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Electrical Spin Injection from an Organic-Based Ferrimagnet
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We report the successful extraction of spin-polarized current from the organic-based room temperature
ferrimagnetic semiconductor V[TCNE], (x ~ 2, TCNE: tetracyanoethylene; T ~ 400 K, E; ~ 0.5 eV,
o300k ~ 1072 S/cm) and its subsequent injection into a GaAs/AlGaAs light-emitting diode. The spin
current tracks the magnetization of V[TCNE],_,, is weakly temperature dependent, and exhibits heavy-
hole-light-hole asymmetry. This result has implications for room temperature spintronics and the use of
inorganic materials to probe spin physics in organic and molecular systems.
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The field of semiconductor spintronics promises the
extension of spin-based electronics beyond memory and
magnetic sensing into active electronic components with
implications for next-generation computing [1] and quan-
tum information [2]. The development of organic-based
magnets with room temperature magnetic ordering [3]
and semiconducting functionality [4] promises to further
broaden this impact by providing a route to all-organic
spintronic devices [5,6] and hybrid organic-inorganic struc-
tures capable of exploiting the multifunctionality [7,8] and
ease of production in organic systems [9] as well as the well-
established spintronic functionality of inorganic materials.
We demonstrate electrical spin injection in a hybrid
organic-inorganic  spin-resolved light-emitting diode
(spin-LED) [10] structure, opening the door to a new class
of active, hybrid spintronic devices with multifunctional
behavior defined by the optical, electronic, and chemical
sensitivity [11] of the organic layer. In addition, spin trans-
port in these hybrid structures provides the opportunity to
use well-characterized inorganic materials as a probe of
spin physics in organic and molecular systems.

The magnetic order in V[TCNE],_, (T¢ ~ 400 K)
originates from direct antiferromagnetic exchange cou-
pling between the unpaired spins of V2" (tre, S =3/2)
and TCNE™ (77, § = 1/2). As shown in Fig. 1(a), the
unpaired spin in the TCNE™ anion is distributed over
the entire molecule [12] and occupies the 77" antibonding
level. The 7" orbital can accept another electron with
opposite spin, which costs an additional Coulomb energy
[4,13] U, ~ 2 eV. Therefore, the 7" band is split into two
oppositely spin-polarized subbands: occupied 7* and un-
occupied 7* + U,. The t,, levels lie within the Coulomb
gap [14] and define the valence band while the 7* + U.
levels define the conduction band with a 0.5 eV band gap
(0300 ~ 1072 S/cm). This proposed electronic structure
with ferromagnetically aligned conduction and valence
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bands is consistent with theoretical calculations [15-17]
and experimental studies [5,14,18].

The implications of the electronic and magnetic struc-
ture of V[TCNE],_, for a spin-LED device are depicted
schematically in Fig. 1(b). Spin-polarized carriers are ex-
tracted from a spin-polarized source (V[TCNE],_, here)

