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Dependence of activation energy upon magnetic field and temperature
in YBa,Cu30,_; epitaxial thin film
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The broadening of the resistive transition in Y,Ba;O,_; epitaxial thin film was measured in various
applied magnetic fields. The irreversibility line and its angular dependence were obtained. The temperature and
magnetic field dependence of the activation enegyH,T)>U[1—T/T¢(0)](Hq/e,H)?® were obtained
from the experimental results, which is consistent with the expression of the activation energy for thermally
excited flux creep deduced from the irreversibility line and Arrhenius law except for low field data in which the
prefactor of the Arrhenius law has little deviation from that in high fie[®0163-182@99)10301-1

[. INTRODUCTION thought to be because of the thermally activated flux
motion‘®~?2and can be fitted by Arrhenius law for the resis-
In high-T, oxide superconductors, the field-temperaturetivity below 0.0%p,,,22"*wherep, is the normal state resis-
(H-T) phase diagram is complicated due to the high transitivity. A common intersection in the Arrhenius plot showed
tion temperature, short coherence length, layered structuréat the temperature dependence of resistivity in various
and high anisotropy. The phase transition at the upper crltlcemagnet'c fields could be described by a single prefactor
field He, is smeared out and it is argued that a true phas€o- - The activation energy of magnetic flux motidsy
transition occurs at the irreversibility lingL). The IL was  Which is a function of the temperature and magnetic field,
believed to be a vortex lattice melting line or a vortex glassc@n beé evaluated from Arrhenius plots. In this paper, the
transition, depending on the strength of the disorder in Subroadenmg of the resistive transition in YBCO thin film was
perconductors. For example, in high quality untwinned crys- measured in various magnetic fields and at different angles
tals of YBgCu;0;_5 (YBCO), the phase transition at the IL betwleenhthe dr|1rect|on IOf the magnetic f|?l?1ah;blane The ith
determined by a sharp “kink” is a first-order melting tran- results s -OWt € angu'ar depende_nce_ of the IL coincides V\-”t
sition from the Abrikosov vortex lattice state to a vortex the effective mass model. The activation energy as a function
liquid state!~” whereas in thin films, it exhibits a second- of the magnetic field and temperature is obtained from both

. .~ the experimental results and the theory of thermally excited
order transition from a vortex glass state to a vortex liquid P y Y

statéd"2and the IL is generally determined by the criterion flux creep.
of zero resistance in the measurements of the resistive tran-

sition. The first-order phase transition from the vortex solid

to the vortex liquid in the untwinned YBCO crystal can be
suppressed by the introduction of point deféétslsing two- A high quality c-axis-orientated YBCO epitaxial thin film
dimensional electron-gas Hall-sensor arrays, Maeal’™  was prepared by high-pressune=t3 mbar) dc sputtering in
measured the local magnetization loops in 838iICaCyOg  a pure oxygen atmosphere from a planar and stoichiometric
single crystal and showed that the IL in,Br,CaCuyOgis  YBCO target (=35 mm) onto a heated SrTi®100) sub-

due to geometrical barriers at high temperatures and surfacgrate as reported elsewhéfeThe x-ray diffraction showed
barriers at intermediate temperatures. Their results clearlhat no impurity phase peaks were present and the full width
demonstrated that the IL and melting stem from different andat half maximumFWHM) of the rocking curve for th€005)
unrelated physical mechanisms. The thermally activated fluxliffraction peak was<0.3°, indicating a very good epitaxial
motion behavior is commonly observed just above the IL inc-axis orientation. The ac-susceptibility measurement as a
disorder superconductors. The resistivity broadening wagunction of temperature exhibited a superconducting transi-

II. EXPERIMENTAL
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tion temperature off .=91.6 K, and the width of the resis-

tive transitionA T, was<0.3 K which was defined as a tem- 102 - Hy
perature interval from 90%y,. to 10% x... This was i Hije-axds full symbols)

