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Quasiparticle energy relaxation in the cuprate superconductors
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At high flux-flow velocities in the mixed state of a type-Il superconductor the nonequilibrium distribution of
the quasiparticles is shifted to higher energies. As shown theoretically by Larkin and Ovchinnikov, a distinct
signature of this nonequilibrium effect is an electronic instability, resulting in a sharp kink in the current-
voltage characteristic at a critical vortex veloc'ﬂz)z,. From measurements (wffp the quasiparticle-energy
relaxation rate:-;1 can be found. We have measured this instability point for epitaxalis oriented films of
Lay gsShh 1CU0, _, and YBgCu;0,_,. In both cuprates the observed temperature dependen@elm:buld be
well fitted with the functionTS’l:a exd —2A(T)/kgT], suggesting that the electron-electron recombination
process, perhaps in combination with the emission of another excitation, is crucial. As an example df.a low-
superconductor we have also studied amorphougSufiims and found thaﬁ-;l can be fitted by a function
similar to that we have used for the cuprates, again indicating the importance of the electron-electron interac-
tion. [S0163-182607)07745-X

[. INTRODUCTION (irradiation with light, microwaves, or phonons; injection of
quasiparticles; etg.affect the superconducting parameters
Recently, we have reported experimental observations afuch as critical temperature, critical current, and supercon-
an electronic instability at high vortex velocities in the mixed ducting energy gap and can result even in an enhancement of
state of superconducting YBauO,_; films.! Based on a these quantities. As an example, the Eliashberg theory yields
theoretical analysis of Larkin and Ovchinnik¢O),? from  the following equation for the stimulation of superconductiv-
our experiments we have extracted the quasiparticle energty by an electromagnetic fiefd:
relaxation rater, * as a function of temperature over an ex-

tended temperature range beldy. The relaxation rate;, * T—T 743) [ A \* wa, a, [ o \?
showed an exponential decrease with decreasing temperature T, 872 |kgT.) 2KgT. 0'177 kaTe
reaching a value around 487! at T./2. It is an interesting

guestion whether this strongly temperature-dependent relax- +2 f(g)—f0e)

ation rate is a unique feature of the cuprate superconductors N L CJe2—AZ de=0. @

and how it behaves in low-, materials. With this question in

mind, we have extended our measurements to amorphoygere {(x) is the Riemann zeta function is the supercon-
Mo,Si films as an example of a conventional superconductorducting energy gape is the frequency of the electromag-
Furthermore, we report on results obtained for a second clhetic field, £ and f(¢) are the energy and distribution
prate material, namely, L@sSr 1:CUO, . function of the quasiparticles, respectively,y
We have selected-MosSi since it is an extreme type-Il o g[ (kgT)3/ (% wp)?] with

superconductor with a relatively low critical current density.
Further, with its critical temperature near 8 K, it presents a 1 1-2f

: - D ()
convenient temperature range below for experimental = ———— de,
investigation. On the other hand, the cuprate 9 Ja Je?-AZ
Lay gsS1h1eCU0, _, had a critical temperature of about 25 K,
again promising an extended temperature range for experfop is the Debye frequencye,, = (2e’D/:ic?)AZ is the
ments on the nonlinear effects at high vortex velocities. ~ power of the field,D is the quasiparticle diffusion coeffi-
cient, andA,, is the field amplitude.

Experimental studies of the effects due to high-frequency
irradiation are usually performed at zero applied magnetic
Nonequilibrium effects in lowF. superconductors have field. Nonequilibrium effects in the mixed state of a type-I|
been studied extensively some time ago and summaries cauperconductor can become important for the process of
be found in Refs. 3 and 4. In highs materials, this subject current-induced vortex motion. In particular, near the transi-
is just beginning to be investigated. The basic ideas for dion temperature strong changes in the electric resistivity and

theoretical understanding of the electronic nonequilibriumin the superconducting order parametercan occur, even
effects have been generated by EliashBe@ihanges in the when the quasiparticle distribution function shows only little
quasiparticle energy distribution due to external energy inpudeviation from equilibrium. This situation has been analyzed
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by LO,? yielding the following equation for the order param- process is governed by the thermal or nonequilibrium pho-
eterA and its variation with the distaneefrom the center of non population. On the other hand, the recombination pro-

the vortex forT~T,: cess represents a binary reaction and the recombination rate
decreases exponentially according to [exp(T)/kgT], re-
T—T 743) [ A 2 7 hD [1 9 . J 1 flecting the exponential temperature dependence of the qua-
Te 8m2 \kgT.) 8 kgTo\rar ar r2 siparticle populatior.

