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Hysteretic electroluminescence in organic light-emitting diodes for spin injection
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Organic light-emitting diodes with ferromagnetic contacts are fabricated, and their emission intensity is
studied at room temperature for parallel and antiparallel magnetization configuration of anode and cathode.
Sweeping the magnetic field applied parallel to the electrode allows the magnetization of the two electrodes to
be switched independently. The electroluminescence intensity for the antiparallel magnetic configuration is
found to be enhanced as compared to the parallel one. We show that this increase is not evidence of spin
injection but is a consequence of the magnetic-field dependence of the electroluminescence intensity combined
with magnetic stray fields from the electrodes.
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Spin lifetimes in organic materials are expected to be orpolarizations of the excitons are correlated with the magne-
t_he order of micrqsecondsmaking these materials poten- tization of the corresponding electrodes. We compare the
tially useful for spin-based information-processing devicesdata with those of samples containing only one magnetic
An essential requirement for “spintronics” devices is the ef-electrode, where no spin-dependent modulation &f ex-
ficient injection of spin-polarized carriers from a ferromag- pected. In combination with an analysis of the magnitude of
netic contact into the active material. In the case of semiconthe effect as a function of the voltage applied across the
ductors, such spin injection has been demonstrated by ED, we find evidence that in the samples discussed in this
measuring the polarization of light generated by recombiningyqrk the EL modulation originates from the magnetic stray

carriers in a quantum wefl.In 1ll-V semiconductors, the fia|ds emanating from the electrodes. We deduce an upper

degree of circular polarization of the emitted photons iSjit of 5% 1075 for the product of the spin polarization of

coupled to the spin polarization of the recombining Carmers,actrons and holes attributable to spin injection

due to optical selection rules for transitions between the spin- . : . :

orbit split valence and the conduction-bahthis scheme is we present results obtfnned W'th.OI‘.EDS that_ consist
of an organic stack of tri{8-hydroxyquinolinatgaluminum

not applicable to organic light-emitting diodé®LEDS), 8 oS . ]
Wherep?he optical se?ection £r;ules for e?ectric €éipole t?ansi-(Al_q3)_ and 2,2,7,7 -tetrakigdiphenylaming-9,9'-
tions are not determined by spin-orbit interaction and thereSPirobifluorene (STAD). Alq; serves as an electron-
fore the polarization of emitted photons is not directly relatedansporting and emitting material, whereas STAD is the
to the spin of the electron. However, simultaneous polarizahole-transporting materigFig. 1(a)]. For the magnetic elec-
tion of both electron and hole spins of recombining carriergrodes, we choose Ni and MiFey 19 (Py) because of the
may influence the OLED electroluminescerié ) intensity ~ high degree of spin polarization at the Fermi level in these
because of the nonradiative nature of triplet excitbhsthe ~ metalst*2In addition, their coercive fields are very differ-
case of antiparallel configuration of electron and hole spinsent, allowing us to establish parallel and antiparallel magne-
the formation of singlet states is enhanced, increasing th@zation orientations of the electrodes. Several samples with
luminescence intensity, whereas triplet states should domihe following anode/cathode combinations were fabricated:
nate in parallel configuration, thus suppressing light emisAl/Py, Ni/Py, and Ni/Ca. The OLEDs are made on glass
sion. Spin-injection into OLEDs is the topic of increasing substrates with prepatterned anodes prepared in a separate
research activitie$:’ metal-deposition chamber. The thickness of the anode metal

An important role is attributed to the interface betweenthin films is in the range of 50—70 nm. A thin &5 layer is
the ferromagnetic metaFM) and the organic material. As obtained by oxidizing a 1-nm-thick film of Al deposited on
has been shown for FM/semiconductor layers with Ohmidop of the anode. The final step in the preparation of the
contacts, large differences in the conductivities of the layersinode is the deposition of a thin film of fluorocarb@F,)
prevent efficient spin injectiof.For inorganic semiconduc- in a reactive sputter apparatus. The freshly prepared anode
tors it has been shown theoretically and experimentally that aubstrates are inserted into an Ar-filled glovebox. Next, the
tunnel barrie? or hot-carrier injectio? circumvent the substrates are introduced into an appended evaporation
conductivity-mismatch problem and potentially allow large chamber for organic-material and cathode deposition. The
spin-injection efficiencies. This should also hold for our FM/ organic layers, deposited by thermal sublimation, consist of a
organic interfacegsee experimental details belpw 55-nm-thick film of STAD followed by 50 nm of Alg A

