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Optical Cooper pair breaking spectroscopy of cuprate superconductors

Y. G. Zhao? Eric Li, Tom Wu, S. B. Ogale, R. P. Sharma, and T. Venkatesan
Center for Superconductivity Research, Department of Physics, University of Maryland, College Park, Maryland 20742

J. J. Li, W. L. Cao, and C. H. Lee
Department of Electrical Engineering, University of Maryland, College Park, Maryland 20742

H. Sato and M. Naito
NTT Basic Research Laboratories, 3-1 Morinosato Wakamiya, Atsugi-shi Kanagawa 243-0198, Japan
(Received 3 November 2000; published 14 March 2001

The photon energy dependence of the optical Cooper pair breakin@dRBR) is studied for compressibly
strained LagsSry 1sCuQ, (LSCO) films and YBaCu, oZNg o7 s (YBCZO) thin films, and compared to that
in YBa,Cu;0,_5 (YBCO). Unlike YBCO, the CPBR for LSCO does not show an obvious photon energy
dependence. In YBCZO, the CPBR shows a strong energy dependence similar to YBCO, but with a redshift in
the peak position. Analysis of these results strongly favors a physical picture based on electronic phase
separation in highF; superconductivity.
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The mechanism of high-temperature superconductivityange in which YBCO shows resonance, LSCO does not
(HTS) remains a mystery to date, although significant undershow any obvious photon energy dependence. On the other
standing has been developed over the years in elucidating thend, YBaCu, 9.Zny odO07_ s (YBCZO) does show a strong
key underlying factors. Various models have been proposeghoton energy dependence, but with a redshift of the peak
for the understanding of HTSIt is commonly believed that feature. We argue that it is difficult to reconcile all these data
a strong correlation between electrons play a very importanwithout invoking the electronic phase separation picture for
role in this system; however, the manner in which such &dTS cuprates.
correlation unfolds as a collective behavior is still not under- YBa,Cu, g2ZNg 007 5 thin films were prepared by pulsed
stood. Recently, experimental evidence has accumulated iaser deposition on (100) LaAlubstrates. The thickness of
favor of the occurrence of electronic phase separgfid?y  the films was about 100 nm wific~58 K. La; gsSIp.1£CUO,
in such strongly correlated systems; the so-called strip¢hin films were prepared by reactive coevaporatielectron
phase picture being one manifestation of such a scehariobeam evaporationon (001)LaSrAlQ substrates following
The EPS picture implies an inhomogeneity of both chargeSato and Nait6. The thickness of the films was about 100
and spins in HTS. It is not yet clear whether the EPS omm with T, between 40 and 43 K. The films were patterned
stripes are central to the phenomenon of highsupercon- by standard photolithographic technique to obtain coplanar
ductivity. waveguide devices. The patterning process decreaser. the

Based on thermal difference reflecta@®R) spectros- of LSCO films to 34 K. The sketch of the experimental setup
copy work on cuprates, Little, Collins, and Holcoiton-  and the devicgessentially an optically controlled opening
cluded that phonons and a high-energy electronic excitatioswitch) can be found in our previous papefhe device was
(ranged over 1.6—2.3 e\are jointly important for pairing in  mounted on a cold finger located in a vacuum cryogenic
HTS. Stevenst al? performed pump-probe measurement onchamber, and biased with a dc current. The device was illu-
YBa,Cu, 92Ny 007 s (YBCO) employing excitation by minated with 100-fs pulses from a Ti:sapphire laser system,
3-eV photons, with the probe beam detecting the excitedncluding an oscillator and a regenerative amplifier with an
state and its relaxation. Their results also showed an absorphility to deliver 5uJ pulse at a repetition rate of 9 kHz. The
tion peak around 1.5 eV, broadly consistent with the TDRhigh peak power and suitable repetition rate allow efficient
measurement; however, their interpretation of the origin offast switching without thermal heating problems, as dis-
the peak differs from that of Little, Collins, and Holcomb. cussed earliet! The wavelength of the laser was tunable
In our previous work on electrically characterized optical within the range 760—-860 nrfil.63—1.44 eY. When the
pair breaking(which differs distinctly from the all-optical ultrashort laser pulse illuminated the bridge, transient switch
measurements by other researchevge observed a fairly current wave forms were produced instantaneously, resulting
sharp peak in the Cooper pair breaking rate around 1.5 eVh a fast drop of the current flowing through the device.
for YBCO, confirming a resonance. The existence of such &hese wave forms were monitored by a fast sampling oscil-
sharp feature is indeed surprising if one were to think of thdoscope with a temporal resolution of 20 ps. In the experi-
superconductor as a uniform conductor. Noting that all thesenent, great care was taken to keep the laser power constant
works reflect the importance of states separated in energy tand the beam focused on the superconducting bridge.
about~1.5 eV we decided to probe the case further by ex- Figure 1 shows a typical wave form of the fast optical
amining other cuprate systems, namely; 1, :CuO,  response for LSCO films. The rise and fall times of the sig-
(LSCO) and Zn-doped YBCO. We find that over the energynal are around 40 ps. This wave form is similar to that for
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, . : . , dependent, the temperature dependence of the amplitude of