The directinelastic electron-electron scatterincan also
e 1 B affect the quasiparticle lifetime. In combination with the

+ L Je2— A2 f(s)—tanhm de=0. (2 emission and absorption of phonons these processes can also

accomplish the inelastic energy transfer. As pointed out al-
We note the similarity of Eq9(1) and(2). A change in the ready by Eliashberfjthese processes can play an important
guasiparticle distribution function, due to the electric fieldrole in nonequilibrium superconductivity, as we encounter,
induced by the vortex motion, mainly causes a change in ther example, at high vortex velocities and, in particular, near
A(r) dependence near the vortex core. In the vortex core, thghe instability point, we are investigating in this paper. Here
quasiparticles are shifted upward in energy compared to thgvo processes must be distinguisiiéBlvo quasiparticles are
equilibrium distribution. The quasiparticles diffuse out of the scattered into two new guantum states, with the total energy
vortex core, the core shrinks, and, as a consequence, thgd quasiparticle number remaining constant. Phase breaking
viscous damping coefficient decreases with increasing vortegccurs because of the inelastic nature of this process. In the
velocity. According to LO, the damping force passes second process, three quasiparticles interact with each other,
through a maximum at the critical vortex velocity given  two recombine to a Cooper pair and one quasiparticle with

&

by energye=3A is generatedinstead of three quasiparticles
12 12 with energye=~A). In the inverse process a Cooper pair is
p*2= D[144(3)]7(1—T/T.) ) broken by impact ionization. The recombination rate due to
¢ TT, electron-electron interaction scales with px@A(T)/KgT]

since three quasiparticles are involVedhis process gains
importance at higher temperatures. In order to transfer en-
aray out of the quasiparticle system, it must be combined
with the emission of another excitation such as a phonon or
spin fluctuation.

(D=1v¢l, ve being the Fermi velocity and the electron
mean free path Reaching the maximum of the damping
force manifests itself as an abrupt change of the slope of th
current-voltage characteristi€lVC). The nonequilibrium

quas_|part|cle dlstrlbupon _and the critical V°Ttex velooﬁyﬁ It appears that usually for the classical superconductors

are f|>§ed.by the qua5|part|cl_e e”ef*gY rel.axatlon @é The the electron-phonon interaction is dominant compared to the
electric fieldE* corresponding to; is given by electron-electron interactichHowever, there are also cases

E* = — (v} XB) @) where the electron-electron interaction is more important as,

4 : for example, in materials with a high Debye temperature. On

the other hand, there are strong indications that electron-

electron scattering plays an important role in the cuprate su-

perconductors. Hence, in the discussion of the strong non-

{,rgtrigr:né?r?c(ggu!( gzgm;nrﬁgae?]feweO;nt?]t:rr']?)lhén l;[nif)rfluer:'equilibrium effects observed in our experiments the electron-
uasi articlqé di’strFi)bution re rgesentg an im ortacr]n assum electron recombination process may have to be taken into
q b P P Piccount. We return to this point in Sec. VI.

tion. This means that the inelastic quasiparticle diffusion
lengthl, must be at least equal to the intervortex distaace
A more detailed discussion of this point has been given IV. EXPERIMENTS WITH a-MoSi
elsewheré.

The relaxation rate-, * can be found from measurements
of the nonlinear IVC. We emphasize that, * is extracted

For comparing a lowF; superconductor with the cuprates
we chose thin films of amorphous M&i. This material is an
extreme type-ll superconductor in the dirty limit with a