v

CB

HH

H y H
_/| _/l"......LH

FIG. 1 (color online). (a) Schematic energy diagram for
V[TCNE],-,. (b) Schematic band diagram of the spin LED.
The study of the V[TCNE],_,/n-AlGaAs interface through
which spin-polarized electrons are injected is complicated by
the large and nonlinear resistance from bulk V[TCNE], ,, which
is represented by the dashed box. (c) The expected polarization
signal for HH/LH transitions (right) for a given magnetization of
the spin injector (left). Because of quantum selection rules, HH
and LH show opposite polarization behavior.
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and injected into the conduction band of the n-AlGaAs
layer of an n-i-p diode with a GaAs quantum well (QW)
embedded in the intrinsic region. The sign and magnitude
of the spin-polarized charge injection are determined by
the magnetization of the V[TCNE], _, and can be analyzed
through the polarization of the heavy-hole (HH) and light-
hole (LH) electroluminescence (EL) from carriers that
relax into the quantum well. These optical polarizations
have complementary coupling to the spin polarization of
the electron current [19], where the optical polarization is
defined as Pg; = (IRCP — [LCP) /(JRCP 4 [LCP) where IRCP
and I™“? indicate the intensity of right and left circular
polarization (RCP and LCP), respectively. For example, an
S = +1/2 electron will yield an RCP photon on recom-
bining with a HH and an LCP photon on recombining with
a LH. This asymmetry of HH and LH with a given mag-
netization of the spin-polarized source is shown schemati-
cally in Fig. 1(c) and can be spectrally resolved in EL due
to the energy difference between HH and LH states. Thus
the optical polarization of the EL is directly proportional
the spin-polarized current present in the V[TCNE],,.
The inorganic and organic layers of the spin LED are syn-
thesized using molecular beam epitaxy (MBE) and chemi-
cal vapor deposition (CVD), respectively. The AlGaAs/
GaAs heterostructure follows previous spin-LED devices
[20], and is grown on a p-doped (p = 1 X 10'® cm™3)
GaAs (100) substrate with layer structure as follows:
300 nm p-GaAs (1 X 10'7 ¢cm™3)/200 nm p-Al,;GaggAs
(p=1x%x10"%cm™3)/25nm i-Aly ;GagoAs/10 nm
i-GaAs/25nm  i-AlyGagoAs/100 nm  n-Alj ;GaggAs
(n=1x10"%cm3)/15 nm n— n"Aly,GagoAs (n=
1X10%cm™3 to 5 X 10" cm™3)/15 nm n"-Aly;GaggAs
(nt =5%10" cm™3). Devices are fabricated using stan-
dard photolithography to define a mesa that is then pro-
tected with photoresist except for a narrow window
(100 wm X 1 mm). The V[TCNE],_, is deposited uni-
formly across the sample at 40 °C and 35 Torr in an argon
glovebox [9]. The top electrical contact consists of an
optically transparent aluminum layer (7 nm) and a high
conductivity gold layer [23 nm, Fig. 2(b) inset]. See sup-
plemental material 1a and 1b [21] for additional details.
The electrical and optical properties of both
V[TCNE],_, spin LEDs and bare LEDs are studied and
compared [Fig. 2(a); supplemental material 1b [21] ]. Both
devices show p-i-n diode behavior with the V[TCNE],_,
spin LED showing an additional series impedance consis-
tent with thermally activated transport in an intrinsic semi-
conductor [4] with a band gap of 0.5 eV (supplemental
material 2a [21]). Moreover, a positive linear magnetore-
sistance is observed in V[TCNE],_, spin-LED devices
with the same sign and magnitude as isolated
V[TCNE],_, films [4], confirming charge flow through
the V[TCNE],_, layer (supplemental material 2b [21]).
Figure 2(b) shows an EL spectrum from a V[TCNE],_,
spin LED at a temperature of 60 K and a bias of +18.5 V
collected using a 0.3 m spectrometer and LN, cooled
charge-coupled device (CCD). The peak at 1.533 eV
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FIG. 2 (color online). (a) I-V curves for both bare LED
(triangles) and V[TCNE],-, spin-LED (diamonds) devices at
T = 60 K. (b) Typical EL spectrum of a V[TCNE],_, spin-LED
device (/ = 0.5 mA, V= +18.5YV) at T = 60 K. The shaded
areas in the spectrum indicate the region of polarization integra-
tion over the quantum well heavy-hole (HH) and light-hole (LH)
peaks, respectively. Inset: A schematic of the V[TCNE],._, spin-
LED device structure.

represents the transition from the ground states of the
conduction band of the quantum well to the HH states of
the valence band. The higher energy peak at 1.541 eV is
attributed to the corresponding LH transition, consistent
with theoretical predictions for the HH/LH splitting [22].
The broad peak centered at 1.471 eV is due to recombina-
tion in the p-doped GaAs substrate.

