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Nonlinear current response of ad-wave superfluid
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Despite several efforts the nonlinear Meissner effea-wave superconductors, as has been discussed by
Yip and Sauls in 1992, has not been verified experimentally in fiighuperconductors at present. Here, we
reinvestigate the nonlinear response expecteddavwaave superconductor. While the Iindaﬂ field depen-
dence of the penetration depth, predicted by Yip and Sauls, is restricted by the lower critical field and can be
masked by nonlocal effects, we argue that the upturn of the nonlinear coefficient gu#uzatic field
dependence is more stable and remains observable over a broader range of parameters. We investigate this by
studying the influence of nonmagnetic impurities on the nonlinear response. We discuss the difficulties of
observing this intrinsiad-wave signature in present day high-films and single crystals.
[S0163-182609)02841-9

[. INTRODUCTION earity in fact represents a problem for superconducting com-
munication filters and care must be taken to reduce its pres-
In ad,2_2-wave superconductor, quasiparticles near theence. However, from the point of view of studying the
nodes of the gap give rise to an intrinsic nonlinear electrononlinear superconducting response, microwave intermodu-
dynamic response. Yip and Salidiscussed this and sug- lation effects provide a sensitive probéHere we present
gested that at sufficiently low temperatures this nonlinearity€sults which illustrate the type of nonlinear dependence that
would lead to an increase in the penetration depthhich ~ can be expected.

would vary as the magnitude of the magnetic fi|eHH| with a In Sec. !I we study the field a}nd temperature dependence
coefficient that depended upon the orientation of the fieluOf the nonlinear superfluid density forf‘ clediwave super-
relative to the nodes. Although there have been various exconductor. The crossover between {hg linear Yip-Sauls
perimental studiés® of the magnetic field dependence of the regime and the quadratic regime with its divergent coeffi-
penetration depth, there are at present no observations Wh|&|’ﬁnt are discussed. Section Il illustrates the Corresponding
are in agreement with the size, field, and temperature depeRehavior expected to be seen in harmonic generation and
dence predicted in Ref. 1. It is known that impuriﬁn intel’moqu!ation.. .ln S.eC. IV we Study the inﬂuence Of n.On-
wash out the lineaFi dependence, leading to &7 depen- magnetic impurities in order to see how stable these signa-
dence forx and recently Liet al” have argued that nonlocal tures of 'ghed—wave ;tate are. We will see that the increase of
effects, except for special orientations of the field, will leadN® Nonlinear coefficient at low temperatures appears to be

to a quadratic dependence below a cross-over field of orddRore stable than thiH| linear behavior due to its restriction
H.,. Thus, the magnitudéi| signature of ad,z_o-wave by the lower critical fieldH.;. We discuss the difficulties in

state in the penetration depth may be difficult at best to obpbsgrvmg these' signatures in present day Figeystems.
serve. Section V contains our conclusions.

However, as discussed by Xu, Yip, and Sdué, higher
temperatures the temperature dependence of the coefficient !l THE NONLINEAR SUPERFLUID DENSITY
of the quadratic field term in the penetration depth shows a The current density in a superconductor is given by the

clear deviation from the exponentially decaying temperature, ;1\ of the superfluid flow. and the quasiparticle backflow
behavior which would be observed in a fully gapmedave P s a P

superconductor. In particular for d2_,2 gap, this coeffi-
cient exhibits ar ~* temperature dependence so that contrary i=istie (@]
to the s-wave case, the strength of tih& contribution in- 8

creases a¥ is decreased until it saturates due to impurities,Wlth
nonlocal effects, or possibly, for the magnetic field oriented

contribution

along the nodes, the crossover to the Yip-SaHis depen- jqp:m_v2 de
dence. It is this aspect of the nonlinear response that we wish F 70
to explore. de mve
As we have previously discussdhe quadratic term in X f 5 VF cos®~f( Ve?+A%(0)+ ——jscosO |.
. . . . T ne
the penetration depth leads to a nonlinear inductance which
gives rise to third order intermodulation effects. This nonlin- 2
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Here f(e)=1[1+exp(eT)] is the Fermi function and we oo T T
have taken a simple circular Fermi surface wittha 2 gap. [ 1/T.20.005 ,/

