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Joule heating induced by vortex motion in a type-Il superconductor
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We present experiments that determine the temperature increase in a type-Il superconductor due to Joule
heating induced by vortex motion. The effect of Joule heating is detected by comparing the response of the
vortex lattice to fixed amplitude current steps of sh@fi us) and long(4 s) duration, where the Joule heating
is negligible and saturates, respectively. The thermometry is based on the temperature dependence of the
voltage response of the vortex lattice to a driving current. By monitoring the temperature increase jn NbSe
samples adhered on a sapphire substrate with GE varnish we obtain the effective heat transfer coefficient
between the sample and the bath and show that the heating is primarily due to the power dissipated by the
vortex motion.
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[. INTRODUCTION low T.. Interesting physical phenomena such as plastic flow,
metastabilities, and flow induced organization were found to
In the mixed state of a type-Il superconductor vortex mo-accompany the vortex motion in this systétn?*Because of
tion induces dissipation. Due to the finite heat-removal ratéhe strong temperature dependence of these properties, small
from the sample to the bath, Joule heating associated witmounts of Joule heating can induce significant deviations of
the vortex motion leads to an increase in sample temperaturt’e experimental data from those without heating. For ex-
While this heating can be accompanied by interesting physiample, it can produce results similar to those expected from
cal phenomena such as the hotspot efféctst also causes another mechanism—a peak in the current dependence of the
difficulties in analyzing transport experiments and in deterdifferential resistancelV/dl (Ref. 24—uwhich is predicted
mining the physical properties related to the vortex motionto signal a dynamic phase transition in the moving vortex
especially at high dissipation levels® Joule heating can be Systent.>?*Thus in order to correctly interpret the transport
reduced significantly by using short pulsed currgrtd*or ~ results it is necessary and important to determine the tem-
by applying the current at high ramping rafe.In typical ~ perature increase due to Joule heating.
transport measurements, however, the current is applied con-
tinuously which leads to uncertainties in the temperature of
the sample. Because most properties of the superconductor
are temperature dependent it is important to determine the The data presented here were acquired in two pure single
temperature increase in the presence of a current. This iystals, sample A and sample B. The corresponding dimen-
usually estimated from the heat-flow equations by using thesions are  3I() x0.65W)x0.0250) and 5x1.65
heat transfer coefficietfit (or the thermal boundary resistance x 0.020 mni. In zero magnetic field the critical temperatures
Rpg=h"1) between the sample and the bath as determinedre 7.1 and 7.2 K for sample A and sample B, respectively.
from photorespongg " or by comparing the experimental As shown in the inset of Fig.(&) the samples were glued on
data with theoretical modefs***®However, both methods sapphire substrates with a thin layer of GED31) varnish.
have limited applicability since the heat transfer coefficientThe sapphire substrate was thermally anchored to a regulated
derived from the experimental data is model dependent. Anpumped helium bath through a Cu holder. A RhFe calibrated
other approach is to place the thermometer close to or on ththermometer mounted on the sapphire substrate was used to
samplé>1°but even in this case the measured temperature imonitor the substrate temperature. In order to achieve good
not necessarily that of the vortex lattice. In this paper wethermal contact and avoid mechanical stress, current and
introduce a method to obtain a direct measure of the temvoltage pads were made by depositing a layer of @610
perature increase of the moving vortex lattice by using theum) with a thin buffer layer of titanium on both the sapphire
temperature dependence of the vortex response to a drivirgubstrate and the sample and then soldered together with
current as a thermometer. The measurement principle i8gg4nge The same solder was used to attach current and
based on the fact that for sufficiently short current pulsewoltage leads to the gold pads on the sapphire substrate. The
Joule heating is negligible. Thus by comparing the vortexsolder for the current leads was wrapped around the sample
response to short and long current pulses we obtain a direetdges to improve the homogeneity of current injection and to
and independent measure of Joule heating. minimize contact resistance which was typically less than 0.5
The experiment was carried out in the |aw-supercon- ) at room temperature. Our measurements employed a stan-
ductor 2H-NbSe This material exhibits a pronounced peak dard four-probe technique. The distance between the two
in the temperature dependence of the critical current just besoltage contacts wak=1.5 and 1.4 mm for sample A and

Il. EXPERIMENTAL DETAILS
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8 ey T is present one observes the expected free flux flow
r vy o behaviof’ V=R(I —I.) wherel, is the critical currentR;
6l =R,H/H,(T) is the Bardeen-Stephen free flux flow resis-
o ™ S tance,R, is the normal-state resistance, add,(T) is the
= — upper critical field. Deviations from this linear behavior sig-
S 4r e nal heating. We find that Joule heating is negligible for

