FULL PAPER

Imaging

www.afm-journal.de

Wide Field Magnetic Luminescence Imaging

Matthew P. P. Hodges, Martin Grell, Nicola A. Morley, and Dan A. Allwood*

This study demonstrates how magnetic-field-dependent luminescence from
organic films can be used to image the magnetic configuration of an under-
lying sample. The organic semiconductors tetracene and rubrene exhibit sin-
glet exciton fission, which is a process sensitive to magnetic fields. Here, thin
films of these materials were characterized using photoluminescence spec-
trometry, atomic force microscopy, and photoluminescence magnetometry.
The luminescence from these substrate-bound thin films is imaged to reveal
the magnetic configuration of underlying Nd-Fe-B magnets. The tendency
of rubrene to form amorphous films and produce large changes in photolu-
minescence under an applied magnetic field makes it more appropriate for
magnetic field imaging than tetracene. This demonstration can be extended
in the future to allow simple microscopic imaging of magnetic structure.

1. Introduction

Magnetic microscopy is invaluable for studying magnetic
domain configurations and dynamics in bulk, thin film, and
patterned samples.'% The ideal form of magnetic microscopy
will offer high spatial resolution, high temporal resolution, and
high sensitivity to magnetization, magnetic moment, or mag-
netic field. It is also desirable that the technique should be non-
destructive, nonperturbing, rapid, and affordable. Numerous
magnetic microscopy techniques now exist that can readily
deliver on many of these criteria, however no single approach
can satisfy them all, and must therefore be used in a com-
plementary manner. For example, Lorentz microscopy offers
extremely high spatial resolution (sub-5 nm) but requires
electron-transparent samples and temporal resolution remains
challenging.”) Beamline techniques such as magnetic trans-
mission X-ray microscopy (M-TXM)B9 and X-ray magnetic
circular dichroism photoelectron emission microscopy (XMCD-
PEEM)1%1 combine high spatial resolution (sub-10 nml'213
for M-TXM, sub-50 nm for XMCD-PEEMI"15)) with ultrafast
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temporal resolution,l'® but require a

synchrotron light source to operate and
either the sample to be operated in a
vacuum (XMCD-PEEM) or be X-ray trans-
parent (M-TXM).'718]  Magneto-optical
microscopy can offer ultrafast (sub-ps)
temporal resolution, but has moderate
spatial resolution,'”) unless delicate near-
field approaches are used.?”) Scanning
probe techniques such as magnetic force
microscopy (MFM) and scanning Hall
probe microscopy (SHPM) offer a versatile
laboratory-scale platform with high spatial
resolution (sub-10 nm for MFM, 2!l sub-
200 nm for SHPM[2)), but have poor tem-
poral resolution.l!! Recently, a single spin
scanning probe magnetometry technique
has been developed?>~?"] that uses an optically detected mag-
netic resonance from a nitrogen vacancy-doped diamond probe
to resolve magnetic fields above samples achieving high spatial
resolution (sub-20 nm) and high sensitivity (sub-10 uT Hz "),
but requires time averaging that limits temporal resolution.

Here, we describe the development of a wide-field optical
imaging technique of magnetic fields based upon the “mag-
netic field effect” of photoluminescence.?®3% This refers to the
magnetic field-dependent photoluminescence exhibited most
commonly by some organic semiconductors and certain orga-
nometallic complexes. The strength of this magnetic photolu-
minescence (MPL) is usually described as

I”I;I" x100% (1)