115 ] AL, /At will be determined by T.? Sinceng increases
1ok i with decreasing temperatur&l ,;,/At is expected to be re-
duced rapidly as the temperature decreases. The inset of Fig.
105 1 2 shows the square root ofAlll i, /At, which is proportional
E 100 L to ng if Ang/At is temperature independent or weakly tem-
> perature dependent. The temperature dependencag of
951 shown here is different from thag(T) curve reported by
00 ) Hardyet al,'° which shows a linear temperature dependence
of ng at low temperature, consistent with tdevave pairing
85— 500 1000 1500 2000 mechanism. This discrepancy impligs thats /At has some
Time (ps) temperature dependence. Indeed, it has been shown that the

charge transfer (O2to Cu 3d) gap, which is related to the
FIG. 1. The wave form of the fast optical transient signal relatedphoton absorption, increases with temperattiand the life-
to the Cooper pair breaking. time of the quasiparticles produced by the Cooper pair-
breaking process is also expected to change with
YBCO. It has been established that this signal is related teemperaturé? If we use theny(T) data obtained from other
Cooper pair breaking? which changes the kinetic induc- experiment2? it is possible to estimate tHE dependence of
tance of the superconducting waveguide. The amplitude ofAn /At.
this  signal can be  expressed as V Figure 3a) gives the photon energy dependence of
=IR(ALin/At)/(2AL,n/At+4R),>" where | is the bias AL, /At for LSCO thin films. Unlike YBCO, it does not
current,R is 50 (), At is the pair breaking time., 4, is the  show any noticeable photon energy dependence. The YBCO
kinetic inductance of the superconducting bridge, anddata are redrawn in Fig.(® for comparison. This indicates
ALy /At=(m*1/(e?wdn?))(Ang/At). In this formula, that the resonance of Cooper pair breaking observed in
m*, ng, ande are the effective mass, the density, and theYBCO (Ref. 5 is intrinsic. Figure 8) gives the photon
charge of superconducting carriers, respectively. Parameteehergy dependence afL,,/At for YBay,Cu, 922N o007 5-
d, I, andw are the thickness, length, and width of the bridge,It shows a dramatic photon energy dependence, as was seen
respectively. Thus, from the amplitudé measured using a in YBCO. It is clear that the resonance peak shifts to lower
fast oscilloscope, we can obtakL,;,/At. SinceAL,/At energies as compared to that of the resonance peak in YBCO
is proportional to the pair-breaking rateng/At, the tem-  shown in Fig. 8c).
perature and photon energy dependence of the pair-breaking Now we turn to the analysis of our results. In Ref. 3, the
rate can be studied. In such an argument we assumenthat high-energy electronic excitatiof~1.5-1.7 eV, which is
is fixed. However, in the stripe phase picture, this aspect maguggested to be related to the pairing in HTS, is attributed to
have to be reexamined. the energy of thel®—d'°L charge-transfer excitation associ-
Figure 2 shows the temperature dependencalgf,/At ated with the Cu@network which is common to HTS sys-
for LSCO films. The behavior is similar to that in tems. This charge-transfer excitation was also observed in
YBCO, and can be explained qualitatively by using asuperconducting YBCO by electron-energy-loss spéctra.
two-fluid model® Note that AL,,/At, as given by However, the feature we observed in the CPBR spectrum of
[ml/(ewdn?)](Ans/At), is essentially proportional to YBCO near 1.5 eV is considerably narrow@00 me\j than
Ang/At/(n?), since m,l,e,w, and d are constants. If that(500 meV of the peak in Ref. 3. We argue that the
Ang/At is temperature independent or weakly temperaturébservation of such a sharp resonance is hard to understand
for any homogeneous conducting state. On the other hand,
