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Critical Current Suppression in a Superconductor by Injection
of Spin-Polarized Carriers from a Ferromagnet
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The critical current of a thin film of the higliz superconductor DyB&w0O;, when incorporated
in a heterostructure in which it is separated from a ferromagnetic underlayer,gSLaMnO; by
an undoped ultrathin L&EuUO, film, has been found to be strongly suppressed by current flowing in
the ferromagnetic film. A control experiment with a Au film replacing the ferromagnet did not show
such a response, and resistive heating was ruled out by additional measurements. The effect would
appear to be caused by pair breaking associated with spin-polarized carriers being injected into the
superconductor. [S0031-9007(96)02287-9]

PACS numbers: 74.80.Dm, 74.50.+r, 74.76.Bz

The investigation of spin-polarized transport and spinferromagnet and the superconductor. Two samples of
polarized tunneling in superconductors can provide usefubery similar quality and properties have been investigated.
information on spin-dependent electronic properties andiere we report the results of detailed measurements on
spin relaxation, and may also lead to new superconductingne of the samples.
devices. Pioneering experiments on spin-polarized tunnel- Samples were grown by ozone-assisted, block-by-block
ing in superconductors were carried out in the seventies bynolecular beam epitaxy (BBD MBE), a technique that
Tedrow and Meservey [1]. The injection of spin-polarizedhas been shown to be capable of producing high-quality
carriers into superconductors was first described theoretepitaxial films of the cuprates [11] and the manganites
cally by Aronov [2]. Johnson and Silsbee conducted thg12]. Details of the apparatus and procedures used can
first studies of spin injection in metals [3,4]. The sub-be found elsewhere [13]. The substrates used Wwérex
ject of spin-polarized transport was recently reviewed by6.0 X 0.5 mm (001) oriented SrTi@single crystals. The
Prinz [5]. With the rediscovery of the doped lanthanumheterostructures were prepared by growing consecutively
manganite compounds [6,7] in which electrical transportayers of La/ ;Sr,3MnO;, La,CuQ,, and DyBaCuw O,
involves spin-polarized carriers, interest in the subject ofvith thicknesses of 400, 24, and 600 A, respectively. A
spin-polarized transport has been further revitalized. Lantwo-unit-cell-thick buffer layer of the insulator LEUO,
thanum manganite, when doped with divalent metal ionsvas incorporated into the heterostructure to improve the
of Ba, Ca, Sr, or Pb, exhibits a strong magnetoresiserystal structure and properties of the DyBa; O; layer.
tance which has been called “colossal” magnetoresistandeeflection high-energy electron diffraction (RHEED) pat-
(CMR). This is usually attributed to a double exchangeterns observed during growth suggested a high degree of
interaction of manganese ions [8,9]. Magnetoresistancdyoth in-plane and out-of-plane orientation. The absence
defined a$R(H)-R(0)/R(H)], can be as high a$)’to 10°  of spots in the RHEED patterns was evidence of planarity
percent at magnetic fields of a few Tesla at temperaturesf the layers as they formed.
in the vicinity of the metal-insulator transition [10]. The  The crystal structure of the samples was characterized
double exchange picture implies that the degree of polamsing a high-resolution four-circle x-ray diffractome-
ization of the charge carriers is very close to unity, unliketer. Thec axis of the crystal lattice of the layers was
the case of classical metallic ferromagnets and ferromagperpendicular to the (001) plane of the substrate. The
netic alloys [1,5]. This means that in principle CMR ma- c-axis lattice parameters were 3.845 A for the L8 3-
terials could be used as a source of spin-polarized charg®$nO; layer and 11.69 A for the DyB&€wO; layer.
for carrier injection studies. Furthermore, they have a perThe rocking curve width of the (002) diffraction peak
ovskite crystal structure and therefore are compatible in thef La,/3Sr,3MnO; was 0.084. For the (001) peak of
sense of epitaxial growth with highi- superconductors.  DyBaCu;O;, the corresponding value of 0.247Avas

In this Letter we report on investigations of epi- higher, but still characteristic of high-quality epitaxial
taxially grown heterostructures consisting of layers ofgrowth. For DyBaCu;O; films grown directly on SrTi@
Lay/3Sr,3Mn0O;3, La,CuQy, and DyBaCuwsO; which are  substrates rocking curve widths for the (001) peak of
ferromagnetic, insulating, and superconducting, respe®.064 were typical.
tively. We find that current flowing in the ferromagnet The heterostructures, as shown in Fig. 1(a), were
produces a decrease in the critical current of the supepatterned for measurements using conventional photoli-
conducting layer which we attribute to pair breaking bythography. Spin-polarized carriers were injected into
spin-polarized carriers crossing the boundary between thée superconductor by running a current parallel to the
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The temperature dependence of the resistance of the
An \ / / superconducting layer of one of the heterostructures is
shown in Fig. 1(b). The transition temperature (zero re-
4}] g] sistance) is 71 K, which is lower than the usual tran-
In sition temperaturd7,., = 89 K) of thick DyBaCuO;
. ~_DyBa,Cu0; i films deposited on SrTiQsubstrates. This may be due
to some combination of the mechanical and physical in-
St Mn, flugnce of the _underlying La Sr 3MnO; layer re_sulting
(a) in increased disorder of the cuprate layer, a direct effect
SITiO, of the magnetic properties of the underlayer on the super-

