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Direct measurement of the electronic spin
diffusion length in a fully functional organic
spin valve by low-energy muon spin rotation

A. ). Drew"?*, J. Hoppler"3, L. Schulz', F. L. Pratt*, P. Desai?, P. Shakya?, T. Kreouzis?, W. P. Gillin?,
A. Suter®, N. A. Morley?®, V. K. Malik', A. Dubroka', K. W. Kim', H. Bouyanfif', F. Bourqui’,
C. Bernhard', R. Scheuermann®, G. J. Nieuwenhuys>, T. Prokscha® and E. Morenzoni®

Electronic devices that use the spin degree of freedom hold unique prospects for future technology. The performance of
these ‘spintronic’ devices relies heavily on the efficient transfer of spin polarization across different layers and interfaces.
This complex transfer process depends on individual material properties and also, most importantly, on the structural and
electronic properties of the interfaces between the different materials and defects that are common to real devices. Knowledge
of these factors is especially important for the relatively new field of organic spintronics, where there is a severe lack of suitable
experimental techniques that can yield depth-resolved information about the spin polarization of charge carriers within buried
layers of real devices. Here, we present a new depth-resolved technique for measuring the spin polarization of current-injected
electrons in an organic spin valve and find the temperature dependence of the measured spin diffusion length is correlated with

the device magnetoresistance.

degree of freedom in electronic devices. These activities

are fuelled by the potential prospects of spin-electronic (or
‘spintronic’) devices for example in terms of increased processing
speed and integration, non-volatility, reduced power consumption,
multifunctionality and their suitability for quantum computing'.
The most common method for using the spin in devices is based
on the alignment of the electron spin (‘up’ or ‘down’) relative to
either a reference magnetic field or the magnetization orientation
of a ferromagnetic layer. Device operation normally proceeds with
measuring a quantity such as the electrical current that depends
on how the degree of spin alignment is transferred across the
device. The so-called ‘spin valve’ is a prominent example of such
a spin-enabled device that has already revolutionized hard-drive
read heads and magnetic memory'. The efficient transfer of spin
polarization in real device structures remains one of the most
difficult challenges in spintronics, because it is dependent on more
than just the properties of the individual materials that comprise
the device.

Recently>?, the use of organic materials in spintronics has
become of significant interest, primarily owing to their ease and
small cost of processing and electronic and structural flexibility.
Furthermore, the extremely long spin coherence times found
in organic materials offer considerable advantages over other
materials’. This favourable property is related to two factors,
first the weak spin—orbit coupling of light elements such as
carbon and second to the small nuclear hyperfine interaction®”.
The latter arises because the electron transport in s-conjugated

Recently great efforts have been undertaken to use the spin

molecules is normally confined to molecular states, delocalized to
the carbon rings, the predominant isotope of which, '*C, has zero
nuclear spin®.

A common way to measure spin diffusion is based on
time-resolved optical techniques, where spin-polarized charge
carriers are created by the absorption of short pulses of circularly
polarized light while their temporal and spatial evolution is probed
via the absorption or reflection of suitable time-delayed pulses®’.
These optical pump/probe techniques generally enable studies of
the spin diffusion in single materials or on the surface layers
of devices. To the best of our knowledge, they have not been
successfully applied to investigate the spin transport in buried
layers of operational devices. Furthermore, they rely on a strong
spin—orbit interaction, which is relatively weak in organic materials,
meaning alternative techniques need to be developed to study spin
coherence in organic materials.

Tunnelling-induced luminescence microscopy is another
example of a technique that has revealed the characteristics of
the injection of spin-polarized electrons, using a ferromagnetic
metallic tip of a scanning tunnelling microscope to inject
into a non-ferromagnetic semiconductor®. However, this is a
surface-sensitive technique that cannot probe the polarization of
injected electrons from a buried interface in an operational device.

Recently it has been shown that it is possible to measure spin
injection from an in-plane magnetized ferromagnetic film into a
semiconductor’, even below the ferromagnetic contacts, using the
magneto-optical Kerr effect. This was made possible by carrying out
the measurement on a cleaved edge of the sample, but this is not
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Figure 1| Schematic diagram of the experimental set-up. a, A schematic
diagram showing the structure of our device. FM1 (FM2): ferromagnetic
layer 1(2). b, Depth profile showing the calculated probability that a
positively charged muon with an implantation energy of 4.23, 6.23 or
8.87 keV (green, orange or purple line) comes to rest at a certain depth
within the device (so-called stopping or implantation profile).

compatible with devices based on organic materials because they
are not easily cleaved.