. . . i, H.c-axis(open symbols)
consistent with the electric measurement. The critical current 10k x OT
densityJ, was 3.8<10° A/cm? at 77.3 K in zero magnetic o 1T
field. o a 2T

The film was patterned into a narrow bridge 2@ in 1073 e 4T
width, 100um in length, and 300 nm in thickness. The silver v 6¥
= 8

[=
leads were attached by indium solder on Ag terminals depos- \g 10"k
ited on the film. The electric measurements were performed
using a standard four-probe technique. The film was held on 1021
a sample holder consisting of a worm-gear driving system. F
Using this system, the relative angle between the direction of

3 L
the external magnetic field arab plane of the film can be 10 :
conveniently adjusted to a resolution of 0.1°. The magnetic . F(a) . . . oyt
field up to 10 T was supplied by a water-cooled magnetic 1010.5 10 115 120 125 130 135 140
system. The temperature of the sample was measured by 1 000/T(K'1)
calibrated Rh-Fe resistance thermometer and the magnetic
field effect on the temperature was corrected. 10° 4
lll. EXPERIMENTAL RESULTS
L 107
The temperature dependence of the resistivity of YBCO i
epitaxial thin film was measured for the configurationgayf [ HedT, Hj
H.l ab plane andH_ j, (b) Hllab plane andH L j, (c) Hllab " 6(deg)
plane andH|lj in magnetic field up to 8 T, antd) H=4T < 102F o 90
with various angled andH_ j, wherej is the in-plane cur- < t o 80
rent density. Figure(® shows Arrhenius plots of the inverse & 65
temperature dependence of the reduced resistivity for the vo45
HLlj, HLab plane andHllab plane, respectively. The ex- 10%F ‘: ?g
perimental results show that th€T) transition is very steep x5
at zero magnetic field, and there exists a broadening for any [ % o
configuration under application of magnetic field. At the L0 . . . .
same magnetic field strength, the width of the broadening for 005 110 115 120 125
theH_L ab plane is much larger than that for thiab plane. 1000/T(K'1)

However, there is only a slight difference pfT) broaden-

ing betweerH|lj andH_ j for the Hllab plane. This means FIG. 1. Arrhenius plots of YBCO thin film. The inset @¢b)
that the broadening of the resistive transition depends on thehows the angle.

relative direction between magnetic field and crystal axis,

rather than on the relative direction between magnetic field gH=Ho(1—t)~. 1)
and current. Figure (b) shows Arrhenius plots op(T
broadening for \?ariou(s)angle%at H=4T angHLj. fi)/\(/it% Here, &,=(sir’0+s’cos'e)" Is the anisotropy-angle-
the increasing of the angle the broadening of the resistive dependence parametéande = . t=To(H,6)/T¢(0) is the
transition increases rapidly at low angles and slowly at higf€duced temperature ant}.(0)=91.6 K. Ho=87T is the
angles. The relation of the broadening and the aryis irreversibility field in thec-axis direction at zero tempera-

determined by the angular dependence of the irreversibilitfUre-# is equal to about 1.5. In fact,H is an effective field.
field [Eq. (1) in Sec. Il A]. In addition,e JH=H for theH_L ab plane,e JH=¢H for the

Hllab plane. This result indicates that the angular depen-
dence of the irreversibility line is consistent with the effec-
A. Irreversibility line tive mass model.

Figure 2 shows the dependence gfH upon T.(H,6) B. Ug(H.T)
under various magnetic fields and various angles with the P
criterion of zero resistancéhe voltage resolution is 10 nV Figure 3 showsdJy(T,H)/kg=—T In(p/py) as a function
found by a nanovoltmeter in our measuremgritéie critical  of temperaturéT) for the magnetic field configuration of the
field defined by the zero resistance criterion was generallflic axis, wherekg is the Boltzmann constant. This figure
considered to be the irreversibility fiefdlj.e., theH-T rela-  shows that when the temperature is in the regime of the flux
tion shown in Fig. 2 may be believed to be the irreversibility creep, the activation energy decreases linearly with increas-
line. This relation can be approximately expressed by aring temperature at a fixed applied magnetic field.
equationthe relation of In§,H) versus In(t-t) shown in the The relation between [Uqy(T,H)/kg]/[1—T/T,(0)]
inset of Fig. J: =—T In(p/pg)/[1—T/T(0)] and T is shown in Fig. 4, where
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FIG. 4. The temperature dependence [dfly(T,H)/kg]/