10 =0T pulses of duration<10 us spaced by long cooling intervals

. . (500 us) as is clearly seen in the pulsed data in Fig. 1. Thus
we detect the presence of Joule heating in slow measure-
ments by comparing thé-V curves to those obtained in
60 90 pulsed measurements. Heating affectsIthé curves mostly
through the temperature dependence of the critical current
y ' ' T l.. If dl./dT>0—as is the case in the lower part of the
peak effect regiofiinset of Fig. 1b)]—Joule heating leads to

a lower voltage response, so the “hdt*V curve isbelow

the pulsed curve as in Fig(H). The opposite is seen when

] dl./dT<0, where the “hot”l-V curve isabovethe pulsed
1 curve. Another contribution to the temperature dependence
/‘\ 1 of the |-V curves comes from the free flux flow resistance
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, i . : The temperature increase due to Joule heating grows with
0 10 20 30 40 50 pulse duration until, for sufficiently long pulsés-4 9), it is

I(mA) indistinguishable from dc measurements as illustrated in Fig.
1(b). The time scale for which heating in the pulsed and dc
data become comparable is given by the heat diffusion time
7=3,L?/D;~10ms, between the sample and thermal an-
peak. Dashed line: calculated free flux flow response. Lower rightC_horlng point th'rough the various substrgte layers, GE var-
insets show the temperature dependence of the critical cudent nish and sapphlre_. Here the Sum_m_atlon IS ove_r the two sub-
fined with a 5V criterion) and the temperature at which they ~ Strate layers,L; is a characteristic layer thicknes8);

FIG. 1. 1-V curves obtained in sample A with dc, sh¢tD us)
and long(4 s pulsed currents(a) B=0.1T, T=6.6 K (below the
peak regioly (b) B=1.8T, T=4.30K (in the lower part of the

curves were takerdotted lineg. The upper left inset irfa) illus- = Cpi/«; the thermal diffusion constant witB,; and ; the
trates the thermal anchoring of the sam@lél represents the ther- Specific heat and thermal conductivity, respectively. Thus, in
mometey. the limit of long pulses of duration> 7, the temperature

increase no longer depends on the pulse length and ap-

sample B, respectively. A wave form generator was used t®roaches that of a dc current. Indeed, as shown in Fig. 1, the
apply the current steps and the corresponding voltage rd-V curves obtained with a pulsed current =4 s are
sponse was amplified with a low noiék nV/HZ'?) fast am-  nearly identical to those obtained with a dc current. Based on
plifier and recorded with a 100-MHz digital oscilloscope. Forthis result we usé 4 s pulses to simulate heating in dc cur-
the dc resistance and differential resistance measurements ignts in order to expedite data collection and simplify analy-
used a commercial current source, a nanovoltmeter and $is. Thus our experimental procedure consists of monitoring
low-frequency lock-in detector. The magnetic field was keptthe voltage response to shaitO us) current pulses at bath
along thec axis of the sample and the current flow was in thetemperatureT; followed by a long(4 9 pulse at the same
a-b plane. The vortex lattice was prepared by a zero-fieldbath temperature. Since heating can be ignored atsland
cooling procedure to avoid the metastabilities observed irsaturates a4 s the first measurement gives the voltage re-
the field-cooled vortex systefi=? The data reported here sponse at sample temperatufg, while the second is the
were recorded on vortex lattices annealed with slow cyclesesponse at the heated sample temperdftyredT. In order
of currentl <2I. to determinedT, we heat the sample to reach a bath tempera-
ture T, at which the voltage response to the 48 pulses is
equal to the dc response at bath temperafyreThe differ-
ence of the two bath temperatur€s—T,;=dT is thus the

The effect of Joule heating are clearly seen in Fig. 1 bytemperature change due to the Joule heating of the dc current
comparing the current-voltagé-{/) curves obtained with dc  at bath temperature; .
and short pulsed currents. The pulses consisted of intervals The response to long and short pulsed currents is shown
with current “on” followed by cooling intervals without cur- in the left and right panels of Fig. 2, respectively. Parialy
rent. The duration of the pulses was varied to find the optiand (a2 represent calibration curves obtained by measuring
mal conditions of no heating while minimizing the noise the voltage response to a current step in the normal phase
level. We determine the presence of heating fromIthé  (T>T,.) where the resistance is almost temperature indepen-
curves at high currents. At high currerits |, if no heating dent. From this calibration we ascertain that the response

