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HTSC Polaroinc Quasiparticle Injection Devices
With an Organic Copper (II) Phthalocyanine Injector

Sunmi Kim, Kiejin Lee, Takayuki Ishibashi, Katsuaki Sato, and Barry Friedman

Abstract—We report the nonequilibrium effect of pola-
ronic quasiparticle (QP) injection using an organic injector
in a high T, three terminal device. The organic, copper (Il)
phthalocyanine (Cu-Pc), used as the injector, is a photocon-
ductor and a p-type semiconductor. The transport properties of
Au/Cu-Pc/Bi; Sr,CaCu;Os4 s (BSCCO) tunnel junctions were
investigated in the dark and under the He-Ne laser} = 632.8
nm) radiation. We observed that the injection of polaronic QP
from the organic Cu-Pc film into the BSCCO film generated a
substantially larger nonequilibrium effect as compared to the
normal QP injection current. We could increase the current gain
by He-Ne laser excitation of the organic photoconductor injector.
The tunneling spectroscopy of a Cu-Pc/BSCCO junction exhibited He-Ne Laser
an enhancement of the zero bias conductance peak under the uv @ﬁ@

|

He-Ne laser excitation. The above phenomena are of importance
in developing optically controlled three terminal superconducting

devices.
Iy + Iy

Index Terms—Nonequilibrium state, organic copper (IlI) ph- IT_}‘OrimicCu_Pc l

thalocyanine, polaronic quasiparticle injection, three terminal

superconducting devices. .
P 9 Polaronic QPs

BSCCO thin film
|. INTRODUCTION (b)

NVESTIGATION of high-T. superconductivity (HTSC) Fig. 1. (a) Molecular structure of copper (I) phthalocyanine and (b) the
three terminal devices has been extensively studied Wematlc structure of an Au/Cu-Pc/BSCCO tunnel junction.

injecting quasiparticles (QP) [1]-[3] or spin-polarized QP » . .

[4]-[6] into tunnel junctions. The QP injection into a Superg:ontr'oliof superconductlv_lty as well as high current gain. Ther.e-

conductor creates a nonequilibrium state which suppresses & it i necessary and important to understand the tunneling

superconducting order parameter and depresses the critffnomena taking place at the interface between a HTSC and

current density [7]. The generation of a strong nonequilibriufif! ©rganic photoconductor. .

state in the HTSC is related to the high current gain of the FOr 0rganic injector, we selected copper (Il) phthalocyanine

device. In order to get higher current gain in HTSC, ma u-Pc). Fig. 1(a) shows molecular structure of Cu-Pc. It is

authors have reported that the spin-polarized QP injectiSROWN to be a-type semiconductor and photoconductor. Its

from a ferromagnet injector into a HTSC has caused a strofplecular formula is GHsCuNs. As shown in Fig. 1(a),
nonequilibrium effect [4]-[6]. CU-Pc has fourfold symmetry and a copper lies at the center of

In this context, using an organic photoconductor, we invelle phthalocyanine ring. This ring structure has hydrocarbon

tigated injection of polaronic QP from an organic material gghains which play an important role in the formation of
get an effective nonequilibrium state. Note that polaronic quagglarons [8]. . s :
particle injection from an organic photoconductor, unlike spin 1h€ Polaronic QP injection from Cu-Pc into the HTSC

injection from a ferromagnet can open the possibility of optic&i €XPected to form a strong nonequilibrium state due to
the interaction between polaronic QP’s and Cooper pairs.

In this paper we will discuss the transport properties of
Au/Cu-Pc/BpSr,CaCuy0sys (BSCCO) tunnel junctions due
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The fabricated BSCCO thin film includes thé plane as well il
as surface oriented along thalirection. The BSCCO film of
thickness 150 nm has an average roughness of about 5 nm.
The organic Cu-Pc thin film interlayer between the Au and
BSCCO thin films was deposited by thermal evaporation at
380°C in the rate of 0.05 nm/sec onto substrate maintained at
room temperatures and the thickness was 100 nm.

For an electrical configuration of three terminal devices two
currents were fed into the superconductor film: one is the in-
jection curren{(I;,;) and the other is the transport curréft).

The collected curre(t/z + I;,,;) flows out through the third ter-
minal of superconductor. Thg,; goes from the organic Cu-Pc
thin film to the BSCCO thin film. The response of the critical
current(!..) of a film to injected current is exhibited as the cur-
rent gain [14]:

Intensity (a. u.)