As has been discussed by &t al.” nonlocal effects might 0008 F ' ° / i
become important for current flow along the antinodal direc- | A/T =3 / ’

tion for a magnetic field oriented perpendicular to the GuO

planes. However, nonlocal effects are negligible for current o 0-006
flow along a nodal direction. Here and in the following we }

will therefore study this second case using theave angu-  “ g.0o4
lar dependence

A(@)=A(T)sin20. 3) 0.002

Here, for convenience, we have chosen our coordinates suc

= irect 0.000 L
that ®=0 corresponds to the nodal direction. We have 3 500 0.005

0.010

0.015

0.020

checked that qualitatively very similiar results are found for
current flow along the antinodal direction, if nonlocal effects is/Je
are neglected. The superfluid dengityis defined by FIG. 1. The nonlinear part of the superfluid density,/n as a
function of superfluid current density/j. for temperaturel/T,
. E 4) =0.005 (solid ling). The dashed line shows the parabolic lpw-
1= n Is expansion Eq(10) and the dotted line the Yip-Sauls result Etd).
so that There are some simple limiting cases. As discussed by
_ Yip and Sauls, wheig/j.<T/Aq, then one can expand Eq.
Ns jo (*de (8) in powers ofjs/j. so that
—=1+4— s
JsJo Ao sn RE
S S
40 j T:'B(T)<j_) (10
xf cos~f( JE+AZ(0)+ Ay cos® . ¢
2 Je with
(5 2 (= de d3f
__“2 hahid ) (27 A2 @)
with j.=neA,/mve the pair breaking current density. In the AT 3A0J0 dsf 27 cos'® gl Ve AT O]
limit j—0, we have (12)
ne(js=0) w0 At low temperatures this expression yields
———"=1+4| de
n 0 1 AO
B(T)= 5=, (12)
do L p— 127
Xfﬁcog(a' JeLVETA%O)]. () the 1 divergence mentioned above. Alternatively, in the
low temperature limit where
Setting )
] ) Ns(js=0) T
SNg=ny(js=0)—Ng(js) (7 — o L2y (13
V\{? have for the nonlinear contribution to the superfluid denyngj /j.>T/A, we have the Yip-Sauls restit
sity
_ _ ong(js)  1ljl T
5”5(]5):_4!_c w? . —EI—ZInZA—O . (14
: IsJo Bo For the calculations presented in the following we choose
de is Ay/T.=3, a value that fits low temperature penetration
xf 5 cosOf| e+ A2(@)+ Ay cosO depth data on YBC®?
Jo For T/T.=0.005 the two limits in Eqs(10) and(14) are
<de [ dO df shown in Fig. 1 along with the numerical result obtained by
+4TJ A_J ECOS2®&[\/62+A2(®)]- numerically integrating Eq(8). Here we see a crossover
020 from a quadratic dependence pgj. for j¢/j.<T/T; to a
(8) linear dependence whep/j. becomes larger thaf/T..

At small current flow this is related to the nonlinear changef'glérfef 2 show§ a s(tjaquence of curvzslzﬁug/n velrsu_SJ;/jc
in penetration deptiA\ via or different reduced temperatures. At larger valuegsdj.,

dng/n has approximately the same slope, but the curves are
AN 1 6ng shifted down by an amount proportional TWT.. As has
= —. (9)  been pointed out by Yip and Satilsnd Li et al.” this linear
is!j. dependence can at best only be observable at low tem-
It is this nonlinear part of the superfluid density that we will peratures due to the fact that a type Il superconductor will
study. enter the vortex state, if the current density leyelj.
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FIG. 3. The amplitudgs/j. of the third harmonic generated by
the nonlinear superfluid density as a function of the amplitude of
the fundamental current density,/j. for different reduced tem-
peraturesT/T.. The two limiting cases Eqs(18) (for T/T.
=0.001) and(19) are shown as the solid and the dotted line, re-
spectively.

FIG. 2. The nonlinear part of the superfluid density,/n as a
function of superfluid current density/j. for different reduced
temperatured/T,.

reaches the lower critical fieltH ., /H.=0.01 for highT,
superconductors. At small valugg j.<T/T., éng/n enters
the parabolic regime and the curvatyséT) given in Eq.
(11) diverges as 17 upon lowering the temperatufé At the  seer? Note, that due to the prefact@(T) in Eq. (18) the
same time the convergence radius of the Taylor expansiofonlinear responsps/j.. in the lowj/j. regime increases,
decreases Iikd/T., showing the crossover to the nonana-when the temperature is lowered. Figure 4 shows the tem-

lytic Yip-Sauls result aff = 0. perature dependence pf/ . for j/j.=0.01 along with the
high temperature limit from Eq(18). The third harmonic
. HARMONIC GENERATION amplitudej; follows the 1T divergence untilT/ T, falls be-