Since the inelastic electron scattering processes play @inzburg-Landau parameter~60.° Its transition tempera-
central role in limiting the deviation of the quasiparticle dis- ture d 8 K yields a convenient temperature range belbw
tribution from equilibrium due to the injection of energy into for experimental studies. Furthermore, flux pinning in this
the quasiparticle system, in the following we briefly discussmaterial is very low, which represents an important advan-
some aspects relevant for our experiments. In the classicttge for experiments dealing with vortex dynamics. A typical
superconductorsinelastic electron-phonon scatterings  value of the critical current density at 4.2 K and in the mag-
highly important. These processes perform the transfer ofietic field range 1-4 T ig,=500 Alcnt.'! As has been
excess quasiparticle energy to the crystal lattice and eventaliscussed in more detail elsewhér¢he minimization of
ally to the heat bath. The energy relaxation can take placdoule heating of the sample is an important requirement for
either by means of a scattering process with a phonomur measurements. Hence single-crystalline MgO has been
changing the quasiparticle excitation energy, or by a recomused as substrate material because of its high thermal con-
bination process reducing the number of quasiparticles by Buctivity. Furthermore, the IVC’s were recorded using single
and transferring the excess quasiparticle energy to an emittédangular current pulsedypical pulse width equal to 1 ms
phonon. The temperature dependence is distinctly differergs in our previous experiments.
for both processes. The inelastic electron-phonon scattering The a-MoSi films were deposited by means of rf sput-

IIl. INELASTIC ELECTRON SCATTERING
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FIG. 1. Applied current and resistive voltage versus time for a  FIG. 2. Critical vortex velocity ;. versus magnetic field for four
single triangular current pulse for amorphous {@bat T=6.7 K temperatures im-MosSi.

gzgtiEi;yO.S T. The inset shows the resistive transition to supercon;[he normalized temperatuf®/T,. Here we have used the

valuesv=1.5x10° m/s andl=0.3 nm! For comparison,

tering. Details of sample fabrication and characterization ard’® show in Fig. 3 also our previous data_ for Ba50;._ ;.
As can be seen from Fig. 3, &Mo3Si the decrease of

given elsewheré&® Microfabrication of our four-point sample  _] with decreasing temperature is less steep than for

geometry was performed by standard photolithography. Fofz i : .
attaching the current and voltage leads, silver contact pac* Ba,Cus07_5 However,a MO3S'1aISO .ShOWS the exponen
ial temperature dependence f -, which one can see for

with an area as large as<2 mn¥ were placed on top of the :
MoSi film. The contact pads for the current were at least 2YB28;CL07,. Our data fora-Mo,Si clearly reach normal-

ized temperature$/T. closer to 1 than for YB#u;O;_.
mm away from the s_ample gauge length between the_voltag?his upper limit of the temperature range, where the distinct
leads. The geometrical sample parameters were typically

&ink in the IVC can be observed, appears to be related to the
follows: thickness, 100 nm; lengtfbetween voltage leagls » abp

) X . magnitude of the quasiparticle energy relaxation rafe
200 um; and width, 20um. The MgO substrate was in good and extends closer 6, for smaller values of, 1.2 A magfe
thermal contact with a temperature-regulated copper bloc‘?:letailed discussion of this point is given elsgwh’ére.

allowing a temperature variation between 4.2 and 30 K. The The solid lines in Fig. 3 represent fits to the function

Just aboveT . the resistivity was 15Qu{) cm. A magnetic takenA (0)=1.76kgT., whereas for YBsCu;0,_ s we used

field was applied perpendicular to the film plane. We inVGS‘A(O):B.EkBTC. The fitting values of are listed in Fig. 3.

tigated three samples, all yielding nearly the same results. os we can see, a good fit of our data is obtained both for
In Fig. 1 we show a typical plot of current and voltage a-Mo3Si and YBaCu,0;_ 5

versus time for a single triangular current pulse. At the volt-

age V=30 mV (marked by the arroyy the curve abruptly V. EXPERIMENTS WITH La ; gsSrg15CUO,_y

switches to a branch with nearly vertical slope. We interpret . N

this voltage level as the value associated with the maximum Ol_” comparison 1n Fig. 3_ of the_tlemperature—dgpc_andent

vortex velocityvj; by means of the relatior\/*=—(vf; quasiparticle energy relaxation rate -~ showed a similar

X B)L, whereL is the sample gauge length. A typical resis-
tive transition curve for oua-MosSi films is shown in the
inset of Fig. 1. The critical vortex velocityj, obtained from

~
o_.