In this paper we investigate the EL intensitpf OLEDs  semitransparent cathode is made by depositing a thin film of
with magnetic electrodes and find a dependence on the rel&iF (approx. 0.5 nm thickand a metal thin film of nominal
tive magnetization orientation of anode and cathode. We obthickness in the range of 6—9 nm and capped with a
serve an enhancement lofor antiparallel magnetic configu- 2-nm-thick Al layer. The base pressure of the evaporation
ration compared with the value for a parallel configuration.system is in the mid-13 mbar range. At the initial stages of
This could be an indication that the electron and hole spinthe metal evaporation, the pressure increases up to
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hv H glovebox to perform the magnetic-field-dependent EL mea-
1 j —_— surements. The modified anode and cathode configurations
) —= M, Py used in the OLEDs allow us to achieve voltage thresholds of
Ul Tes Alg, 2-2.2 V for the onset of EL and current densities higher than
Y ht STAD 1072 A/cm? for bias voltages below 6 V. This represents a
—> M, Ni considerable improvement when compared to typical OLEDs
@ | 7T having transition-metal electrodes, where typical operating

voltages are much highér® The realization of low EL

- threshold and high current densities at low bias voltages is
necessary for efficient spin injection into and detection in
organic materials.

The EL intensityl of the OLEDs is measured at a constant
biasU at room temperature using an unbiased Si photodiode
as a detector. A magnetic fieldlis applied in the plane of the
sample[Fig. 1(a)] monitored by arin situ Hall probe. The
presented data dfH) is obtained by averaging over several
hysteresis loops, whereby a slow driftlofvith time has been
corrected by using a linear approximation.

Figure Xb) shows the magnetic hysteresis loop obtained
by a longitudinal magnetooptical Kerr-effect measurement of
a Ni/Py sample. It reveals two distinct transitions per sweep
direction, corresponding to the magnetization reversal of the
Py and Ni layers occurring at2.5 and 17 Oe, respectively.
By appropriate sweeps of it is therefore possible to switch
the magnetization of electrode and cathode independently
into parallel and antiparallel configuration, as indicated by
the arrows in Fig. ().

In Fig. 1(c), data ofl /1, at U=5.0 V are shown, wherk,
notes the minimum value df At this bias, the current
density through the OLED is 2:810°2 A/cm?. A hysteretic

Kerr signal
(arb. units)

(b)

1.004 ¢
= 1.002f

1.000
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FIG. 1. (a) Schematic view of the thin-film OLED structure used
in these studies. The magnetic fieltl is applied in the sample
plane.(b) Magnetic hysteresis loop of the OLED with a Ni anode
and Py cathode, as measured with the longitudinal magneto-optic%Je
Kerr effect. The two magnetic layers display different switching

fields, enabling the parallel and antiparallel configuration of the havior inl i ith - in of
magnetization(arrowy. (c¢) Corresponding OLED intensitly vs H behavior inl is observed with an apparent increase/i o