conductivity, or some degradation of the superconductor

20 prrrr due to the photolithographic processing.
Some of theV-I characteristics of the superconducting
15 strip obtained at a temperature of 50 K are shown in
Fig. 2(a). These are shown for one direction of the current
g 10 _ in the ferromagnet. Their asymmetry switches direction
« : with respect to the zero current axis with a change in
the direction of the current in the ferromagnet. As a
5 - function of that current, both a shift of the curves along
_ the current axis and a reduction of the width of the plateau
P A corresponding to zero voltage drop can be noted. The
50 60 70 80 90 100 shift is a consequence of part of the current flowing in

T (K)

FIG. 1. (a) Geometry of the ferromagnet-superconductor
sample used for measurements. The width of the DyBa
Cuw;0; bridge was300 wm, and the distance between the volt-
age leads was 3 mm. The substrate w@&s<k 6 mm in
area. (b) Temperature dependence of the resistance near
the superconducting transition of 1.@Sr,;3Mn0O;/La,CuQ,/
DyBa,Cu;0; heterostructure after lithographic patterning was
carried out.

superconducting strip through the ferromagnetic layer.
The superconductor effectively shorts out part of the fer-
romagnetic film resulting in some of the current supplied
to the ferromagnet being injected into the superconduc-

tor. This geometry was chosen over direct injection to 0.006 —————— T ,
minimize lithographic processing of the heterostructure. i "o,

We characterized the LaSr;3sMnOs underlayer by 0.005 " E
measuring the temperature dependence of its magnetiza-  ¢.004 £ , " 40 K E
tion and the hysteresis in its variation with field applied Z ‘ ‘oa, " 1
in the film plane. Its Curie temperature was 330 K, and ~,_ 0-003 ‘. . (b)
its saturation magnetization was 78 efgu The magne- T 0.002 b e . 3
tization measured with about 0.5 G applied in the plane : s, . ]
was a significant fraction (about/3) of the magnetiza- 0.001 7 | ok ., "
tion measured in more substantial fields with the same ori- otk AP T B TeE:
entation. Indeed the effects on thié/ characteristics of 0 0.002 . 0.004,..0.006 0.008
currents injected into the superconductor from the ferro- injected (A)

magnet, W.hlch will be described below, were !ndependen't:IG- 2. (a) Voltage-current characteristics of DyBa;O;

of magnetic flel_d from 10 fo 500 G, suggesting Fhat th_ ayer of La,;Sr,sMnO;/La,CuO,/DyBa,Cus0; heterostruc-
magnetic domains were either large or substantially orityre at 7 = 50 K when the paraliel current in the ferro-
ented, i.e., not randomly polarized. This is probably duemagnet equals 0 mA (open circles), 2 mA (squares), 4 mA
to the low defect concentration and hence low coercivity Oﬁé’!)d Earir?dngllgszﬁ,f gAegnxr?;Le?eg)ian%lt?)S)bes fenng e(sggdogift}] .
the films. Finally, the. LQ’?.SH/3M”O3 layers of the het- criticél current of the prB@Cu3(%7 layer of L@/28r1/3MnO3/
erostructures had resistivities on the Ordeﬂmﬁg cm La,CuQ,/DyBaCu;O; heterostructure on the current injected
at 100 K, which were comparable to the resistivities of thefrom the La,;Sn ;sMnO; layer at temperatures of 40, 50,
cuprate layers. and 60 K.
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the ferromagnetic layer bypassing it by going through the We then eliminated the possibility that the effects were
superconducting layer with zero resistance. It adds to theaused by a nonuniform or asymmetric distribution of cur-
current supplied to the superconductor for one directioment in the superconducting layer by altering the relative
of the current in the film, and subtracts for the other.position of the leads connected to the ferromagnetic layer
The magnitude of this effect is a measure of the currenwith respect to the midline of the patterned superconduct-
injected into the superconductor, which is equal to the shifing layer. We found that the critical current was reduced
of the curves along the current axis. About one third ofby a similar magnitude at the same transport current level
the current flowing in the ferromagnet is injected into thein the ferromagnet using a variety of symmetric and asym-
superconductor in this geometry. metric geometries. Suppression of the critical current was