0

MPL=

where Iy and I, are the photoluminescent intensities observed
with and without an applied magnetic field, respectively. It has
been observed to exceed 20% in some materials and tends to
display a nonlinear response with magnetic field.?*! MPL
is described by singlet exciton fission.3l This phenomenon
arises due to the coupling of a molecule in the electronic sin-
glet ground state S, with a nearby molecule in the first excited
singlet state S; to form a “correlated triplet-pair state” }(TT), at a
rate proportional to the rate constant k_,, which can then go on
to dissociate into separate triplet states Ty, described by

k., k.
$i+Sy = (TT) = T,+T, (2)
k, ky

The singlet character of the (TT) state determines the
probability of dissociating into the two discrete triplet exci-
tons (Ty + T,), proportional to the rate constant k_;, shown in
Equation (2), rather than two discrete singlet states (S; + Sy),
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proportional to the rate constant k,, respectively. In the case of
an MPL sample with randomly oriented molecules, three of the
nine possible (TT) states possess singlet character when no
external magnetic field is present. In the “low” magnetic field
regime (typically <100 mT) the number of states possessing
singlet character increases due to an interplay between Zeeman
splitting, imposed by the applied magnetic field, and spin-spin
interactions until all nine states have singlet character, but
reduces to just two states with singlet character in the “high”
magnetic field regime (typically >100 mT). Therefore, a mag-
netic field applied to a singlet exciton fission material is able
to affect the steady-state singlet/triplet exciton populations by
varying the number of triplet pair states that have singlet char-
acter. This variation is represented by a change in the singlet
fission rate, which in turn, results in a modification of the
observed prompt and delayed fluorescence.l*>3]

Here we show that magnetic photoluminescence offers a
convenient method of measuring magnetic fields that are pre-
sent in the local sample environment. By imaging the photolu-
minescence of an organic thin film of material exhibiting MPL
we show that it is possible to visualize the magnetic stray field
of permanent magnets lying close behind the film substrate.

2. Results and Discussion

Absorption and photoluminescence spectrophotometry of
tetracene (Figure 1la) showed a smaller Stokes shift than for
rubrene (Figure 1b). These spectra agree very closely with
previous measurements of polycrystalline tetracenel®’] and
amorphous rubrene.3?l Atomic force microscopy measurements
of tetracene samples confirmed a granular structure (Figure 2a),
most likely due to island growth, which has been predicted theo-
retically®®! and seen experimentally.?”! The grain size obtained
(=0.25-0.50 um in diameter) depends on a number of factors
including deposition rate, substrate material, substrate tem-
perature during growth, and film thickness.*¥) Similar meas-
urements of rubrene films (Figure 2b) revealed an amorphous
(or highly polycrystalline) morphology with a surface rough-
ness <5 nm. This is in contrast to another thin film of rubrene,
shown in Figure 2¢, which showed spherulite formation, pos-
sibly due to nucleation of the polycrystalline phase.[*!

MPL measurements of polycrystalline tetracene, amor-
phous rubrene, and polycrystalline rubrene films are shown in
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Figure 1. Normalized absorption spectra (solid blue lines) and photo-
luminescence spectra (dashed red lines) from a) polycrystalline tetracene
and b) amorphous rubrene thin films measured at room temperature.

Figure 3. For polycrystalline tetracene the MPL initially reduces
to —3.1% at 20 mT before returning to the zero magnetic field
intensity at 50 mT. Above 50 mT the MPL becomes positive
reaching +9.8% at 295 mT. For amorphous rubrene the rela-
tive change in photoluminescent intensity initially reduces to
—3.5% at 25 mT before returning to the zero magnetic field
intensity at 70 mT. Above 70 mT the relative change in inten-
sity becomes positive reaching +24.4% at 295 mT. Rubrene,
when illuminated by light and exposed to oxygen, undergoes

Figure 2. Atomic force microscopy images of a thin film of a) polycrystalline tetracene, b) amorphous rubrene, and c) polycrystalline rubrene.
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Figure 3. Plot of magnetic photoluminescence as a function of magnetic
field for tetracene and rubrene. Tarasov et al. plots have been included
for comparison.[*8l All measurements were performed under standard
ambient temperature and pressure conditions.