The only practical way of accessing the spin diffusion in organic
spin devices is by measuring the magnetoresistance>»'*!? or by
tunnelling into a superconductor’®. The former technique does not
distinguish between the different sources of spin decoherence in
these complex devices whereas the latter provides this information
only at a particular interface. In both cases, the extraction of a
spin diffusion length requires measurements on a series of devices
of different dimensions but with otherwise identical properties.
Typical values of the spin diffusion length in organic materials are
5-40 nm in tris-(8-hydroxyquinoline) aluminium®* (Alq;), 130 nm
in carbon nanotubes'' and 200 nm in polymers'2. However, there
are important issues that still need to be resolved regarding how the
precise growth parameters influence the spin transport in organic
materials, which exhibits a large variation. For example, contrary
to the results presented here and in the literature>>!4, the absence
of spin transport has recently been reported in spin valves based
on Alg; (ref. 15). The apparent absence of a correlation between
the growth conditions and device performance demonstrates the
necessity of carrying out spatially resolved measurements of spin
injection in a single realistic spin-enabled device.

Measurement of spin penetration
We report here what is, to the best of our knowledge, the first
direct and depth-resolved measurement of spin penetration away
from an injection interface in a realistic and fully functional
organic spin valve. For this, we used the technique of low-energy
muon spin rotation'®” (LE-uSR), which has previously been
applied successfully to obtain the depth-resolved profile of the local
magnetization in various thin films and heterostructures'®!. The
stopping distribution of the fully spin-polarized muons can be
varied here on the scale of about 3-200 nm through the control
of the muon implantation energy. The obtained uSR spectra yield
the probability distribution of the local magnetic field at the muon
sites, often referred to as a ‘uSR lineshape’, which contains direct
information on the local spin polarization of the charge carriers.

A schematic diagram of the investigated spin-valve structure
is shown in Fig. 1a. The device has an active area of 18 x 18 mm,
comprising NiFe 17 nm/LiF 1.9 nm/Alq; 200 nm/TPD 50 nm/FeCo
17 nm with Au contact pads at the edges (TPD: N,N'-diphenyl-
N-N'-bis(3-methylphenyl)-1,1’-biphenyl-4, 4’-di amine). We
injected spin-polarized electrons from the top NiFe electrode
through a LiF tunnel barrier into Algs;, in which the muons
were implanted. The lowest two layers of our device were the hole
injection layer TPD (ref. 21) and the bottom electrode FeCo. The
magnetic field was applied parallel to the layers and perpendicular
to the muon’s initial spin direction and momentum. We used
a bespoke floating power supply/volt meter that could bias the
sample to a high degree of accuracy (£0.1 nA and £0.1 uV) while
floating the sample at +10kV. The high voltage is necessary
to control the muon implantation energy and thus the muon
stopping distribution within the device. This is indicated in
Fig. 1b for the three muon implantation energies we used. This
configuration enabled us to measure the induced magnetization
due to the spin-polarized charge carriers that are injected from
the ferromagnetic layer while simultaneously carrying out in situ
magnetoresistance measurements.

Proof of principle

Figure 2a shows the distribution of local magnetization in the
sample, where the muons are stopped well inside the organic Alqs
layer, at an implantation energy of 6.23keV at T = 90K. The
measurements proceeded by first applying a field of 100 mT to
ensure that the ferromagnetic layers were saturated, after which the
magnetic field was reduced to 29 mT. The uSR spectra were first
obtained with the current on and then with the current off.

Initially we discuss the uSR lineshape in zero current. As shown
in Fig.2a, it has a characteristic shape with a pronounced tail
towards the high-field side. We express this asymmetry of the
lineshape in terms of the so-called skewness parameter, A, as
defined in Supplementary Information. The present case of a
lineshape with an asymmetry towards the high-field side is denoted
as skewed to the ‘right’, or positively skewed. We note that this
zero-current lineshape can be explained in terms of the dipolar stray
fields that originate from the roughness of the interface between the
ferromagnetic and the spacer layers?***. We have carried out model
calculations of how these dipolar fields extend into the organic
layer using as input parameters the ferromagnetic moment and the
interface roughness as extracted from magnetometry, atomic force
microscopy, X-ray and neutron reflectivity measurements, which
are contained in Supplementary Information. Our calculations as
shown by the red solid line in Fig. 2a are in very good agreement
with the data represented by the red circles.