for up (triangles and down(squares sweeps shows intensity en- x0.15%_ for the antiparallel magnetic conflguratlpn as com-
hancement for the antiparallel magnetic configuratior=5.0 v). ~ Pared with the value for the parallel one. Superimposed on
Dotted lines are Lorentz fits to up and down sweeps in the magnetthe hysteresis loop is a monotonic increasel ofith the
cally saturated regions, defining two curves that are simply disinodulus ofH. A magnetic-field dependence of luminescence
placed in the direction of the field. The heightlefines the relative IS known for crystalline organic materiafsi®and a positive
intensity change at magnetization reversal of the Ni layer. Area Afield dependence has been recently observed for amorphous
(shadedl is the difference betweeN 1, and the Lorentz fit, inte- films.}”*® An explanation of these effects is based on a
grated over the region with antiparallel magnetization. magnetic-field-dependent conversion rate between singlet
and triplet state$? We note that we see the same EL inten-
10 mbar. Anode and cathode overlap on an area of Xity modulations as shown in Fig(d if we measure at
X 3 mn¥, which is the size of the light-emissive region. Re- constant OLED current. We therefore exclude that these
garding the properties of the cathode, we have already showmodulations are directly induced by changes in the injection
that the intercalation of a LiF thin film between the organiccurrent. As in Ref. 17, we find a negative magnetoresistive
and the metal electrode leads to a reduction of the barriegffect in the injection current at constant voltage. The
height at the interface from 1.1 to 0.4 é¥In the present magnetic-field-dependent modulation of the device current
devices we have added a thin aluminium oxide buffer layeihas a similar shape as the EL intensity shown in Fjg); its
between the cathode and the LiF layer. Therefore we cormmagnitude, however, is about two orders of magnitude lower.
clude that in these devices the cathodes are not Ohmic. Re- The EL efficiency modulation induced by the electrode
garding the anodes, we performed a comparative study benagnetization reversal could be interpreted as an indication
tween devices having either FM or indium-thin oxid€O)  of spin-polarized charge-carrier injection effects. However,
anode$* and found that significantly lower operating volt- we find a higher EL efficiency for the antiparallel magneti-
ages can be achieved when using ITO. This indicates a norration configuration, which seems to contradict the expecta-
zero potential drop at the FM-organic interface, i.e., the antion of a higher singlet-to-triplet exciton population ratio for
odes used in the devices here reported are not Ohmithe parallel configuratiof.This expectation takes into ac-
Therefore, we do not expect the conductivity mismétos-  count that the hole spin is opposite to that of an electron, but
tween FM electrodes and organic layers to prevent efficienneglects the possibility that the two electrodes might emit
spin injection in our devices. Further details on anode andpins of either majority or minority type. In fact, a higher EL
cathode preparation will be published elsewhere. Theefficiency for the antiparallel magnetic configuration is ex-
OLEDs are encapsulated in Ar gas and extracted from thpected if one of the electrodes acts as a source of predomi-
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FIG. 2. (a) Longitudinal magneto-optical Kerr measurement of |G, 3. (a) Longitudinal magneto-optical Kerr measurement of
the OLED sample with a magnetic Ni anode and Ca cathode reveals| gp sample with an Al anode and permalloy cathods. The
the magnetic hysteresis of the Ni layén) Corresponding OLED  hysteretic OLED intensity at U=6.0 V increases at magnetization
electroluminescence intensitymeasured aU=6.0 V, with the up  reversal, followed by a slow decrease towards saturation.
(triangleg and down sweepgsquares falling on two different
curves offset by Bls. At magnetization reversal, drops towards  gated in measurements k) in OLEDs with nonmagnetic
the other curve. electrodes, where the minimum ofis reached at=H,,

=0 (not shown. The minimum inl at H=H,,, and H

nantly minority spins while the other is of the majority type. =H, 4., thus indicates thaH,y is at a minimum value at
This could be the case, for example, for Ni and Fe electrodeshose field positions. Assuming thilt; is collinear withH,
where the former has a predominant density of minoritythe jump in| at magnetization reversal is induced by a
states near the Fermi level whereas the latter exhibits preshange fromHg=~H p to Hs==Hg gown From the data in
dominant majority spin on&:**For the Ni and Py electrodes Fig. 2(b) one obtainsH ,,=6 Oe andHy gour=—6 Oe. This
used here we cannot be certain of the sign of the spin polasuggests that the average stray field is of magnitude 6 Oe
ization of the injected carriers for a number of reasaas: and oriented antiparallel tel. This stray field is averaged
the electrodes are polycrystalline, and thus the density ofver the volume of the emissive region of the OLED, which
states is a superposition of contributions from several crystak located within a layer that starts at the STADd@AInter-
orientations,(b) the density of states of the FM surface canface and extends about 10 nm into the Algaterial. We
be affected by the presence of the oxide layer, @ndthe  note that the size oHg, is about one order of magnitude
relative weighting of the states contributing to the current islarger than expected for a demagnetizing field at a distance
determined by the injection voltage bias. of 40 nm from an ideal, homogenously magnetized Ni film