photo-oxidation, chemically altering the rubrene causing irre-
versible photobleaching.*¥ Therefore, to achieve the largest
MPL before significant photo-oxidation occurred, the amor-
phous rubrene MPL measurement was performed in reverse
order from high to low magnetic field. A reverse measurement
was also performed for polycrystalline tetracene but no sig-
nificant difference in the profile was observed suggesting that
photo-oxidation in tetracene is negligible over the timescale
of the measurement. The amorphous rubrene MPL measure-
ments in Figure 3 agree with those of Tarasov et al.*®] performed
in a vacuum. The similarity of these results is despite Tarasov
et al. using much thicker films than those used here and con-
firms the independence of singlet fission dynamics upon film
thickness.[*]
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The MPL measurement for polycrystalline rubrene also
showed a large decrease in photoluminescence (—-11.6%) at low
magnetic field followed by a monotonic increase approaching
0% MPL at high magnetic field (Figure 3), again, in good agree-
ment with similar measurements by Tarasov et al.*®l

In preparation for MPL imaging, Hall sensor imaging of the
magnetic field above the permanent magnets was undertaken
(Figure 4), which, for the pair of cubic magnets with their poles
oriented in-plane (Figure 4b,d), showed a bipolar field pro-
file with a measured peak field of +247 mT. The ring-shaped
magnet, with its poles oriented out-of-plane, showed an asym-
metrical field intensity with a peak field of +299 mT. Example
raw input images and magnetic contrast difference images
(with and without the underlying Nd-Fe-B magnets) from tet-
racene and amorphous rubrene films are shown in Figure 5a—c
and Figure 5d-f, respectively. The tetracene contrast image
generated by the magnetic stray field of the ring-shaped
magnet shows a clearly defined region of circular contrast with
light and dark concentric bands. For the contrast images fea-
turing cubic magnets, both tetracene (Figure 5e) and rubrene
(Figure 5f) produced two lobes of strong, nonuniform MPL
contrast in response to magnetic stray field from the magnets.
The unipolar nature of the features here indicates that the
MPL imaging is sensitive to field magnitude only but nonethe-
less reflect the general form of the Hall sensor measurement
(Figure 4b,d) very closely. However, the MPL characteristic for
tetracene and rubrene (Figure 3) can be used to explore the
quantitative aspects of MPL imaging. In the tetracene mag-
netic contrast image (Figure 5e,h), the darkest regions have a
minimum MPL of —3.1%, which corresponds to LoH = 20 mT
(Figure 3). The brightest regions show a maximum MPL of
9.3%, which correspond to LoH = 247 mT, which was the peak
field as measured by the Hall array sensor (Figure 4d). Iden-
tical behavior was observed with the amorphous rubrene
images (Figure 5f,i) with minimum and maximum MPL values
of —3.5% and 18% again corresponding to LyH = 25 mT and
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Figure 4. Magnetic stray field maps of a,c) a portion of the ring-shaped Nd-Fe-B permanent magnet and b,d) two cubic Nd-Fe-B permanent magnets,
both measured experimentally by a commercial 2D Hall sensor array device scaled to the range a) £200 mT, b) £20 mT, and c,d) £500 mT. The peak
magnetic field, fLoH may = +299 mT for the ring-shaped permanent magnet and oH = £247 mT for the two cubic permanent magnets.

Adv. Funct. Mater. 2017, 1606613 1606613 (3 0f7)

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Silicon
— Wafer

\ Tetracene

Thin Film

. Clamp
Silicon
T

www.afm-journal.de

(c)

Clamp

Silicon
Wafer o

— Tetracene : 1 [
Thin Film g

Wafer

Rubrene
Thin Film

[J

e - ———— -
3.1 0 MPL (%) +9.3 -3.1 0 MPL (%) +93 35 0 MPL (%) +18.0

Figure 5. a—c) The first row contains photographs d—f) used to calculate difference images of MPL contrast presented in the second row. The dashed
lines represent the position of the permanent magnets behind the silicon substrates. False color images of the MPL contrast is shown in the third row
g—i) approximately quantifying the MPL magnitude. a,d,g) The first column demonstrates a ring-shaped permanent magnet’s stray field generating
MPL contrast in a polycrystalline tetracene thin film. b,e,h) The second and c,f}i) third column demonstrate the same phenomenon for a pair of cubic
permanent magnets positioned behind thin films of polycrystalline tetracene and amorphous rubrene, respectively.