More importantly, however, on applying an electric current
through our device and thus injecting spin-polarized carriers from
the ferromagnetic top layer into the buried organic layer, small
but significant changes are observed in the lineshape (Fig. 2a, blue
symbols). These are further detailed in the inset of Fig. 2a, which
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Figure 2 | Influence of spin injection on the uSR spectra. a, The distribution of magnetic fields for the implantation energy of 6.23 keV (for which the
muon stopping distribution is shown in Fig. 1b by the orange line) and an applied magnetic field of 29 mT. The data with a current density of O and

3mAcm—2

are shown in red and blue, respectively. The circles show the experimentally measured data that exhibit a small but significant difference

between current-on and -off. Solid lines show the result of model calculations for a dipolar field distribution due to rough interfaces and due to the
current-induced injection of spin-polarized charge carriers where the corresponding parameters were extracted from the time-domain fits (as discussed in
the text). Inset: The difference between the two data sets (black circles) and the difference predicted by the model (red line). The small oscillation that can
be observed in the model is a due to the model's finite size. b, The difference between the experimentally measured distribution of magnetic fields with the
injection current on and off, for an applied field of 5mT. The blue and green lines show different configurations, where the direction of the external field
with respect to the spin polarization of the injected charge carriers is either parallel or antiparallel. It is clear that when in the parallel configuration, the
current-on lineshape is skewed to higher magnetic fields, whereas in the antiparallel configuration, the current-on lineshape is skewed to lower magnetic
fields. €, Schematic diagram of the two cases shown in b, showing the expected spatial distributions of local magnetic field in the organic layer for both
configurations. When the spins of the injected charge carriers are aligned (anti-aligned) with respect to the applied field, the uSR lineshape is skewed to

the higher (lower) fields.

shows the difference between the current-on and -off spectra.
Specifically, in the current-on condition, the muons experience a
noticeable enhancement of the local magnetic fields, which gives rise
to an increase in the positive skewness of the uSR lineshape. This is
the exact effect that is to be expected if spin-polarized charge carriers
are injected into the organic layer, because they would produce a
local magnetization that adds to the dipolar stray fields from the
ferromagnetic layers. We note that the observed effect is unlikely to
be due to sample heating, which is insignificant for a current density
of only 3 mA cm™2 and which should not affect the skewness of the
uSR lineshape. Similar arguments apply for a possible effect from
the injection of unpolarized electrons.

To ensure that the observed changes in the uSR lineshape are
indeed brought about by the injection of spin-polarized charge
carriers, we carried out a set of similar measurements where
we reversed the direction of the injected spins from the top
ferromagnetic electrode with respect to the external magnetic
field. This was achieved by first saturating the magnetizations of
both of the ferromagnetic layers in a field of 100 mT and then
reducing the applied field to 5 mT, before carrying out the first uSR
current-on/off measurement. We then applied a field of —100 mT
to saturate the magnetization of the ferromagnetic layers in the
reverse direction before returning the field to 5mT and collecting
the second set of uSR spectra. These two configurations are shown
in the inset of Fig. 2b.

For the latter case, the spin polarization of the injected electrons
remains predominantly antiparallel with respect to the direction
of the external magnetic field. This is clearly demonstrated by
the magnetoresistance measurements shown in Fig. 3a. We have
plotted the difference between the current-on and -off spectra
in Fig. 2b for the two different configurations, where it can be
seen that there is a shift in weight from low to high magnetic
fields for the parallel orientation of the external magnetic field
and the injected spin. For the antiparallel orientation, the shift is
opposite—from high to low magnetic fields. This phenomenon can
easily be understood by consulting Fig. 2c, where the external field
(red) and the current-induced magnetization inside the organic
layer (blue and green) are shown in the schematic diagrams for both

configurations. When the spin is injected parallel to the magnetic
field, the net contribution results in a positive skewness. However,
when the spin is injected antiparallel to the magnetic field, the
spin component is subtracted, resulting in a negative skewness.
These measurements preclude any explanation in terms of intrinsic
organic magnetoresistance and therefore confirm the scenario
that the current-induced changes in the local magnetic field
distribution are brought about by the injection of spin-polarized
charge carriers.