Ill. RESULTS AND DISCUSSION
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FIG. 2. Determination of the temperature increase by comparingi""mIOIe A. The solid curves are fits of the datad®~1", with n .
the voltage response to shétD us, right panelsand long(4 s, left =2.642, 3.090, 2_.372, and 2.172 for the _curves from I(_eft _to right;
panel3 current steps. The data {al) and (a2, (bl) and(b2), and (b) tempergture increase versus normallzeq power dissipated by
(c1) and(c2) represent typical results obtained in sample A for the VOrtex mation, showing linear dependen(m)hd_h_ne). The tem-_
normal state T>T,), below the peak region and in the lower part perature dependence of the heat transfer coefficient is shown in the
of peak region, respectively. The dashed lines in the right panels af8Set of (0)-

traced at the voltage values in the left panels. The temperature inﬁ1 t th rrent d nden f the temperature incr
crease at a bath temperatufe in the presence of a dc current is ap out the curre ependence of the temperature increase

given bydT=T,— T, (see text for details for various temperatures and magnetic fields, as shown in
Fig. 3(a). For all the data sets we find thdT is linear inP
=1V, the power dissipated due the vortex motion, suggesting
time of the voltage amplifier is sufficiently shart2 us) o that the Joule heating induced by the vortex motion is the
ensure good temporal resolution of the pulsed measurementsrimary contribution to the temperature increase. The slope
In panels(b1) and(b2) we present the response to short andof these data gives the effective heat transfer coeffictent,
long 70 mA current pulses below the peak effect region, at a= p/|wdT, with IW the sample area between the voltage
field of 1 T and bath temperatuiie =4.60 K. Since in this |eads in contact with the substrate. By plottififagainst the
regiondl./dT<0 Joule heating reduces the critical currentreduced poweP/IWh all the data in Fig. @) collapse onto
and should result in an increased voltage response. Indeggdsingle straight line as shown in Figlb3. The values oh
the data show that the long pulse voltage response is largghown in the inset of Fig. () are in the range 40—100
than the 10us response, as expected of Joule heating. Bynw/cn? K. This indicates that for our samples which were
raising the bath temperature ¥,=4.677K the 10us re-  adhered on the sapphire substrate with GE varnish, the heat
sponse becomes equal teth s response at;=4.60K. It transfer coefficient is at least three orders of magnitude be-
follows that for bath temperature 4.60 K, the sample tem{ow the values reported for samples directly grown on sap-
perature increases to 4.677 K in the presence of a dc currephire or SrTiQ substrate§:1°-18
of amplitude 70 mA. This gives a temperature incred3e As is the case in other transport measurements in super-
=77mK in the presence of a 70 mA dc current. In panelsconducting crystal& the resistance of our sample-0.4—
(c1) and(c2) we present data in the lower part of the peak0.8 () at room temperatujeis comparable to the contact
regime wheredl./dT>0, for a field of 1.8 T and tempera- resistance. The contact resistance is expected to drop signifi-
ture T;=4.30K. Using a similar procedure we find that in cantly with decreasing temperature, but its value at our mea-
the presence of a 29 mA dc current the sample temperature ésirement temperatures is unknown. This leaves the possibil-
T,=4.318K and the corresponding temperature increase igy that part of the observed Joule heating is due to the power
dT=18mK. dissipated in the current contacts. If heating is generated by
Repeating this procedure at various driving currents wepower dissipated due to the lead resistance as well as to
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FIG. 4. Temperature increase versus current amplitude obtained g
in sample B af=6.0K forB=0.2, 0.3, and 0.5 T. The solid curves 5157
are fits ofd T~1", with n=2.411, 2.533, and 2.667 for 0.2, 0.3, and % R
0.5 T, respectively. The upper inset shows the collapse of the data 10} ¥+ pulse/30ms .
when plotted asl T/H against the applied current. The lower inset (b) & ° Ipulse“ Ouls .
shows the temperature increase versus the power dissipated in the 0 10 20 30 40
vortex motion. The line is a guide to the eye showing the expected I(mA)

linear behavior.
FIG. 5. (a) Current dependence of the differential resistances

vortex motion the temperature increase @T=aP  (dV/dl) (open circlesand the temperature increa@elid circleg

+a.RI2 where aP=aR [(1=1g) a=(hIVV)71, a. obtained in sample AL, is the current for which the sample tem-