FIG. 2. The dependence ef;H uponT.(H,#) with the crite- [1-T/T,(0)].

rion of p=0. The inset shows the relation of ipH) and

IN[1=Te(H.,6)/Te(0)]. The solid line shows the best fit where u andH, are the parameters obtained from the irre-

versibility line. Equation(2) gives the angular dependence of

T.(0)=91.6 K is the temperature whetl,(T,H)=0 by the  activation energy on the magnetic field and is in agreement
linear extrapolating of Uyg(T,H). Figure 4 indicates with the description of the effective mass model.
Uo(T,H)/kgx1—T/T,(0) when temperature is in the re-
gime of the flux creep. Moreover, the relationship between IV. DISCUSSION
Uy(H) andH can also be obtained as shown in Fig. 5. With ) o
the increasing of the magnetic fieldo(H) decreases rapidly ~ Palstraet al'**" reported the broadening of the resistive
in a small field and slowly in a high field. In this way, one transition in magnetic field and indicated that there is a com-
can obtainUy(H) in any magnetic field configuration. mon intersection of the extended lines of dns 17T in

There is a similar magnetic field dependencelp{H)  Various magnetic fields for single crystal Br,CaCy0, .
for three typical configurations of magnetic field. However, Cao et al™ obtained similar results in their study on the
the Uo(H) for the HL ab plane is smaller than that for the dissipation in weak links of the TI-Ba-Ca-Cu-O supercon-
Hllab plane at the same strength of magnetic field. The insefluctor. In this work, we observed that the common intersec-
of Fig. 5 plots the relation ofJo(H) versus Hq/e,H)Y*  tionisin agreement with the poifi; “(0),In po] for YBCO
and can be described by the following expression: thin film and T,(0)=91.6 K, po=(401+5)p,; the devia-
tion is mainly from low field data. It is speculated that the
effect and range of pinning may change dramatically due to
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FIG. 5. The dependence &fy(H) upone,H. The inset plots
FIG. 3. The dependence dfiy(T,H)/kg=—T In(p/py) upon  the relation ofUy(H) and (Ho/e,H)?3. The solid line is the best
temperature. fit.
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the rapid change in the superconducting coherence length as Uo(H,T)=Uq(0)(1—1t)(Hq/H)Yx, (10)
the temperature of the sample approachgl),” and this
may result in the deviation of,. Furthermore, supercon- j.e., UyxH Y“~H 2" Equation(10) is in agreement with
ducting fluctuations which may change tpg will also be the experimental results. The similar expressiorUgh (1
important at low fields and nedi,(0). Qiuet al®* and Sun  —t)H %721 corresponds to an electron irradiated un-
et al3! observed a similar result in YBCO thin films and twinned YBCO crystal reported by Fendriei al**
(Bi, Pb),Sr,CaCuyO, silver-sheathed tape, respectively. Geshkenbei#f and Vinokur® have made a theoretical at-
These results imply that the temperature dependence of reempt at predicting théJ < (1—t)B~Y? behavior, based on
sistivity in various fields can be described by a single prefthe model of plastic flux creep ascribing the dissipation to
actor pg. the plastic shear of dislocations in weakly pinning vortex
Generally, the IL can be written as the function liquid. The relation between the activation energy and the
temperature coincided with our results. But, the magnetic
H=Ho[1-Ti: /Tc(0)]%, (3 field dependence dfl yxH 22 that we obtained is different