In order to understand the hysteretic EL intensity, we in-of thickness 50 nm and lateral extension of 2—3 mm. Pos-
vestigate samples with only one magnetic electrode. In suchible explanations of this discrepancy are magnetic imperfec-
samples, no spin-dependent intensity modulation is expectagbns and surface roughness of the Ni filéel orange peel
because the charge carrier species injected by the nonmagpupling??). This is supported by our observation that the
netic electrode are not spin-polarized, thus eliminating thesalue ofH depends on the conditions of growth of the FM
dependence of the exciton singlet-triplet ratio on the spirelectrodes. Another indication that the obsenkg is not
polarization of the opposite carrier species. In the following,simply a demagnetizing field is our observation of a signifi-
we show results from a Ni/Ca sample and an Al/Py samplecant increase it if the thickness of the organic layers is

Figure Z2a) shows hysteresis loops of the magnetization ofreduced by a factor of 2.
the Ni anode of the Ni/Ca OLED, as obtained by longitudi-  Figure 3a) shows magnetic hysteresis loops of the sample
nal Kerr-effect measurements. The coercive field of the Niwith a Py cathode and a nonmagnetic anode. The magneti-
layer is~20 Oe. The EL traces are affected by the magnetization switches at a coercive field ef6 Oe with a more
hysteresis[Fig. 2b)]: A minimum in | occurs at different gradual transition than in the Ni/Ca sample. In Figb)3
fields H=Hg y, Or Hg gown fOr up or down sweeps, respec- measurements df |, vs H are displayed fo=6 V. Similar
tively. Starting from this minimuml initially increases with  to the Ni/Ca sample, magnetization switching affegtbut
identical shapé(H-Hy;) for i=up ori=down [dotted lines  whereas in the Ni/Ca sampledecreases within a few Oe at
in Fig. 2(b)]. At magnetization switchingl, abruptly jumps  magnetization reversal, heréncreases before magnetization
from one curve to the other. This behavior can be understoorkversal, and then asymptotically approaches, within
by assuming thati) the total magnetic fieldH, at the emis- ~10 Oe, the values of the opposite sweep direction. From
sive region of the organic layer is composed of the appliedhe positions of the two minima of the up and down sweeps,
field, H, and an additional stray field{g, originating from  one obtains a stray field of1.5 Oe oriented against the
the magnetic electrode layer, and tki@f the EL intensity is magnetization. If the stray field were simply antiparallel to
monotonically increasing withH|. Assumption(ii) is vali- ~ the magnetization, no increase inwould be expected at
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magnetization reversal, since it would switch from an orien-
tation parallel toH to an antiparallel one, thus reducikty,.
An increase of can only be explained by the presence of an
additional stray-field contribution that increagsdg;, which
could be induced by a stray-field component perpendicular to
the applied field that builds up around magnetization rever-