Quantitative analysis

We now present a quantitative analysis in terms of the skewness
parameter, A, based on fits to the time-domain pSR spectra
(as outlined in Supplementary Information). Different from the
Fourier-transformation analysis presented above, which is most
suitable to visualize changes in the current-induced magnetization,
this analysis gives more direct and quantitative information
about the relevant parameters and gives an overview of the
measurements taken of the sample in different states. Figure 3
shows the result of this quantitative analysis for a series of five
measurements carried out at different points during a cyclic change
of the external magnetic field. Figure 3a shows the corresponding
magnetoresistance hysteresis loop, where the conditions for the
different uSR measurements are marked with numbers (the uSR
lineshapes for the data at points 1, 2 and 5 were already shown in
Fig. 2a,b). The corresponding orientation of the magnetization in
the ferromagnetic layers and the external magnetic field is shown
on the right-hand side of Fig. 3. Figure 3b shows the change in
the obtained skewness parameter at points 1-5 for the current-off
and current-on conditions. In the first place, we note that the
changes of A shown in Fig. 3b are indeed consistent with the
scenario of a current-induced injection of spin-polarized charge
carriers into the organic layer, as the direction of the shift in
A is determined by the relative orientation of the injected spin
polarization with respect to the external field. It is furthermore
evident from Fig.3b that the magnitude of the shifts in A
significantly exceeds the error bars that are derived from the
Poissonian statistics. Taking into account the full body of evidence
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presented so far, we therefore conclude that our work presents, to
the best of our knowledge, the first direct measurement of the spin
coherence of current-injected electrons within a realistic organic
spin-valve device.

Using some reasonable assumptions, we can also extract from
our data estimates for the spin diffusion length. For the sake
of a straightforward implementation in the fitting routine, we
assume that the average dipolar magnetic flux density in the
organic layer decays exponentially away from the interfaces. This
assumption is supported by literature’>” and justified by our
numerical calculations (see Supplementary Information). The total
flux density thus takes the following form:

B(z) = Baiexp(—z/Aa1) +Baexp(—[d—z]/ )

+B.exp(—=2/As) + B,

where B, is the applied magnetic field, By; and A4 (B4, and Ag)
are the magnitude and the characteristic length scale of the average
dipolar field at the top (bottom) interface, d is the thickness of
the organic spacer layer and B; and A, are the magnitude and
decay length of the magnetization due to the injected spin-polarized
carriers. We carried out the fits simultaneously to the data at
different implantation energies by weighting them with the muon
stopping profiles as shown in Fig. 1b. We determined the dipolar
contribution to the uSR lineshape from the current-off data and
kept it unchanged for fitting the current-on data. This procedure
relies on the second reasonable assumption that the domain
structure in the ferromagnetic layer and thus the dipolar stray fields
are not affected by the small current flow. The obtained parameters
for the spin polarization of the injected carriers are A, ~ 10+ 1 nm
and B, ~200£20mT at 90 K.

As mentioned above, we have also carried out numerical
calculations of the dipolar contribution in the organic layer. The red
line in Fig. 2a shows the calculated uSR lineshape for the current-off
situation. The blue line shows the corresponding current-on uSR
lineshape with the extra contribution due to the spin-polarized
charge carriers, determined from the time-domain fits explained
in the previous paragraph. The inset details the difference between
the current-on and the current-off situation. The good agreement
between the calculated (lines) and the measured (symbols) data
testifies for the consistency of our fitting procedure.

Figure 4 shows the obtained temperature dependence of the spin
diffusion length as extracted from our puSR data and compares it
to the magnetoresistance measurements. The qualitative agreement
between these microscopic and macroscopic techniques suggests
that the spin diffusion length is a key parameter of spin transport
in organic materials. This contrasts with the conclusion of recent
work where the magnetoresistance observed in devices based
on a variety of organic materials seemed to track the injection
polarization'*, which is explained in terms of the temperature
dependence of the surface polarization of the ferromagnetic
La,/3Sr;,5sMnOs layer®. In our study, we avoided this by using a
transition-metal ferromagnetic with a high Curie temperature for
both of our injection electrodes, which ensures a weak variation
of the spin injection efficiency in the experimental temperature
range®. It is therefore unlikely that the abrupt change in the
magnetoresistance of our devices at around 40K is caused by
the ferromagnetic electrodes. However, direct measurements of
the injection polarization could be obtained from future LE-uSR
measurements of the magnetization at the ferromagnetic interface.
As to the origin of the step-like increase of the spin diffusion
length below 40K, this could be either related to an increase in
the charge-carrier mobility or a decrease in the spin relaxation
rate. The former possibility is not supported by measurements
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Figure 3 | Correlation between the direction of spin polarization of the
injected carriers and the change in the uSR spectra. a, Hysteresis loop of
the magnetoresistance as a function of increasing (orange line) and
decreasing (blue line) external magnetic field. Marked by numbers 1-5 are
the points at which the uSR lineshapes have been measured (for current-off
and current-on). Schematic diagrams of the corresponding orientation of
the magnetization of the ferromagnetic layers with respect to the external
magnetic field are shown to the right. b, Change of the skewness parameter
obtained from the time-domain analysis of the muon measurements, where
the measurement conditions are labelled as defined in a. Especially
important are points 3 and 4, which establish that the sign of the skewness
is determined by the relative direction of the external magnetic fields and
the polarization of the injected carriers. Error bars represent one

standard deviation.