The EL polarization, Pg;, of the HH and LH transitions
is measured and analyzed as a function of the out of plane
magnetic field at 7 = 60 K, with / = 0.5 mA and V =
+18.5 V. At each field a series of spectra with alternating
helicity are acquired and analyzed using a variable wave
plate and a linear polarizer in the collection path [10]. IRCP
and TP are determined individually by integrating over
the appropriate spectral peaks [highlighted regions in
Fig. 2(b)] and Pg; is calculated for the HH and LH,
respectively. In these spin-LED devices the total polariza-
tion signal is composed of four independent contributions:
the spin injection EL, the intrinsic magnetic field response
of the AlGaAs/GaAs quantum well (Zeeman effect) [23],
magnetic circular dichroism (MCD) from the cryostat
windows, and MCD [10,24,25] in the V[TCNE],_, layer.
Figures 3(a)-3(c) show cartoons explaining how these
contributions combine to give the total measured EL
polarization while Figs. 3(d)-3(f) show corresponding
experimental measurements of these effects.

Figure 3(a) shows the expected linear response from
both the Zeeman effect and dichroism in the cryostat
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windows. In principle the HH should show a 3 times larger
Zeeman splitting than the LH due to their increased angu-
lar momentum (m; = 3/2 and m; = 1/2, respectively);
however, this difference is not observed [Fig. 3(d)] sug-
gesting that the dichroism of the cryostat windows is the
dominant effect.

In Fig. 3(b) the expected MCD response is plotted as the
long-dashed line, with the contribution from Fig. 3(a) plot-
ted as the dotted line. The total of these two effects is shown
as the solid line, and qualitatively agrees with independent
measurements of the MCD shown in Fig. 3(e). These data
are collected by optically exciting unpolarized carriers in
the quantum well using a linearly polarized pump at
1.771 eV and a power density of 100 W/cm?. The resulting
photoluminescence (PL) exhibits both the linear window
dichroism shown in Fig. 3(d) and saturation at =200 Oe,
consistent with the field dependence of the magnetization of
V[TCNE)],, [Fig. 4(a), solid line; supplemental material 3
[21]] as predicted in Fig. 3(b).

Finally in Fig. 3(c), the spin injection EL is added to the
various background signals shown in Figs. 3(a) and 3(b) to
yield the measured signal (solid line). In contrast to these
backgrounds, the spin injection EL should have opposite
sign for the HH and LH (long- and short-dashed lines,

respectively). The total EL signal is given by PE{I/ L —

iPiﬁ/ L Pﬁ%{)m + P?i{ﬁ; +window for the HH and LH,
respectively. Note that in the case where the magnitude of
the spin injection signal is comparable to that of the MCD
background the two terms that depend on the magnetiza-
tion of the V[TCNE],_, cancel for the LH, leaving a
simple linear dependence due to Zeeman splitting and
window dichroism. Figure 3(f) shows the total EL signal
from a full V[TCNE],_, spin-LED device. As expected,
and in contrast to the background measurements in Figs. 3
(d) and 3(e), a clear distinction between HH and LH
polarization is observed and the linear response of the
LH indicates that at this temperature the spin injection
signal and MCD are of comparable magnitude.

The bare EL signal, Pzeeman+window» for both HH and LH
transitions can be removed by a linear fit to the calibration

data in Fig. 3(d), leaving the corrected polarization as

PS{I/ M = tP?pfii/ M4 Pﬁ%ﬁ“H. The corrected polarization

signals are plotted in Fig. 4(a) where it can be seen that
Py of the HH peak reaches saturation at =200 Oe, closely
tracking the out of plane magnetization of the V[TCNE], -,
[Fig. 4(a) solid line]. Moreover, subtracting PEH from
PHI will result in a cancellation of the MCD terms and
give twice the optical polarization (2 X Py, ). This analysis
yields a saturated spin polarization of P = 0.098 =
0.007% (the error is 1 standard deviation at saturation).
The saturated spin polarization is related to the injected

electron spin polarization at the quantum well, I1;,, by
1l

Py, = T’J where n = (1 + :—) and 7, and 7, are the
recombination time and spin relaxation time of the injected
electrons, respectively [19]. Independent photolumines-
cence studies give an 7 of 8.48 (supplemental material 4
[21]), and thus a IT;,; of 0.83 £ 0.07% at 60 K. This number
is comparable to the initial results from GaMnAs and Fe
based spin-LED structures [10,23].