247 mT from the amorphous rubrene MPL characteristic
(Figure 3). The standard error for the ring-shaped magnet
tetracene contrast image (Figure 5d), the cubic magnet tet-
racene contrast image (Figure 5e), and the cubic magnet amor-
phous rubrene contrast image (Figure 5f) was measured to be
0.048, 0.053, and 0.093, respectively. The maximum spatial res-
olution of the current experimental arrangement is estimated to
be 19 um based on the camera’s pixel resolution (3504 x 2336).
The temporal resolution of this arrangement is on the order of
minutes due to each image requiring =5 min exposure time.
This time could be significantly reduced with a high-efficiency,
low-noise monochrome camera, and thermoelectrically cooled
charge-coupled device (CCD) cameras are likely to be capable of
detecting the MPL contrast without the need to perform differ-
ence imaging.

Although the MPL images here (Figure 5) are of a macro-
scopic system, they open the possibility of microscopic imaging
using MPL from films on magnetic surfaces. Sample prepa-
ration would be straightforward and films such as tetracene
and rubrene are removed readily with appropriate solvents
to return the sample to its original state after imaging. The
unique characteristics of MPL imaging may allow several new

Adv. Funct. Mater. 2017, 1606613 1606613 (4 of 7)

opportunities in imaging field from magnetization configura-
tions. MPL imaging could be performed with either wide-field
or scanning systems and with continuous or pulsed excitation
sources, although temporal resolution would, in the case of
room temperature amorphous rubrene, be limited by the 2.2 ns
relaxation rate of the photoluminescent film.?2 The optical
working distances and nonreflective nature of MPL imaging
may even allow magnetization structure of rough surfaces or
the surface of 3D objects!*!l to be resolved. The fields from mag-
netic features such as domain walls in soft magnetic nanowires
are of an appropriate magnitude for MPL detection*>#¢l and
imaging could be extended to microscopic length-scales. The
luminescent nature of singlet exciton fission-based magnetic
microscopy means that it may be possible to employ stimulated
emission-depletion microscopy approaches to achieve subdif-
fraction limit resolution.*’] This would require further effort to
determine the appropriate wavelengths to promote stimulated
emission in the luminescent layers.

MPL imaging must overcome two challenges in particular
to progress. First, the bipolar MPL response of polycrystal-
line tetracene and amorphous rubrene to an applied magnetic
field (Figure 3) introduces ambiguity in determining the field

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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magnitude. A simple way of resolving this would be to use
materials with a unipolar MPL response, such as polycrystalline
rubrene, however, spatial resolution of any MPL-based micro-
scopy technique would be limited by the grain size of the organic
film. Instead, it may be possible to overcome the bipolar MPL
response by increasing the thickness of the organic layer. This
would select the weaker magnetic fields that exist further from
the underlying magnetic sample and could match the max-
imum detected magnetic field to that for achieving minimum
MPL, albeit at the expense of spatial resolution. Alternatively, a
small, uniform bias field could be applied to successive images
to remove the ambiguity. The second issue is the response and
stability of the luminescent materials used so far to achieve
MPL imaging. Tetracene offers good stability in standard labo-
ratory conditions, but has an MPL less than half that of rubrene
(Figure 3). Furthermore, the polycrystalline nature of thermally
evaporated tetracene thin films could limit spatial resolution in
microscopy. Rubrene, meanwhile, has over twice the MPL of
tetracene and can be deposited as an amorphous thin film, but
has poor stability in standard laboratory conditions due to rapid
photobleaching caused by photo-oxidation. This limitation may
be overcome by depositing an optically transparent barrier layer
on top of the rubrene thin film or to store and perform imaging
of rubrene in a suitable solvent or inert atmosphere.