Exciton peak

! 1 1 | 1 1 1
200 400 600 800 1000
Wavelength (nm)

JI Fig. 2. Absorption spectra of Cu-Pc film at 15 K and 300 K.
C

G=-
d-[inj

1)
The superconducting energy géfd) in a thin film decreases

The 7, can be obtained from the expressiain — (I+ — with increasing injection current as [14]:

I7)/2,wherel} andI are the maximum and minimum zero- dA

Te
voltage current, respectively. The minus sign is included to make d.Jom; = - 2@N€f0)d (2)
the gain positive since the critical current is expected to decrease
with injection. WhereN(0) is the single-spin density of states in the super-
He-Ne laser withh = 632.8 nm in which Cu-Pc has a high in- conductor,J,,; is the injected current densityi; = Iinj/A,

tensity of absorption was used as an excitation light source fghere A is the contact area).« is the effective quasiparticle
the photoconduction measurements. The current-voltage (I4¢rombination time including phonon trapping effects drid
characteristics were measured using a dc four-probe methtbe thickness of the perturbed region. This means that both the
The conductance spectra were measured using a lock-in ampdnequilibrium quasiparticle density and the suppression of the
fier. gap increase linearly with increasing;.

In the case of polaronic quasiparticle tunneling since the
net relaxation timer.g is increased due inelastic tunneling
(described below), it generates an effective nonequilibrium
state in the HTSC by (2). For the Or/S tunnel junction, the
charge transport in organic Cu-Pc layer involves polarons con-
sisting of electrons dressed with phonons [15]. These injected

The structure of Cu-Pc has three dominant different crystablarons involve a phonon component with the recombination
phasesu-, 3-, andz-phases with a different angle between théme 7, of ~10~1°~10~! sec, which is faster than that of QP
stacking axis and the normal to the molecular plane [10]. Fig(210~'2 sec) relaxation timer in HTSCs [16], [17]. Since
shows the optical absorption spectra of Cu-Pc. dkghase of the phonon recombination time of Cu-Pc is shorter than that
Cu-Pc thin films shows two absorption maxima located at wavef the QP(r, < 7r), it is expected that the polarons in Cu-Pc
lengths of 625 nm and 694 nm [11], [12]. As shown in Fig. 2, theplit into electrons and phonons at the interface and only the
intensity of the lower energy maximum peak is larger than thatectrons tunnel into BSCCO thin film leaving phonons at
of the second peak. This behavior represents the typical featutes interface due to inelastic tunneling processes. Therefore
of the a-phase of Cu-Pc. Considering these results we chodbe 7.¢ is increased due to the phonon contribution at the
He-Ne laser with wavelength in the vicinity of absorption maxnterface. Thus, electrical impedance is created by phonons at
imum in order to get effective optical response. the boundary between the Cu-Pc and the HTSC BSCCO film

At low temperature it was found that an exciton peak that ighich generates a nonequilibrium state in the HTSC.
formed by an electron and hole pair bound together with molec-The experimental transport properties of a Au/Cu-Pc/BSCCO
ular vibrations within a single molecule as shown in Fig. 2. Thisinction at 30 K are showed in Fig. 3(a). The solid line corre-
is the evidence that the carriers in Cu-Pc are dressed by lattip@nds to a modulation df. controlled byI;,; without irradi-
vibrations, forming polarons as in an ionic crystal [13]. ation, while the dashed line corresponds to that under the irra-

diation of He-Ne laser. To make clear for the transport prop-
B. The Polaronic Quasiparticle Injection Properties in _ert|e§ Fig. 3(b) shows thé, suppression ve_rsusnj_for Or_/S
AU/Cu-Pc/BSCCO Tunnel Junctions junction. The calculated cur_rent gain of thl_s de\_/lc_e using (1)

was 2.49 without and 2.83 with He-Ne laser irradiation, respec-

For normal QP injection, the order parameter of the supercdively. Note that, in the absence of a nonequilibrium effect, a
ductor is perturbed from its equilibrium state near the injectazurrent gain of unity arises solely from current pair breaking.

I1l. RESULT AND DISCUSSION

A. The Optical Properties of Cu-Pc Thin Films
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Fig. 4. Differential conductance for Au/Cu-Pc/BSCCO tunnel junction (a) in
dark and (b) with He-Ne laser at 13 K. The inset shows the ZBCP at 13 K and
20 K.

facts indicate that the additional suppressiof.déd to the im-
proved current gain and it may be attributed to an additional
] nonequilibrium effect by the polaronic QP injection due to the
photo-generated current in Cu-Pc.