The dependence of Pg; on bias and temperature is ex-
plored in Figs. 4(b) and 4(c), respectively. The large
impedance of the V[TCNE],_, layer, and the resulting
high turn on voltage for the spin LED, limits the range of
applied bias over which measurable EL can be obtained.
Figure 4(b) shows a measurement of Pg; at a bias of
+15.2 V and a current of 0.08 mA (the minimum values
that give measurable luminescence), showing the same Py,
as at +18.5 V [Fig. 4(a)] to within the resolution of the
measurement. This insensitivity to bias is initially surpris-
ing given that the 3.3 V difference between measurements
is roughly twice the band gap of the III-V materials.
However, comparison with a bare LED device [Fig. 2(b)]
suggests that the voltage drop across the p-i-n junction is
only 0.27 V and it is important to note that this measure-
ment probes the ground state of the quantum well and thus
is sensitive only to carriers that have fully thermalized (see
supplemental material 5 [21] for a full discussion).

Figure 4(c) shows Pg; at a temperature of 140 K, the
highest temperature at which EL from the quantum well
can be clearly resolved. These data provide further support

(color online). (a)—(c)
Schematic signal from various sources.
(a) Background from a nonmagnetic
sample. (b) Background (a) (dots) plus
the MCD response from V[TCNE],,
spin (dashes). (c) HH and LH polarization
from spin injection (long and short
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(dots). (d)—(f) Experimental results cor-
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Background: ] Background:
Zeeman + Window| MCD+ Zeeman + Window|

i<§7§‘\7“Spin injection + Background

500 0 500
Magnetic Field (Oe)

500 0 500
Magnetic Field (Oe)

500 0 500
Magnetic Field (Oe)

156602-3

bols are field sweeping up and down,
respectively.
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FIG. 4 (color online). Circular polarization for HH and LH
transitions in a V[TCNE],_, spin-LED device at (a) T = 60 K,
I=05mA, and V= +185V, (b) T=060K, I =0.08 mA,
and V= +152V,and (¢) T=140K, I = 1.5 mA, and V =
+10.1 V (up and down triangles for HH and LH, respectively).
The solid line in (a) represents out of plane magnetization of the
V[TCNE],, layer. Error bars are determined as in Fig. 3 except
for (b), where the long measurement time required for low bias
measurements prevents statistically significant averaging. As a
result, the error is estimated from the scatter of the LH data.

for the simple two-component model for the polarization
presented above. In this regime Py is dominated by Pycp
due to a reduction in Pgy,, consistent with an increased n
of 18.09 (see supplemental material 4 [21]) and with
literature reports of a decrease in spin relaxation time at
high temperature [26]. When this 7 is combined with
P, = 0.036 = 0.006%, a value for II;,; (140 K) of
0.66 = 0.16% is determined. This relatively modest depen-
dence on temperature [II;;(60 K) = 0.83 + 0.07%] is
consistent with spin injection from other room temperature
ferromagnets such as Fe [25].

In conclusion, optical detection of electrical spin injec-
tion across a V[TCNE],_,/AlGaAs interface has been
demonstrated using an active, hybrid organic-inorganic
spin-LED device. We report circular polarization of the
electroluminescence that tracks the magnetization of the
V[TCNE], -, layer and exhibits HH/LH asymmetry. These
studies validate the spintronic functionality of organic-
based magnets, laying the foundation for a new class of
multifunctional hybrid spintronic structures and represent-
ing the first all-semiconductor spintronic device with the
potential for room temperature operation. Moreover, we
establish the technique of using extensively studied
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