— (rc] ,& )—1 A andh. the éontactcarea and the heat diffu- Perature coincides with the temperature of the peak in critical cur-
chic ’ C C

sion coefficient of the current contack. andR. the vortex €Nt (b) differential resistance versus current curves obtained with
and contact resistance, respectivelyt.%ulf contact resistance %pand pulsed currents of 35 and 30 ms. ThRgs s the Bardeen-
the primary contribution to heating the expression reduces t tephen resistance, and|, are the currents associated with dy-

5 . A h namic phase transitions of the moving vortex lattisee text for
dT=a.R.l“. Fitting the data in Fig. @& with a power law more details
dT=cI" gives powers in the range~2.2—3.1, which sug-
gests that dissipation in the leads is not the dominant contriine. This linear behavior together with the very weak field
bution to heating. On the other hand, if vortex motion is thedependence lead to the conclusion that the measured tem-
primary heating mechanism, then in the limit of large cur-perature increase is mainly due to dissipation in the vortex
rents wherR, takes the free flux flow valuB;, the expres- Iattice.
sion reduces td T~aR,l (I —1;)H/H, and the temperature The temperature sensitivity of tHeV characteristics be-
increase is linear in field. As a check we measured the curcomes strikingly evident when the experiment is carried out
rent dependence aT at a fixed temperaturd,=6 K, and  at a bath temperature that places the system in the lower part
various magnetic fields shown in Fig. 4. Plottidd/H ver-  of the peak regim@ <T,, and then heating brings it above
susl in the upper inset of Fig. (4 we note that the data the peakT>T,. In this case the response to a dc current
indeed collapse onto a single field-independent curve. Thedaitially diminishes with increasing current amplitude, since
results are consistent with heating due to vortex motion andi1,/dT>0 [lower right inset of Fig. b)], but once the tem-
in most cases would rule out contributions from heating inperature exceed3, and dl./dT<O0, the response grows
the contacts, except when the contact magnetoresistanceigth current amplitude. This leads to the nonmonotonic cur-
linear in field. In order to further study the heating effectrent dependence of the differential resistance shown in Fig.
from the contacts we consider the dependencdTobn the  5(a). The minimum of the differential resistance at high cur-
power dissipated by vortex motio®=1V. For large cur- rent corresponds to the curreit at which the sample tem-
rents,dT~a(1+a)P+BPY, wherea=a,R./aR; and 8  perature reaches the peak temperatlige=4.345K [see
=a.l R, /R¥? with R;=R H/H,. We note that when vor- lower right inset of Fig. (b)]. It follows that the temperature
tex motion is the primary contribution to heating,8<1, so increase aty is dT=45mK. The temperature increase at
the temperature increase ligear in P and independent of various applied currents obtained with the pulsed method is
field. By contrast, contributions due to heating in the contactglso shown in Fig. &. From it we derive a temperature
give rise to a nonlinear power dependence and to a finiténcrease of 42 mK alty. Within our experimental resolution
field dependence which persists even if the magnetoresishe effects of the Joule heating determined by these two
tance of the contact matches the field dependence of the vomethods are in good agreement.
tex resistance. PlottindT as a function ofP, in the lower The results show that Joule heating can introduce difficul-
inset of Fig. 4 we note the collapse of the data onto a straighties in the data analyses, especially in the lower part of the
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peak regime, where interesting phenomena have been réie Joule heating effect can be very important in this regime
ported recently®?223 For the data shown in Fig.(8, for  and needs to be considered when analyzing the data.
example, a peak could appear in the differential resistance
versus current curve solely due to the effect of Joule heating.
In Fig. 5(b) we compare the results obtained with dc current
and with pulsed currents of various durations. In the absence In conclusion, we have introduced a method to determine
of Joule heating dynamic phase transitions of the vortex latthe temperature increase due to Joule heating in a supercon-
tice can be identified in the data obtained with pulsed currenductor by comparing the voltage response to short and long
of 10 us, as indicated by the currehy andl,.?® The differ-  current steps. In the experiments presented here we find that
ential resistance peak almost disappears in the curve olthe temperature increase in the presence of an applied current
tained with the longer pulsed currents of 30 ms. In the dds due to dissipation associated with the vortex motion.

case the maximum resistance is smaller than the Bardeen-
Stephen free flux flow value despite the fact that the curve
exhibits a peak. But the position of the peak is shifted from
that obtained with 1Qus pulsed current and furthermore itis ~ This work was financially supported by DOE DE-FGO02-
also impossible to identify thl. These results indicate that 99ER45742.

IV. SUMMARY
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