E  Fitting function:
a-exp(-2 A(T) / k,T)

the kink in the IVC and calculated using Bd) is plotted in o YB8.CU0,, 100 nm: Y8a,Cu,0,,
Fig. 2 versus magnetic field for four temperatures. The 107 2(3)5;;?;2;';

magnetic-field independence o;ﬂ*p expected from LO’s Mo,Si, 100 nm: o’

theory and Eq(3) can be seen, except for the low-field end e

of the data. As we have discussed in detail elsewhéte, " Mo,Si

there exists a crossover magnetic field, below which the field
independence ofvy turns into the proportionalityv o
~B~Y2 This latter behavior comes from the requirement .o opoimena daa
that the quasiparticle nonequilibrium distribution is spatially 05 '0'6' — '0'7' — '0'8' — 0'9 10
homogeneous. As has been demonstrated elsewhaoe)e ’ ’ ’ ' ’ '
heating of the sample leads to a distinct magnetic-field de-

. .
pendence ob_ . From Fig. 2 we see that such effects appear 5 3 Quasiparticle energy relaxation ratg* plotted loga-

to be negligible. Calculating the quasiparticle energy relax-rithmica"y versus the normalized temperatufér, for a-MosSi

ation rater, * from our measured values of using Eq(3),  and YBaCu,0, 5 The solid lines represent the function
we obtain Fig. 3, Wherer;l is plotted logarithmically versus a exg —2A(T)/kgT] fitted to the data.

—_
(=7
)
T

. -1 -1
Energy relaxationrate t,” [s ]
_o:n
T
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FIG. 4. Applied current and resistive voltage versus time for a  F!G- 6. Quasiparticle energy relaxation ratg” plotted loga-
single triangular current pulse for LgSr,CuQ, , at T rithmically versus the normalized tempgratur'é’/TC for
=10.6 K andB=0.16 T. The resistive transition to superconductiv- -@1.85>0.15CU0;—x and YBaCu;O;_ 5 The solid line represents the
ity is shown in the inset. function a exd —2A(T)/kgT] fitted to the data.

behavior for the cuprate (YB&uO,_s and the classical =_5 nm. For comparison, |nl Flg. _6 we also present our pre-
(a-MosSi) superconductor. We have also studiedVious data for YBL U0, 5 Similar to YBaCu,O;-,, the
La, g5 1:CUO,_, as another cuprate material. The €nergy relaxation rate, ~ of Lay g5Sf 1<CUQ, 4 can also be
c-axis-oriented epitaxial LSt 1£CU0, _, films were de-  well fitted by the functionr, *=a exd —2A(T)/kgT] shown
posited on single-crystalline SrTiGubstrates by laser abla- by the solid line in Fig. 6. Again we have takeh(0)
tion. The typical sample dimensions were thickness, 100 nm=3.%gT; and the BCS temperature dependeddd). In
length, 100—20Qum; and width, 10-2Qum. Microfabrica- this fit the valuea=3x 10'® s* was used. In both materials
tion and the measurements were performed similarly as foa good fit is obtained using(0)=3.%gT, and the BCS
a-MogSi. The critical temperature wag.=25 K. The mag- A(T) dependence. From Fig. 6 we note that in
netic field was applied parallel to tieaxis. A typical curve L&y gsSly 18CuUQ,_ the instability in the IVC could be de-
of resistivity versus temperature is shown in the inset oftected down to temperaturds>0.4T .

Fig. 4.

We have studied two LigsSr, 1:Cu0,_, samples, both
showing nearly the same behavior. The; kbt 1CuUO,;
films also displayed a distinct kink in the IVC, indicating the ~ As the main result of our experiments we found that the
electronic instability at high vortex velocities. A typical case tWo cuprates YBgCu0;_; and La g5Sf 1<CUO,— show a
is shown in Fig. 4. Again, we have found the} is indepen- ~ Very similar temperature dependence of the quasiparticle en-
dent of magnetic field, as shown in Fig. 5 for different tem-€rgy relaxation rater, *, which can be well fitted with the
peratures. The deviation from the field independence at théunction 7, '=a exd —2A(T)/kgT]. In both cases we have
low-field end of the data is due to the same reason we haveerformed the fit using\ (0)=3.5gT,, i.e., twice the value
discussed in Sec. IV. Calculating; ! from our measure- ©of the standard weak-coupling BCS behavior. For
ments ofv? , using Eq.(3), we obtained the plot of,*  YB&CusO;_; the values ofA(0) reported in the literature
versus the normalized temperatuféT, shown in Fig. 6. cover the range A(0)~3-4kgT,™ whereas for
Here we have used the values=1x10 cm/s andl  L@1asSl1sCUO,, the range isA(0)~2-4.%gT,."® Ap-
parently, taking the averag®(0)~ 3.5z T, provides a good
fit to our data.
12.0K As we can see from Fig. 6, the data for
111K La; g5515.15Cu0, _, are shifted to lower reduced temperatures
10.5 K T/T, compared to YBgu;0;_, This can be explained by
examining the validity of the theory we have applied for