of the carrier mobility in Alq; (refs 26,27). On the other hand,
the observation of a marked increase at 40K in the lifetime
of the hole—electron triplet states in Alqs; (ref. 28) suggests
there is a corresponding decrease of the spin relaxation rate.
Furthermore, the electron paramagnetic resonance line intensity
in Alg; exhibits a similar step-like increase below 40K (ref. 29).
To the best of our knowledge, the mechanism that leads to this
marked decrease of the spin relaxation rate below 40K has not
yet been identified. Our experiments highlight that it markedly
affects the performance of organic spin-valve devices and thus
should motivate efforts to better understand the microscopic spin
relaxation mechanisms in organic materials. Finally, we note that
the LE-uSR data at low and at high temperature as well as the
magnetoresistance data shown in Fig. 4 were obtained on different
samples. Although the characteristic temperature dependence of
the magnetoresistance has been well established, the existence of a
corresponding unique trend in the uSR data requires further data,
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Figure 4 | Correlation between spin diffusion length and
magnetoresistance. The temperature dependence of the spin diffusion
length extracted from the muon measurements (red, two different samples
indicated by the squares and circles) plotted together with the temperature
dependence of magnetoresistance (black symbols) for a further two
different samples (indicated by the open and filled triangles), where there
is clearly a qualitative agreement between the macroscopic and
microscopic techniques. Inset: The same magnetoresistance data plotted
on a linear scale, where an abrupt increase below 40 K is observed. Error
bars represent one standard deviation for the spin diffusion length and are
an estimate based on the scatter in the data for the magnetoresistance
measurements.

that is, the full temperature dependence needs to be measured for a
single spin-valve structure.

Summary

In summary, we have demonstrated that LE-uSR measurements
can provide unique depth-resolved information about the degree
of spin polarization of the injected charge carriers within a buried
active layer of a functional organic spin-valve device. Our results
highlight the unique potential of the LE-uSR technique to reveal the
role of the various mechanisms that limit the spin coherence in fully
functional and realistic devices, especially in those involving organic
materials. Specifically, LE-uSR can enable differentiation between
bulk- and interface-related spin decoherence phenomena. As a first
step, we have presented a comparison between microscopic uSR and
macroscopic magnetoresistance measurements, which suggest that
the spin diffusion length is a key parameter for the spin transport in
organic materials.

Methods

TPD and Alq; (99.995% pure) were purchased from Aldrich and purified by
train-sublimation under a 107® mbar vacuum. The deposition of the organic
layers was carried out using a Kurt J. Lesker SPECTROS evaporation system
under ~10~7 mbar. Magnetic layers were evaporated in a separate system under
~107° mbar. A calibrated oscillating quartz-crystal monitor was used to determine
the rate and thickness of the deposited layers. The deposition rate of the organic
materials was maintained at 2 A s~! and the magnetic contacts varied from ~1 to
10 As™'. Shadow masks were used to define the device geometry.

To extend the scope of the uSR technique to thin films, spin-polarized muon
beams with tunable energies in the kilo-electronvolt range with a narrow energy
distribution have been developed at the Paul Scherrer Institute. The aptly named
LE-uSR spectrometer has been successful in providing a beam of muons that can
be routinely used for depth-dependent investigations on the nanometre scale®*3!.

In our experiment, 110 nm of a weakly bound van der Waals cryosolid
(solid-N,) was deposited on the downstream side of a cold metal substrate, which

moderates a fraction of an intense surface muon beam to ~15 eV (with a similar
r.m.s. energy spread) while conserving the initial full polarization®?. The epithermal
muons are extracted (by applying up to +20kV to the moderator substrate),
transported and focused by electrostatic elements to the sample. A trigger detector
provides a muon start signal by detecting secondary electrons, released by the
muons when passing through a 2 g cm™ carbon foil onto a microchannel plate
detector. The mean implantation energy can be varied between 0.5 and 30 keV

by choosing the appropriate moderator, transport and sample voltages. The
muon’s stopping profile has been calculated using a Monte Carlo algorithm
TRIMLSP (ref. 33).
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