AND INTERMODULATION low js/jc=0.01. Below that poinfs; saturates due to the

rossover to the Yip-Sauls limit EGL9). This low tempera-
ure peak in the third harmonic amplitude is a consequence
Bf the nodes of thel-wave state and does not exist for an

The nonlinear response to an applied microwave fiel
such that the microwave frequency is small compared to th
quasiparticle relaxation time can be determined from Eg)s.

and (4). If s-wave superconductdr.
' One can also explore two-tone intermodulation which is
j<(t) =] Sinwt (15)  important in communication filter applications. Here
then js(t)=js1SiNw t+ s Sinwst (20
ndis(t)] with w; and w, close in frequency so that the intermodula-
j(t)=%is(t)- (16)  tion frequency 2»;— w, lies within the pass band of the

filter. In this case we find for the ampIitquwl,w2 of the

Now, only odd frequency terms arise sinceg(js) intermodulation response at high temperattires
=ng(—js). For example, the third harmonig sin 3wt has

an amplitude 107 m —————
Lt )l
1 (2« N(j so SINX 6%/ Iso/1;=0-01
j3=—J dxsin&Mjsosinx. 17 8x107° I\ .
T Jo n \
In the “high temperature limit,”T/T>js/j. we find using R 6x107 1|l .
Eqg. (10) S
3 4x107° .
. 1 Jso
js=7B(M ==z (18)
Je 2x1078 | -
and in the “low temperature limit,"T/T.<j¢/]. using Eq.
(14) we have Y S H R S M e e £
0 0.05 0.1 0.15 0.2
4% /T,
ja=rem = (19 o
157 j. FIG. 4. Temperature dependence [f/j. for j¢/j.=0.01

(solid line). The dashed line shows the high temperature limit Eq.
Figure 3 shows a double logarithmic plot of/j . versus  (18). Below T/T,=js/j.=0.01, the third harmonic amplitude
jsoljc for three different values of /T, and the crossover j,/j, saturates due to the crossover to the Yip-Sauls regime Eq.
from Eq. (18) (solid line) to Eq.(19) (dotted ling is clearly  (19).
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0.0086

| 3 ik
120, 0,= 7 BT) 7 (22) r/T,=0.003
1792 4 Je L c=0
while at low temperatures, wheR,<j s
0.004 + —— T/T=0 A
1% e | Iz 000
: S - - =0. / i
JZwlfwz_ E Iy (22) Ex . T/Tc=0‘04 / //,
and whenjy<j 0.002 | e -
: 2 jsis2
J2a)l—a)2_ ﬁ jc (23) -
o . 0.000 —— e
Thus, at fixedjg; and jg, the temperature dependence of 0.000 0.010 0.020 0.030
j2wrw2 will have the same qualitative behavior ggT) in i
Fig. 4. FIG. 5. éng/n as a function of /] . for different reduced tem-

This analysis shows that measurements of third harmonicCgeraturesT/T, in the presence of nonmagnetic impurities in the
and intermodulation allow us to directly access the temperagnitarity limit c=0. The scattering rate €=0.003T,.

ture dependence of the nonlinear coefficig(T), utilizing
Egs. (18) or (21). In principle, this allows to probe experi-
mentally whether this low temperature peakgnexists or
not.

js!jc=>TIT.. The restriction due to the lower critical field
is!jc=<H¢1/H:~=0.01 can make the linegg/j. regime un-
observable in this case, as can nonlocal effects for current
flow along the antinodal directioh.
IV. INFLUENCE OF IMPURITIES In order to find the nonlinear coefficie®(T/T,) it is

Now we wish to consider the influence of nonmagneticadvantageous to perform the calculation on the imaginary
impurities on the nonlinear response discussed in the prevfrequency axis. Then we find
ous sections in order to see how stabledh@ave signatures
in the nonlinear response are. In the presence of impurities

the total current density is given by B(T)=2ASJW do cod O
g 2T
. 2 fW/z de ® o0 dwf( . INL(©.0) s
|=—2]¢ Ccos — (w)- + , W A40°—A (@)
a2 2T = Ag 2 n
xWTwéoA (®)R [z;)§+A2(®)]7’2]' (29)
—N_(0,0)], (24)

whereN.(0,w) is the density of states for the comoving Here. o
12N

. o . are the renormalized Matsubara frequencies which
and countermoving quasiparticles, respectively:

have to be determined self-consistently by the imaginary axis

®+ A0 (jo/jo)cosO counterparts of Eq€26) and (27):

N+ (O,w)=Im .
+(0) VAZ(O) —[@=Ag(js/jc)cos®]*
25 Oc
- i . ( ) E)n=wn+lﬂ%, (29)
Here, ®(w) is the renormalized frequency and has to be C°+go
determined by the selfconsistent equatiérid
. __J'w @ w+Aqy(js/jc)cosO __jw de Wy 30
0 —7 2™ \JA2(@)—[@+Aq(js/jc)cosO®T? =), 2n VA%(0)+ @2
(26)
5 9o with w,=(2n+ 1)« T being the unrenormalized Matsubara
w=w—Fm- (27)  frequencies.