. . analyzing our results. LO developed their thédrythe dirty

0. limit, whereas the cuprates are in the moderately clean limit.
If inelastic quasiparticle scattering takes place on the back-
a . o, 0 ground of many elastic processes, as treated by LO, the fac-
tor D/ 7, in Eq. (3) for v:; may change. On the other hand, at
the relatively high temperatures of our experiments the es-
L P SN T tablishment of the strictly clean limit will be difficult. An

01 02 03 04 argument in favor of our values of the energy relaxation rate

Magnetic field B [T] 7. is based on the fact that the crossover condition

VI. DISCUSSION
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derived by LO(Ref. 17 for the appearance of the electronic  The fact that the-Mo3Si films also show the temperature
instability is well satisfied by our results. 7, * becomes dependencer;, '=a exy —2A(T)/kgT] of the quasiparticle
larger tharkg(T.—T), the quasiparticles are closely coupled energy relaxation rate, * appears surprising on first sight
to the lattice and the deviation of their distribution from since in the |OWTC Superconductors the e|ectron-ph0non in-
equilibrium becomes too small for the development of theeraction is expected to dominate compared to electron-
electronic instability. A more detailed discussion is given ingjactron scattering. However, the Debye temperatyen

Ref. 18. The shift of our data for k@sSf15CUQ, —x to lower 506 hhous MgSi is relatively high, as shown by the mea-
reduced temperatures compared to the data for, €8, surements of Mirmel'shteyet al?! These authors measured

appears t(? .be dug to the fact that in both materials th? CTOSHe heat capacity of M&i crystals before and after irradia-
over condition(5) is reached at about the samlesolutedis- tion with fast neutrongflux equal to 2 107° n/cn?). Before

tance of the temperature fromT.. Hence, in irradiation, the low-temperature limit of the Debye tempera
Lay gsSK, uQ,_, (with the lowerT.) the crossover takes ' . . ) - i
185910 15°U0s - o ture was found to b#p =560 K. Following the irradiation,

place at a lower value of threducedtemperaturd /T, com- . . .
pared to YBaCO, this value decreased té, =330 K. Due to the irradiation,

The observed temperature  dependencer. . the superconducting transition temperature increased from

—a exg —2A(T)/ksT] of the quasiparticle energy relaxation TC=1.5§ _to 6.00 K, i.e., to a value_ §|m|Iar to that of our
rate for the two cuprates suggests that the electron-electrdi M0sSi films. Hence, for oua-MosSi films we also expect
recombination process we have discussed in Sec. Ill ma value offp near 300 K and it seems possible that the role
play a central role, perhaps in combination with the emissior®f electron-phonon scattering is strongly reduced at low tem-
of another excitation. However, more theoretical and experiperatures. At any rate, it appears that under the particular
mental work is clearly necessary for reaching a satisfactoryionequilibrium situation of our experiments the electron-
understanding. For instance, the possible influence of phonaglectron interaction becomes significant. Our present results
trapping on the quasiparticle energy relaxation rate must ben a-MosSi films also appear consistent with earlier experi-
studied. However, because of the small thickness of ouments using oxygen-doped Al filffs where electron-
samples, we do not expect significant changes from phonoslectron scatterirtg?*dominates the quasiparticle energy re-
trapping. It is important to note that the quasiparticle energyaxation rate.