20 — ; . ; ; . the presence of insulating regions in the superconducting
0.8 state, as is envisaged in the EPS or stripe phase scenario, can
lead to narrow absorption features provided that the
absorption-induced perturbation of the insulatiagtiferro-
magnetig state directly couples with the paired hole system
= RN 4 and breaks pairs. Interestingly, the insulating Y8a&Og
o / ] compound has a charge-transfer excitation péekm the
o Kzi 30 35/3/1:5 A O2p to Cu3d upper Hubbard bancaround 1.7 e\A*~*°In
ab 7 3=798im ] the small phase-separation length scale anticipated in the
7 P=012 mW EPS or stripe scenario, there could be a renormalization of
. H : : : L the energy of this peak, causing its shift to lower energy. To
o 15 20 . K25 30 35 what extent the charge transfer peak for the insulating do-
(K) mains and stripes in superconducting ;B8O _ s is differ-
FIG. 2. Temperature dependence oAL,y,/At for ent from that of the inSUlating bulk Yz'g:U3O6, is still an
Lay g1 1:Cu0, thin film. The inset shows the square root of Open question, which needs theoretical inputs. In a related
1/ALy,/At, which is proportional ton if we assumeAn /At is  context it is useful to point to a recent observation that the
temperature independent or weakly temperature dependent. screening of phonon modes in hidh-superconductors is
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with the spin fluctuation time scale. If the latter is considered
< 1ab (@) ] to represent stripe fluctuations, our measurement would es-
ﬂg ' sentially reflect the snapshot picture of charge and spin do-
4 00" %2 % oo o mains or stripes at a certain time. In contrast, the measure-
- 0.8} T %000 %0 % 1 ment in Ref. 3 represents a time average. This time-scale
g ° 000 % ° difference could be a factor responsible for the different
= 0.4l [=5 mA ] widths obtained in our experiment and the TDR experiment.
E T=29 K As discussed above, a reasonable explanation for the
Zo CPBR, in the case of YBCO is the charge-transfer excitation
0.0 . : . in spatially confined domains and stripes of antiferromag-
1.44 1.52 1.60 1.68 netic (AF) insulating regions in YBCO. It is possible that a
Photon Energy (eV) similar excitation in the AF insulating regions of LSCO is
out of the photon energy range employed in this work. For
1.0+ ’og ' ' ] example, the charge transfer energy fopCa0, is about 2
g : . "u® () eV, which is higher than the charge transfer energy of 1.7
EO8F . o™ s, ; eV for YBa,Cu0g. 1> Hence, even after renormalization
'-<-]1 . " and shift, it may not fall in the range of the measurement. An
B 0.6} = . ] alternate proposal for the absence of the CPBR in the case of
N 04l “ 1 the 214 film could be that both static and dynamic spin and
o s T=11K charge stripes are absent in the compressibly strained LSCO
g 02F & To25K "] thin films 1° At this stage the existence of the dynamic stripes
Z ) . A‘ 2 is still an open issue. Further work is clearly needed to ex-
0.0 | 44 152 160 168 tgnd the phqton energy to both lower-and higher-energy
Photon Energy (eV) sides, especially close to the 2-eV charge-transfer gap of
La,CuQ,, to verify whether CPBR exists in LSCO, and
. v . hence a similar conclusion as for YBCO can be drawn for
- LOf D>§ (© the 214 case as well.
35 08 e S\ ] For Zn-doped YBCu0,_ 5, even though Zn is expected
iy \ : to be in a nonmagneticd8?) state, its destruction of super-
_§ 0.6 [ \f\ conductivity is even stronger than magnetic ion such
S 04f /«*D % ] as Ni?%2! |t has been found that Zn doping induces a
= | . magnetic moment on Cu sites around Zr*and that this
£ 021 ;o T=80K ] moment couples strongly with the conduction band at low
§ 00F &% —*—T=60K . temperaturé® Charge localization was reported in Zn-doped