3. Conclusions

Magnetic imaging of macroscopic permanent magnets via
exploitation of the singlet exciton fission phenomenon has been
demonstrated using two different photoluminescent organic
semiconductors. This proof of concept demonstrates that there
are no intrinsic barriers preventing this technique from oper-
ating at microscopic length-scales; i.e., the ability to perform
microscopic imaging of magnetic structures. Furthermore, two
promising candidate materials (polycrystalline tetracene and

=
@

(iv) W)

\ e v

(@) (i) h (vi) (b)f'
|
i

www.afm-journal.de

amorphous rubrene) have been identified for the technique that
can generate large changes in photoluminescence (9.8% and
24.4%, respectively) in response to an applied magnetic field.

4. Experimental Section

Tetracene and rubrene powders (Sigma-Aldrich; sublimed grade at
99.99% purity) were selected as they have been shown to produce large
MPL at room temperature.3%35:484% These were thermally evaporated
(base pressure =5 x 107 Pa) onto Si (001) and quartz substrates (lateral
dimensions ~40 x 40 mm?) at a rate of 1.5 nm s7'. Film thicknesses were
measured by atomic force microscopy (Bruker Dimension 3100 Atomic
Force Microscope) to be 80 £ 1 nm. Samples were wrapped in aluminum
foil and stored under vacuum to minimize any deterioration before use.

Absorption spectrophotometry of the thin films evaporated onto
quartz substrates was performed using a Perkin-Elmer Lambda
900 spectrometer while photoluminescence spectrophotometry of the
thin films evaporated onto silicon substrates was performed using a
Perkin—Elmer LS-50B photoluminescence spectrometer.

The MPL response of each sample was characterized using a
custom-built photoluminescence magnetometry system (Figure 6a).
The samples were placed between the pole pieces of an electromagnet
and excited with continuous-wave visible light of wavelength 500 nm
from a 1 W light emitting diode (LED). The electromagnet was turned
on and off repeatedly for each magnetic field, yoH, from 0 mT up to
275-295 mT in 10-30 mT steps. An avalanche photodiode (APD)
module (Hamamatsu C5460) fitted with an appropriate long-pass
dichroic filter (transition wavelength = 650 nm for tetracene and 550 nm
for rubrene) was used to capture the MPL, while an analog-to-digital
converter (National Instruments USB-6212) sampled the APD signal at a
rate of 262 144 samples per second. All experimental data were stored to
a computer file for analysis.

Magnetic contrast images were obtained using a custom-built
imaging system (Figure 6b). An MPL sample was placed directly in front
of one of two magnetic sources: a pair of cubic Nd,Fe;,B permanent
magnets (each measuring 5 X 5 X 5 mm) and a ring-shaped Nd,Fe;,B
permanent magnet (O.D. =18 mm; I.D. = 13 mm,; thickness = 3 mm).
The sample was then excited, exactly as described above, in a lightproof
enclosure. A Canon 50D digital SLR camera, fitted with an appropriate
long-pass filter (identical to the previously described measurement
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Figure 6. a) Schematic diagram of the custom-built MPL measurement system. The system, which was optically isolated in a lightproof enclosure,
comprised of (i) the sample, which was placed between the pole pieces of (ii) the electromagnet, (i) an avalanche photodiode (APD) for detection of
photoluminescence, (iv) a long pass filter (LPF) to prevent non-photoluminescent light reaching the APD, (v) a Hall probe for measuring the magnetic
field produced by the electromagnet, and (vi) a light-emitting diode (LED) light source for excitation of the photoluminescent sample. b) Schematic
diagram of the MPL imaging system, which was also optically isolated in a lightproof enclosure. It comprised of a (i) Canon 50D digital camera for
capturing images of the whole sample, (ii) a long-pass filter for preventing non-photoluminescent light reaching the camera, (iii) the sample and two
Nd-Fe-B permanent magnets, (iv) a focusing lens, (v) an LED light source for exciting the photoluminescent sample, and (vi) a shutter release remote

control that allowed for remote operation of the camera.
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system), was used to image the MPL generated by the sample. For each
MPL image, two photographs were taken with and without the Nd-Fe-B
magnets directly behind the center of each sample. The difference of
these two photographs was then calculated using the image analysis
software Image).’% For comparison, the magnetic field of the Nd-Fe-B
magnets were measured using a commercial Hall sensor array
camera Pl
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