relaxation rate observed in our measurements may not ap-
pear in other experiments studying dissipation due to elastic
and/or inelastic quasiparticle scattering and where the devia-
tion of the quasiparticle distribution from equilibrium re-
mains relatively small. As an example, in microwave absorp-
tion experiments one often measures mostly the elasti .
and/or inelastic scattering of quasipatrticles and not primaril eutsche Forschungsgemelnschaft.. The ‘authors the}nk B.
their energy relaxation. Indeed, the quasiparticle scatterin ayer and J. Mannhart for fabricating the LaSrCuO f|Im§.
rate belowT, determined from the microwave surface im- >-C-D- and R.P.H. are pleased to acknowledge helpful dis-
pedance of YBEuO,_; films® and single crysta® also cussions with A. A. Abrikosov ar_1d _Yu. N. Ovchinnikov.
decreases with decreasing temperature. However, this déN€y are also grateful for the hospitality of the Aspen Center
crease is much less rapid than our results{o? shown in  for Physics, where this manuscript was prepared. S.G.D. also
Fig. 6 for the cuprates. A direct comparison with the micro-acknowledges support from the Alexander von Humboldt
wave data is presented in Fig. 4 of Ref. 1. Stiftung.

ACKNOWLEDGMENTS

Financial support of this work has been provided by the

*Present address: Department of Applied Physics, Stanford Unive’R. Wardenweber, P. H. Kes, and C. C. Tsuei, Phys. Re&3B

sity, Stanford, CA 94305. 3172(1986.
1S. G. Doettinger, R. P. Huebener, R. Gerdemann, AnlguS. A, W. Smith, T. W. Clinton, C. C. Tsuei, and C. J. Lobb, Phys.
Anders, T. G. Trable, and J. C. Villegier, Phys. Rev. Lef3, Rev. B49, 12 927(1994.
1691(1994. 12p H. Kes and C. C. Tsuei, Phys. Rev2B, 5126(1983.
2A. I. Larkin and Yu N. Ovchinnikov, Zh. Eksp. Teor. Fif8,  '3S. G. Doettinger and R. P. Huebener, Chin. J. Pi8.527
1915(1975 [Sov. Phys. JETR1, 960(1976)]. (1996.
3Nonequilibrium Superconductivity, Phonons, and Kapitza Bound+*A. |. Bezuglyj and V. A. Shklovskij, Physica @02, 234 (1992.
aries edited by K. E. GrayPlenum, New York, 1981 N, M. Plakida, High-Temperature Superconductivity—
4Nonequilibrium Superconductivitedited by D. N. Langenberg Experiment and Theor{Springer, Berlin, 1994
and A. I. Larkin(North-Holland, Amsterdam, 1986 16M. E. Hawley, K. E. Gray, D. W. Capone, and D. G. Hinks, Phys.
5G. M. Eliashberg and B. I. IvlevNonequilibrium Superconduc- Rev. B35, 7224(1987).
tivity (Ref. 4, p. 211. 1A I. Larkin and Yu. N. Ovchinnikov, Zh. Eksp. Teor. FiZ3,
6s. G. Doettinger, R. P. Huebener, and A Ha; Physica @51, 299 (1977 [Sov. Phys. JETR6, 155(1977)].
285(1995. 183, G. Doettinger, R. P. Huebener, and Yu. N. Ovchinnikov, Chin.
’s. B. Kaplan, C. C. Chi, D. N. Langenberg, J. J. Chang, S. Ja- J. Phys34, 291(1996.
farey, and D. J. Scalapino, Phys. Revl® 4854(1976. 19F. Gao, J. W. Kruse, C. E. Platt, M. Feng, and M. V. Klein, Appl.
8G. M. Eliashberg, Sov. Phys. JET3, 668 (1972. Phys. Lett.63, 2274(1993.

9A. G. Aronov and B. Z. Spivak, Sov. Phys. JEBB, 328(1978.  2°D. A. Bonn, R. Liang, T. M. Riseman, D. J. Baar, D. C. Morgan,



14 162 DOETTINGER, KITTELBERGER, HUEBENER, AND TSUEI 56

K. Zhang, P. Dosanjh, T. L. Duty, A. MacFarlane, G. D. Morris, 22\, Klein, R. P. Huebener, S. Gauss, and J. Parisi, J. Low Temp.
J. H. Brewer, W. N. Hardy, C. Kallin, and A. J. Berlinsky, Phys. Phys.61, 413(1995.
Rev. B47, 11 314(1993. K. E. Gray, J. Phys. &, 290(1971).
LA, V. Mirmel'shteyn, A. Ye. Karkin, V. Ye. Arkhipov, and V. I. 24D C. Lancashire, J. Phys. E 107 (1972.
Voronin, Phys. Met. Metallogr55, 67 (1983.