Figure 6 showsB(T/T.) for different scattering rates.
Here,c is the cotangent of the scattering phase shift Bnd Now, the 1T divergence is cut off at low temperatures by
the scattering rate. Using Eq24)—(27) along with Eqs(4)  the impurity scattering. However, a peak, signifying the un-
and(7) we can extractng(j)/n in the presence of nonmag- derlying d-wave nature of the superconducting gap, still re-
netic impurities. mains unles$’/T. becomes of the order of 0.1. Qualitatively
In Fig. 5 we showéng(js)/n in the unitarity limitc=0 similar results are found for nonunitary scatteraw 0. The
with I'=0.003T, a typical value in a range that has beeninfluence of impurities becomes even less pronounced,
used to fit low temperature penetration déptand thermal  though.
conductivity datd? Due to the finite impurity scattering As an illustration we show the density of statééw) in
ong/n now stays quadratic at loy/j. down toT=0. Now, the presence of impurities in Fig. 7. Here one can see the
the linearj./j. regime is only entered at higher values of impurity states generated at low energie&A ,<0.0512°
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B(T/T,) for different scattering rateB in the unitarity limit. in the unitarity limit for '=0.006T.. Close to the Fermi level

wlAy<<0.05 impurity states are generated. However, over a broad

However, at higher energies there is still a broad regior’fegionN(“’) still varies linearly withw as in the clean-wave state.

whereN(w) varies linearly withw. At not too low tempera

tures the nonlinear response still picks up this linear variation

resulting in an upturn of the nonlinear coefficie®¢T/T.) less, we suggest that a temperature dependent measurement

upon lowering the temperature. of harmonic generation or intermodulation in the highest
This signature of thel-wave state should remain observ- quality single crystals available today provides the best hope

able over a much broader range of parameters than thef observingd-wave behavior in the nonlinear response.

|H|-linear regime discussed by Yip and Sauls. While the

|H|-linear regime is limited by the lower critical fielf/T,

<H.,/H.=0.01, this peak ing(T/T;) will remain until V. CONCLUSIONS

I'/T, becomes of the order of 0.1, making it a better candi-

date for a search ofi-wave behavior in the nonlinear re-  We studied the temperature and field dependence of the
sponse. From the study in Ref. 7 we expect that this upturponlinear electrodynamic response indavave supercon-

of B should also remain visible, if one includes nonlocalductor The signatures of tiiewave state are thkbfi|-linear
effects for current flow along the antinodal direction. regime, as discussed by Yip and Sauls, and an upturn of the

Some remarks concerning the difficulties of observing onlinear coefficient3 in the quadratic regime at low tem-
this behavior should be made at this point. In order to extract . - N . g
peratures. This coefficient can be directly measured by har-

the coefficientd from measurements of thid-field depen- . . . . . S0
s b monic generation and intermodulation. While fié-linear

dence of the penetration depttone would need a very high . N o .
resolution, as can be estimated from E@.and (10): even regime is Ilmlted_ by the Ipwer critical field and can be
if j</j.=0.01 and for8 we take a typical value of 4, we find masked by impurity scattering and nonlocal effects, the up-

ANN=2x10"* which challenges existing techniqubs turn qf the coefficienp appears to be more stable and should
more direct way to measuggwould be harmonic generation fémain ob_servab_le_ over a broader range of parameters. We
or intermodulation utilizing Eqs(18) and (21) as has been Showed this explicitly by studying the influence of nonmag-
discussed in the previous section. A study of the temperaturBelic impurity scattering. It is possible, however, that in
dependence of intermodulation in high-(TBCCO) films pr.esent Qay higf-; f|Im§ and single crystals extrlns[c e'ffe.cts'
has been done in Ref. 16. In that study no increase in intels-F'” dominate the nonlinear response, masking this intrinsic
modulation was found down to the lowest temperatures of 25ignature of thed-wave symmetry.

K, which might not be small enough, however. A similar

result was found in measurements of third harmonic genera-

tion in YBCO films!’ These studies also showed that the ACKNOWLEDGMENTS
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