YB,Cu0;_5, and has been explained by the destruction
of the local AF correlation among Cu spins by #n.
However, a recent NMR result suggests that the AF correla-
FIG. 3. Photon energy dependence AL, /At for (a) tions are enhanced rqth_er than destroyed qrour?d Zherg— _
Lay 5T 1:CUO; (B) YBa,Clp 67Ny 0075 and (¢) YBa,CO_ 5 fore, anqther scenario is needed to exp.I:.;un the localization
thin film (see Ref. & effect. It is also suggested that Zn impurities are surrounded
by extended regions whose magnetic properties are strongly
poor or totally absent, and the majority of the phonon modesnodified already far abovel,, and wherein supercon-
have oscillator strengths similar to those found in the insuductivity never develop€ Superconductivity is then con-
lating materials.” Therefore, it is reasonable to expect thatfined to regions far from the zZn impurities. For Zn-doped
photons are absorbed mainly by the insulating domains angi,Sr,CaCuQ, ;, a scanning tunneling microscopy study
stripes rather than the metallic ones, and that the insulatinglso shows that superconductivity is strongly suppressed
domains and stripes dominate the optical properties of highwithin 1.5 nm of the scattering sitéd.In the stripe phase
T. superconductors. model, superconductivity is related to the fluctuation of the
In our experiment we selectively and electrically probestripes® It has been suggested that the pinning of the dy-
the broken Cooper pairs in an ultrafast measurement. Theamically fluctuating stripes results in a suppression of the
speed and the concept of our measurement are key to tRiperconductivity® In our experiment, Zn doping should
results we obtain. Kataest al. studied the temperature de- not affect the results very much in terms of the time scale,
pendence of the spin fluctuation frequency forsince the stripes are static to the probing light pulse even for
La,_,Sr,CuO, samples by ESR of Gd spin prob®sThe the undoped YBCO because of our ultrafast technique. How-
spin fluctuation frequency shows strong temperature deperever, Zn doping may affect the charge-transfer gap because
dence and changes fromx30"®Hz at 250 K, to about of the suggested modification to the bands, which leads to
10'%Hz at 5 K. Therefore, the time scale for the spin fluc-the shift of the CPBR resonance peak to lower energy.
tuation is 103s at high temperature and 1¥s at low In summary, we have studied the photon energy depen-
temperature. In our experiment, the width of the laser pulselence of the Cooper pair breaking rat€PBR for
is only 100 fs (10*s), which is very fast in comparison La, gsSr 1<CuQ; and YBaCu, oZng 07— 5 thin films, and

144 152 160 168
Photon Energy (eV)
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compared them with that in YBCO. The strong photon en-charge-transfer excitation in the insulating antiferromagnetic
ergy dependence of CPBR in YBCO and YBCZ®@ith a  domains confined between charge lines.

redshify, and its absence in LSCO strongly favor the elec-

tronic phase separatiofor stripe picture for cuprates; the ~ We would like to acknowledge the support from ONR
absorption responsible for the measured pair breaking is therant No. ONR-N000149611026.

*Present address: Dept. of Physics, Tsinghua University, Beijing, Phys. Rev. B43, 7942(1991)).

100084, P. R. China. 153, L. Cooper, D. Reznik, A. Kotz, M. A. Karlow, R. Liu, M. V.
IFor recent reviews, see J. Orenstcin and A. J. Millis, Scie@@ge Klein, W. C. Lee, J. Giapintzakis, D. M. Ginsberg, B. W. Veal,
468(2000; Subir Sachdevipid. 288 475(2000; P. W. Ander- and A. P. Paulikas, Phys. Rev.4, 8233(1993.
son,ibid. 288, 480 (2000. 18M. K. Kelly, P. Barboux, J-M. Tarascon, D. E. Aspnes, W. A.

23. M. Tranquada, B. J. Sernlieb, J. D. Axe, N. Ichikawa, Y. N. Bonner, and P. A. Morris, Phys. Rev. 3B, 870(1988.
Amura, and S. Uchida, NaturéLondon 375 561 (1995;  ’C. C. Homes, A. W. McConnell, B. P. Clayman, D. A. Bonn,

Pengcheng Dai, H. A. Mook, and F. Doan, Phys. Rev. 8f. Ruixing Liang, W. N. Hardy, M. Inoue, H. Negishi, P. Fournier,
1738(1998; T. Noda, H. Eisaki, and S. Uchida, Scien2@6, and R. L. Greene, Phys. Rev. Le8d, 5391(2000.

265(1999; X. J. Zhou, P. Bogdanov, S. A. Kellar, T. Noda, H. '8V. Kataev, B. Rameev, B. Bwtchner, M. Hautcker, and R.
Eisaki, S. Uchida, Z. Hussain, and Z. X. Shdbid. 286, 268 Borowski, Phys. Rev. B5, R3394(1997.

(1999; R. P. Sharma, S. B. Ogale, Z. H. Zhang, J. R. Liu, W. K. 194, sato, A. Tsukada, M. Naito, and A. Mutsuda, Phys. Re62B

Chu, Boyed Veal, A. Panlikas, H. Zheng, and T. Venkatesan, R799(2000.

Nature(London 404, 736(2000; H. A. Mook, Pengcheng Dai, 2°J. M. Tarascon, P. Barboux, P. F. Miceli, L. H. Greene, G. W.