sal. A possible source for such a perpendicular stray field is -
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the formation of domain walls around magnetization reversal
leading to a correspondingly large stray field. An average
perpendicular component 67 Oe would be needed to ex-
plain the maximum increase inof 0.3% atH=7 Oe. Note
that becausé depends on the modulus of the magnetic field, (b) 0 s . L .
the perpendicular stray field associated with domain walls of o
different sign does not cancel out. These experiments on the 0_033
single magnetic layers imply that the hysteretic EL depen-
dence can be qualitatively explained by magnetic stray fields. 002k
However, the observed differences between the Ni and the C
Py film show that these effects are related to the micromag- 0.01 .
netic behavior of these films. We have performed magneto- r
optical Kerr microscopy studies on these films and find a 0_001
different mode of magnetization reversal in Ni than in Py. 3 4 5 6
Whereas in Ni the reversal is driven by domain-wall propa- (© Uoten (V)
gation, in Py it is mainly dominated by nucleation, similar to
observations in ultrathin magnetic lay&fsCorrespondingly, ) .
the Py domains are much smaller, resulting in a much largell® \N/Permalioy OLED. Paneh) shows the different values 6f
overall domain-wall length. Hence, the perpendicular stray”’ P (riangles and down sweepquares and(b) the ful width
field emanating from the domain walls is expected to pe Nalf maximumHy . These two parameters do not depend.on
. . L . . (c) The total electroluminescence increasde(solid line) decreases
larger in Py than in '\.“’ in line Wlth the EL. observqtlons: We with U, with same functional form as the arda(squaresand the
_suspect_ that the_se differences in magnetlc behaylor O_r'g'natr‘laeight h (crossep of the intensity change at Ni magnetization
in the different film morphology. Scanning tunneling micros- o\ ersal.
copy reveals a large roughness of the Py film with a peak-
to-peak amplitude of 4 nm, and a rather flat Ni film with a on U with the dependence afl on U. BecauseAl is ob-
roughness of less than 0.5 nm. tained by fitting data outside of the hysteretic range, it does
As will be shown in the following, also the hysteretic not depend on the relative orientation of magnetization di-
increase ofl at the antiparallel magnetization of the Ni/Py rections(and thus spin-injection effegtsWe defineh as the
sample[Fig. 1(c)] can be related to magnetic stray-fields. Forrelative change in/l, at magnetization reversal of NIFig.
a quantitative analysi$(H) has been measured on the Ni/Py 1(c)], andA as the area obtained from the integrated differ-
sample for differentU and fit with a Lorentz function ~ €nce between(H)/l, and the extrapolated fit from the satu-
:|O[1+A|/(1+H§,2/4(H—H0’i)2)], where Al is a constant, rated magnetization regidishaded area in Fig.(d)]. Ais a
Ho, is the field position of minimun, andH,, is the full ~ measure of the change in intensity when Py is magnetized
width at half maximum. Up and down sweeps are fitted sepa@ntiparallel rather than parallel to Ni. Any spin-injection sig-
rate]y using data points between -50 and -5 Oe for urﬂal would be included inA. The measured values fdr
sweepg5 and 50 Oe for down sweepshese fits describe (Crosses A (open squargs and Al (line) are compared in
the field-dependence dfin the region of parallel magneti- Fig. 4c). Bothh andA are found to follow the same depen-
zation very We", as can be seen in F|gc)13how|ng fits for dence orJ asAl. While it is Unlikely that the Spin-injection
U=5.0 V (dotted lines. Figure 4 summarizes the parametersefficiency is proportional ta\l, stray-field effects automati-
obtained. For this sample, valuestd§; do not depend ot cally provide this dependence. This is because a stray-field
and differ by ~20 Oe for up and down sweefBig. 4(a)]. displaces the curvgH) in field-direction by an amount that
As both spin-injection efficiency as well as spin transport aredepends on the magnetic configuration, but notoireading
expected to depend d, the constant field positiorid,; can  to hysteretic differences il(H) that are proportional tdl.
not reflect spin-injection effects, but rather must be explainedhe observed proportionality betweeA and Al for
by the total stray fieldH, being the sum of the stray fields U>2.7 V indicates that no significant spin injection has
of the Py and Ni layers. The fitteH,,, values[Fig. 4b)]  been achieved for these voltages. For loWethe EL inten-
depend neither ol nor on the sweep direction. On the other sity becomes very faint, making it difficult to compare the
hand, Al— which indicates the magnitude of the overall dependence oA andAl on U.
magnetic-field-dependent EL—monotonically decreases with One can quantify an upper limit for spin polarization by
U [solid line in Fig. 4c)]. This tendency was also observed comparing normalized traces ofH) measured at different
in Ref. 17. U. In the case of injection of charge carriers without spin
We define two quantitied) and A, as a measure for the correlation,|(H)/l, only depends otJ throughAl. This as-
hysteretic behavior of(H), and compare their dependence sumption is valid ifH;;, andH, are not affected by. Fur-