The critical current of a superconductor is usually takeralso observed with current flowing in the ferromagnet in
to be the value of current at which uV appears be- a direction perpendicular to the direction of current flow
tween the voltage probes in a four-probe dc measuremeir the superconducting strip [Fig. 1(a)]. In this case there
of its V-I characteristic. Because of the asymmetry inwas no shiftin thé/-I characteristic along the current axis.
the V-1 characteristic for this geometry the critical cur-  Finally, a control experiment was performed to exclude
rent is taken as the half-width of the plateau of thd  the possibility that the observed critical current reduction
characteristic over whicly < 1 uV. Figure 2(b) shows could be produced by the injection of unpolarized carriers.
the dependence of the critical current on the value ofAn effect of this sort was found a number of years ago for
the current injected from the ferromagnet into the supermetallic superconducting weak links ne&r[14]. In our
conductor for three different temperatures well below thecontrol experiment the ferromagnetic film was replaced by
superconducting transition temperature. In our geometrya Au film grown on top of a patterned DyBau;O; film
a current of 1 mA corresponds to the current density of7T.o = 80 K). The Au film covered the entire patterned
5.6 X 10* A/cn? which is lower than that of single film. superconducting film except for its contact pads on one
It is not known whether this is an intrinsic effect of the fer- side. The suppression of the critical current by current
romagnetic underlayer or a consequence of the increasdidwing in the Au film is seen in Fig. 3 to be much less
disorder of these films relative to those grown directly onthan that for the case of the heterostructure containing a
the substrate. Finally, the value of the injected current referromagnetic layer. The shift of tHé-I curves along the
quired to reduce the critical current to zero is comparableurrent axis demonstrates that current is indeed flowing
to the value at zero injection current. into the superconductor from the Au film.

The above observations lead us to assert that the in- Although we have no detailed model of the effects we
jection into the superconductor of polarized carriers fromobserve, they may be related to phenomena already dis-
the ferromagnet causes the reduction of the critical cureussed in the literature. The mechanisms determining the
rent of the superconductor. An unpolarized injected curritical current of a film are complex, and even depend on
rent would not be expected to reduce the value of théow the critical current is defined. However, using any
critical current significantly while it would produce a shift definition, critical current suppression should be related
in the V-I characteristics if it were coupled to the super-to order parameter suppression. There is a similarity, at
conductor in the geometry we have used. We have cateast qualitatively, between the injection of spin-polarized
ried out several tests to be certain that the above asserti@arriers into a superconductor and the associated pair
is correct and that our observations are not a consequenbeeaking, and the pair breaking resulting from spin-flip
of processes other than the injection of spin-polarized carscattering when a superconductor is doped with magnetic
riers. First we eliminated resistive heating as a cause dmpurities [15]. The out-of-equilibrium configuration re-
the effect. It was observed that a current of 25 mA flow-sulting from the injection process was treated a number
ing in a plain ferromagnetic film of identical geometry and of years ago by Aronov [2], who showed that spin polar-
nearly identical resistivity was required to increase its temized carriers injected into a metallic conductor will lead
perature by 1 K at temperatures in the range of 40—80 Kto a shift Al between the chemical potentials of carri-
A 1 K temperature rise would affect the critical current ers with opposite spins. As a result &f, there will be
of the superconductor minimally. The maximum injec- a large population of polarized high-energy quasiparticle
tion current in the suppression measurements of the ordstates bringing about a reduction of the superconducting
of 8 mA would then heat the heterostructure by not moreorder parameter. This is limited to distances the order of a
than 1 K. Thus resistive heating cannot account for thespin diffusion length from the superconductor-ferromagnet
observed reduction of the critical current of the superconboundary, which may be much greater than the correspond-
ducting layer. The ferromagnet-insulator-superconductong length for the relaxation of unpolarized quasiparticles.
contact resistance was determined to be less thhaf), This shift inA/ is on the order okveEL,, wherea is the
out of a total resistance along the current path®f), so  degree of polarization of the current from the ferromagnet
that dissipation in the contact resistance between the twimjected into the superconducta js the electron charge,
layers (across the LEuUQ, layer) under the conditions of E is the electric field intensity, antl; is the spin diffusion
the measurements should not have a significant effect dength. It was already mentioned above that the polar-
the temperature of the heterostructure. ization of the carriers in the ferromagnet may be close to
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an insulator LaCuQ,, and a highf, superconductor

0.02 - 5:'.‘;'.*. DyBa,Cu;0,. We have shown that current injected from
i SEiye the ferromagnetic layer reduces the critical current of the
0.01 ¢ FIZ superconductor significantly. This result would appear to
) ] be due to weakening of superconductivity by the injection
- °or E of spin-polarized carriers into the superconductor. There

(a) is no detailed theoretical model describing the observed

-0.01 3 cg?:-'::..'" E effects, although it is probably associated with some
. Saiye ] out-of-equilibrium pair breaking. It is possible that fast
-0-02 ¢ .jf".:."p'.. L . E switching devices based on this phenomenon could be
-0.01 0 0.01 fabricated. The study of the angular and geometrical de-
1 (A) pendence of the effect could also be useful in probing the
symmetry of the pairing state of high- superconductors.
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