For the investigation of tunneling properties at the boundary,
we studied the tunnel conductance of a Cu-P¢/BSCCO tunnel
junction. Fig. 4 shows the differential conductance spectra of a
. Cu-Pc/BSCCO junction with and without He-Ne laser.

The typical conductance spectra for a normal nyetatave
superconductor tunnel junction including the (110) interface

0 E I 1 A 5o 2 show the zero bias conductance peak (ZBCP) [18]-[21] and
inj (IMA) have been observed in QP tunneling experiment performed by
(b) many groups [22]-[24]. At the Or/S interface, the differential

Fig. 3. (@) I-V characteristics due to injection current with and without He-NgondUCtance ch.a.racter.lstlcs are aﬁe:Cted_by the same mterfa_lc:lal
laser irradiation at 30 K. (b) BSCCO film critical curreft as a function of boundary condition with the N/S junction and a ZBCP is
injection current/;,,; for Au/Cu-Pc/BSCCO junction. also expected for a nomaxis oriented interface. Thus, the
observed ZBCP may be interpreted as the Andreev bound state
For normal metal/superconductor (N/S) junction, the currenf a polaronic QP from the Cu-Pc film into a BSCCGwave
gain always was about unity [1], it was explain by the curresuperconductor.
pair-breaking model when only the distributed current summa-For a Cu-Pc/BSCCO junction, it was observed that the ZBCP
tion effect is considered. Our result is clearly deviated from ias compared to Au/BSCCO junction was slightly broadened
indicating that a nonequilibrium effect takes place due to the pand observed up to 70 K [25]. These behaviors may be due
laronic QP injection into the BSCCO film. Here we consider thi® an injection of polaronic QP carries from the Cu-Pc into a
simple heating effect, assuming that the injection current ordyiperconductor. The most striking difference of the Or/S junc-
has the effect of raising the film temperature. However it is hatgbn from a normal metal/superconductor (N/S) junction was ob-
to say that the higher current gain for Or/S junction is only froreerved under the He-Ne laser illumination. Note that, in the large
the simple heating effect, because the simple heating model nadngorption wavelength region from 260 to 800 nm, the Cu-Pc
not be explained by the improved current gain due to He-Niém has a high photogenerated carrier density. When the He-Ne
laser excitation. laser radiates to the sample, the magnitude of the ZBCP was en-
As can see in Fig. 3(b), without current injection thesup- hanced as shown in Fig. 4(b). These facts indicate that when the
pressed from 4.25 mA to 3.95 mA by the irradiation of lasejunction is illuminated the number of charge carriers becomes
Thel. suppression of 0.3 mA is due to the pumped QP’s undirger in Cu-Pc and the height of the ZBCP increases.
irradiation, the perturbation results in the suppression of superPrevious calculations in [26] have indicated that features at
conductivity. When thé;,; 0.5 mA is applied, thé. of 4.25 mA low energy in N/S junctions are very sensitive to having different
decreased to 3.06 mA by current injection without irradiatiofsermi energies (Fermi wave vector mismatch) on the two sides
expected by polaronic QP injection effect. Under the irradi@f the junction. That is, before illumination, the Fermi wave
tion, thel,. suppression was expected to 2.76 mA, however\ector in Cu-Pc is much smaller than the Fermi wave vector in
was observed 2.51 mA under the He-Ne laser irradiation. TheB8CCO and the mismatch suppresses the ZBCP. By generating



KIM et al: HTSC POLAROINC QUASIPARTICLE INJECTION DEVICES

1059

charge carriers one decreases the wave vector difference and th@ T. Ishibashi, K. Sato, K. Yonemitsu, K. Lee, and S. Kim, “Spin-injection

height of the ZBCP increases.

[10]

IV. CONCLUSION [11]

We have reported the nonequilibrium transport properties of
Cu-Pc/BSCCO tunnel junctions as a novel HTSC three terminal?!
device. The organic Cu-Pc layer as a polaronic QP injectori3]
played an important role in the generation of a substantially
larger nonequilibrium effect as compared to the normal QP in 14]
jection current. The tunneling spectroscopy of a Cu-Pc/BSCC
junction exhibited the enhancement of ZBCP under the He-Ne
laser excitation; this effect is caused by Andreev reflection oft?!
photogenerated charge carriers. The above phenomena are[1H#i
importance in developing optically controlled three-terminal

superconducting devices. [17]
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