F. Dogan, and R. D. Huntbid. 404, 729 (2000. Hull, M. Ribschutz, and S. A. Sunshine, Phys. Rev3B 7458
3M. J. Holcomb, J. P. Collman, and W. A. Little, Phys. Rev. Lett. (1988.

73, 2360(1994; M. J. Holcomb, C. L. Perry, J. P. Coliman, and 21p. Mendels, J. Bobroff, G. Collin, H. Allout, M. Gabay, J. F.

W. A. Little, Phys. Rev. B53, 6734 (1996; W. A. Little, K. Marucco, N. Blanchard, and B. Grenier, Europhys. L4.678
Collins, and M. J. Holcomb, J. Supercori®, 89 (1999. (1999.

4C. J. Stevens, D. Smith, C. Chen, J. F. Ryan, B. Podobnik, D??A. V. Mahajan, H. Alloul, G. Collin, and J. F. Marucco, Phys.
Mihailovic, G. A. Wagner, and J. E. Evetts, Phys. Rev. Lé#. Rev. Lett.72, 3100(1994.
2212(1997. 23G. V. M. Williams, J. L. Tallon, and R. Meinhold, Phys. Rev. B

5Y. G. Zhao, W. I. Cuo, J. J. Li, H. D. Drew, R. Shreekata, C. H. 52, R7034(1995.
Lee, S. P. Pai, M. Rajeswari, S. B. Ogale, R. P. Sharma, G?*K. Ishida, Y. Kitaoka, K. Yamazoe, K. Asayama, and Y. Yamada,
Baskaran, and T. Venkatesan, J. Supercd2d675 (1999. Phys. Rev. Lett76, 531(1996.

®H. Sato and M. Naito, Physica £74, 221 (1997. 25D, L. Sisson, S. G. Doettinger, A. Kapitulnik, R. Liang, D. A.

Y. G. Zhao, S. B. Ogale, R. Shreekala, Z. W. Dong, S. P. Pai, M. Bonn, and W. N. Hurdy, Phys. Rev. &L, 3604(2000.
Rajeswari, T. Venkatesan, W. L. Cao, W. Lu, and C. H. Lee, J.ZGKouji Segawa and Yoichi Ando, Phys. Rev.58, R3948(1999.

Appl. Phys.83, 1531(1998. 2"M.-H. Julien, T. Fehe M. Horvati, C. Berthier, O. N. Bakharev,
8F. A. Hegmann and J. S. Preston, Appl. Phys. L68&,. 1158 P. Sgransan, G. Collin, and J.-F. Marucco, Phys. Rev. 8.
(1993; F. A. Hegmann and J. S. Preston, Phys. Rev4& 3422(2000.
16 023(1993. 28y Sidis, P. Bourges, H. F. Fong, B. Keimer, L. P. Regnault, J.
M. A. Heusinger, A. D. Semenov, R. S. Nebosis, Y. P. Gousev, Bossy, A. lvanov, B. Hennion, P. Gautier-Picard, G. Collin, D.
and K. F. Renk, IEEE Trans. Appl. Supercoig2595(1995. L. Millius, and I. A. Aksay, Phys. Rev. LetB4, 5900(2000.
0w, N. Hardy, D. A. Bonn, D. C. Morgan, Ruxing Liang, and 2°S. H. Pan, E. W. Hudson, K. M. Lang, H. Eisaki, S. Uchida, and
Kuan Zhang, Phys. Rev. Leff0, 3999(1993. J. C. Davis, NaturéLondon 403 746 (2000.
113, Humlicek, M. Gorriga, and M. Cardona, Solid State Commun.2%v. J. Emery S. A. Kivelson, and O. Zachar, Phys. Rev5®
67, 589(1988. 6120(1997).
2\, Nessler, S. Ogawa, H. Nagano, H. Petek, J. Shimoyama, Y3*N. Hasselmann, A. H. Castro Neto, C. Morair Smith, and Y.
Nakayama, and K. Kishio, Phys. Rev. Le3l, 4480(1998. Dimashko, Phys. Rev. LetB2, 2135(1999; Y. Ando, G. S.
13E. Ratner, Ph.D. thesis, Physics Department, Stanford University, Boebinger, A. Passner, T. Kimura, and K. Kishilnid. 75, 4662
1997. (1999; J. M. Tranquada, J. D. Axe, N. Ichikawa, Y. Nakmura,

143 Uchida, T. Ido, H. Takagi, T. Arima, Y. Tokura, and S. Tajima, S. Uchida, and B. Nachumi, Phys. Rev.5B, 7489(1996

132507-4