where T, is the irreversibility temperature. However, the from that of their theory, ieloxB YA
so-calledp=0 as the criterion of the IL is restricted by the =~ Kadowakiet al”> proposed the expression
sensitivity of the instruments. We suppose that the lowest
value of p is equal toe™". According to the above discus- Uo(H,T)=Uy(H)(1—1%)%? (12)
sion, we know that pointsT(,,*,—n) and[ T *(0),In po] are _ ” _
on the Arrhenius line and its extension. Therefore, theand Kimet al=" proposed the expression
Arrhenius line can be described by
Uo(H,T)=Ug(H)(1—1)C. (12)
(I po—In p)/[TX(0) =T~ ° °
_ _ _ Inserting Eqs(11) and(12) into the Arrhenius law and mak-
_ _ n 1_71-1 . . R .
=(Inp=Ine /(T Tirr)- ) ing a simple algebra operation, we have an expression cor-

Let In py=m, the solution of Eq(4), have the form responding to Eqs11) and(12), respectively,

p=poeXP = (M+n)(Ti /T)[T=Tc(0) /[T, —Tc(0)1}. d IN(p)laT~ == Ug(H)(1-t3)¥A1+2t7)/(1-t?),
(5 (13)
Using the relation between;, andH of Eq. (3), the re- 1
sistivity expression of Eq5) becomes 9 In(p)ldT™==Uo(H)(1-) Y1+ (q—Lt}/(1-1).
(14

p=poeXp[—(M+n)T(0)[1-T/T(0)]
. 71 -
W [(Ho/H)Yu—17/T}. © Equations (13) and (14) show thatd In(p)/dT"~ is a

function of temperature except fay=1 in Eq. (14). This
Comparing Eq.(6) with the Arrhenius lawp=p, exp contradicts the linear relationship of gnand 1T when

[—U(H,T)/T], it is obtained that the dependence of activa_p<0.01pn. This implies that, although the linear rela-

tion energy upon the magnetic field and temperature is ~ 4onship of Inp and 1T is only an approximation for
YBCO whenp<0.01p,, the activation energy may not be

Uo(H, T)=Uy(0)(1—t)[(Ho/H)¥¥—1], (7)  deduced from the condensation energy, i.e., a simple equa-
tion of Uy=(1/2)7H?(T)a%&?, wherea is the parameter of
wheret=T/T(0), Ug(0)=(m+n)ksT(0). The order of 0= (1/2)mH (T)a"¢ P

. . flux lattice anda+ 8=3.
i(smﬂng)(IS 10 and that off (0) is 100, so the order df,(0) In summary, we analyzed the broadening of the resistive
B .

: . . , ... transition of a YBCO thin film by means of thermally ex-
_Taking Eq.(GZJnto the logarithm then differentiating it gjeq fjux creep and found that the activation enelyde-
with respect toT =, we can obtain pends onH ~?? and increases linearly with decreasing tem-
—1_ _ U _ perature. The temperature and magnetic field dependence of
9 In(p)laT (M+NkeTe(O)[(Ho/H) 1@ the activation energy has also been deduced based on the
Equation(8) indicates that the slope of the Arrhenius line irreversibility line and the Arrhenius law under an approxi-
is irrelevant to the temperature and agrees with the experination of a single prefactor in the Arrhenius law. The angu-

mental results. Comparing E7) with Eq. (8), we have lar dependence of both the activation energy and the irrevers-
ibility line was obtained based on experimental results. The
Uog(H, T)=—(1-1)d In(p)/aT . (9)  anisotropy of both the activation energy and the irreversibil-

) ity field coincides with the scaling of the upper critical field
Equation(9) shows the dependence of the slope of theby the effective mass model.

Arrhenius line upon activation enerdy,(H,T). Generally,
becauseHy/H>1 for high-T. superconductorsyy(H,T) This project was supported by the National Center for
can be approximately expressed as Research and Development on Superconductivity of China.
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