyJo(H,T) derived from Arrhenius plots of
the sample resistivity, p(H,T)=pgexd —Uq(H,T)/kgT],
wherep, is a fitting parameter arkk the Boltzman constant.
e We find thatU, is three orders of magnitude higher than
] kgT., as shown in Fig. 9. Similar to those observed in high-
T, single crystal4®in both perpendicular and parallel fields,
a power dependencde«H™"” and a turning field where
steeply increases are observed. For examplé]lio, v in-
creases from-0.26 to~2.8 when the fields cross the turning

1.0 T

ts;

Hile

h_ o o

o
3}
4

‘ //M garb. uni

M (arb. units)
o
<
|

-0.51 point ~1.5 T for two films on sapphire and SiC, respectively
T=5,75,10,125,15,20,25,30,35,38, 40K (@) (Fig. 9). The origin of this phenomenon is not yet clear.
1.0 . ; : .
0.5 0.6 07 0.8 0.9 1.0
(T IV. CONCLUSION
1.0

In summary, than situ epitaxial MgB, thin films grown
on (0001 sapphire and SiC by HPCVD technique show
single-crystal-like epitaxial textures and excellent transport
properties in terms of highi;, narrowAT; and high zero-
field j.. The best zero-fielgl, is comparable to the depairing
current density of MgB. The zero-field .(T) values of dif-
| . ferent films show a common trend and can be scaled to
j()=(1-1t)*(1+t>)Y2 where a=1.7+0.1 for the data
1.0 : : : i measured with the 4-probe method ame-2 for the data
05 06 07 08 08 10 derived from theM-H loops. Films on both sapphire and SiC

#f1 M show weak sustainability in moderate perpendicular fields.

FIG. 8. Magnetization hysteresis curves frd@, a 110 nm At low temperature the. of the films show a common fea-
thick MgB, epitaxial film on 4H-SiC with a field sweeping rate fure, i.e.,jo(H) first appears as a plateau when the external
d(uoH)/dt=10 mT/s and a field step of 100 mT, afly) a 220 nm  field is lower thanH*, where uoH* ~107% T, and then
thick MgB, film on sapphire with a field sweeping rate of 5 mT/s j¢(H)>H™# when the field is lower than a crossover value
and a field step of 40 mT. The insets show the full loops. Hq, wheref~0.7—1.0 anduoH,~1 T. AboveH,,, j.(H)

0.5+

M (arb. units)
o
(=]

3

7=5, 10, 15, 20, 25 K (b)
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decreases steeply. The power dependendg(éf)<H £ is  with the derivedJ(H,T) values from Arrhenius plots of the
similar to that observed in epitaxial high- cuprate films resistivity measurements.

with a density of linear defects as strong pinning sites. These The weak sustainability of. in high magnetic fields
results indicate the existence of extended defects in th&ight be improved by introducing a high density of impurity
present MgB thin films. Considering the microstructure of o defects into the films{"*“ such approaches are under
the films, we suggest that the strong pinning centers arévestigation.

mainly located in the column boundaries, which are formed

during the columnar growth of the films. We also observed ACKNOWLEDGMENTS
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