Hyj2 (Os)

Al

A, h (arb. units)

o

FIG. 4. Parameters of Lorentz-curve fits to measuresH for
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ization of the charge carriers. Figuredpand Fc) show the
difference between the scaled intensity data at 2.7 and 5.0 V
for up and down sweeps of the magnetic field. The fluctua-
tions in the data points are mainly due to the experimental
noise in the EL intensity measurement at 2.7 V. The values
in Figs. §b) and %c) are averaged separately for regions
with antiparallel and parallel magnetic configurati¢solid
lines). The averaged values deviate by less thanlD# in
intensity between the two magnetic configurations. This
number can be turned into an upper limit for spin polariza-
tion. We obtain an EL intensity proportional to pgp,, by
0.0000 f— st o | assuming that singlet aidonradiating triplet excitons form
[ 4 o0 18 a s with equal probability for antiparallel electron and hole spin
& configuration, whereas parallel spins form nonradiating trip-
R M P S let excitons. Herep, is the electron angy, the hole spin
0.0004F poIarization.. If at 5.Q V the spin inject!on is inefficient and
. [ down = o the hysteretic EL entirely due to stray-field effects, the match
08 @y DDU%E% g5 of the two curves to within X 1074 gives an upper limit for
0.0000 pe=—m— oo B :%g‘?;nﬂsngnnf ods PePr Of 5X 107> at U=2.7 V. We note that this upper limit
[ & = %‘F “ poo o ©°38° for spin polarization is given by the noise level of the EL
. .0.0004 [ B F intensity measurements at |oul.
: ' In conclusion, we have shown that the EL of OLEDSs sig-
nificantly depends on magnetic fields, including stray fields
c) H (Oe) from FM layers. In the search for spin injection into organic
materials, the possibility that such stray fields mimic the spin
. . effects has to be considered. We observe intensity increases
H for the Ni/permalloy OLED collected at 2(€ircleg and 5.0V o hiinarallel configuration of magnetic electrodes of up to
(solid line). The data for 5.0 V are scaled by a factor of 2 to show . . .
0.3%, which would correspond to a spin polarization of both

that the curve matches that of the 2.7 V data. The difference be:- : )
0 -
tween two datasets is shown for up sweepgtipand for down electrons and holes 6f4%. After subtracting the stray-field

sweeps in(c) of the magnetic field. Averaging the values over an- effect, we f'Qd an ipper “.mlt for. Spm. polarization of
tiparallel and parallel regiongsolid lineg indicates a maximum PePp=>5X 107 .for U/_2'7 V in the investigated samples.
change of<10% due to spin injection. Further experiments will have to explore EL at lower tem-

peratures and lower bias ranges where higher valugs, of
thermore, we have to assume that the stray-field componenésd p,, are expected. In addition, the important role of the
of the two magnetic layers do not individually dependn interface layers between the magnetic electrode and the or-
Because of its Lorentz shapiH)/1o—1 is directly propor-  ganic material and the possibility of magnetically dead layers
tional to Al, and different curves can be scaled by multiply- will have to be considered. In order to understand the details
ing with a constant factoa. Figure %a) shows two curves of the stray-field-induced intensity changes, spatially re-
for U=2.7 and 5.0 V measured on the Ni/Py sample, whereolyved intensity measurements will allow the differentiation

the curve at 5.0 V is multiplied bg=2.00. The scaling fac- o pe made between averaged and local stray fields.
tor a is given by the ratio ofAl at 2.7 and 5.0 V, as taken

from the data in Fig. &). The scaled curve at 5.0 V falls on We acknowledge E. Lértscher and W. Riess for allowing
the curve at 2.7 V. A detailed analysis of the differences inus to use their experimental setup, R. F. Mahrt for valuable
the two scaled curves gives an upper limit on the spin polardiscussions, A. Bischof and P. Mdller for technical support.
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FIG. 5. (a) Relative electroluminescence intensity-15)/1q vs
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