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were expressed during WT viral infection. How-
ever, PA-X—deficient viruses differed from the
WT counterpart in their ability to cause host-cell
shutoft and, moreover, caused greater clinical
disease in a mouse model of IAV infection, an
outcome related to an accelerated host response
as assessed by microarray. PA-X is thus an ac-
cessory AV protein that plays a consequential
role at the virus-host interface. We hypothesize that
defective control of host gene expression by the
mutant viruses in the minority of infected lung
cells provokes an altered cascade of host responses
from the majority of uninfected cells. The nature
of these host gene expression changes—including
marked early overexpression of MHC class I
genes in 1918-FS or -PTC infections, compared
with 1918-WT infections—suggests that these
perturbations in host response pathways affect
lymphocyte activation and immune cell function
that lead to an immunopathogenic inflammatory
response (/9). This may explain the lack of signif-
icant differences in weight loss in mice infected
with 1918-WT versus 1918-FS and -PTC viruses
until 5 to 8 DPI, which coincides with the ap-
pearance of influenza-specific cytotoxic T lym-
phocytes (25).

Taken together, these data contribute substan-
tially to our understanding of IAV replication and
pathogenesis and further suggest promising lines
of inquiry into the anti-IAV immune response, as
well as the factors driving IAV evolution. It is
noteworthy that the outcome of infection with
PA-X-—null viruses was altered in the absence of
differences in viral replication, as this suggests

that host immunopathology is of central impor-
tance in determining the character of disease and
could therefore be a fruitful target for new ther-
apeutics aimed at ameliorating severe [AV illness

(19, 26).
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an organic spin valve (OSV) based on the small
molecule aluminum tris(8-hydroxyquinoline)
(Alqs3) (4). Despite several attempts at spin-
OLEDs (1, 5) in which Alq; was used as the
organic interlayer between two ferromagnetic
(FM) electrodes in a vertical configuration, this
goal has not been achieved as yet. The main
obstacle in realizing such a device has been the
relatively high bias voltage V}, needed for reach-
ing substantive EL efficiency in the device at low
temperatures. For example, V;, > 10 V is needed
for EL of Alq; with FM electrodes at temper-
ature 7= 10 K, but the OSV performance sharp-
ly deteriorates with V4, and is limited to <1 V for
practical operation (4, 6, 7).

We report the realization of a spin-OLED
based on a bipolar OSV device that exhibits
magneto-electroluminescence (MEL) on the or-
der of ~1% at V4, = 3.5 V, with emission inten-
sity modulation that follows the coercive fields
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of the FM electrodes. Two important technical
advances enabled this achievement. First, our
devices are based on a deuterated organic poly-
mer interlayer with superior spin transport prop-
erties that has a smaller hyperfine interaction than
polymers based on hydrogen side groups (7).
Second, we deposited a thin LiF buffer layer in
front of the FM cathode to improve the electron
injection efficiency (8). The bipolar OSV response
has substantially different voltage, temperature,
and thickness dependencies relative to the
response in homopolar OSV based on the same
organic interlayer. These differences are caused
in part by the spin-aligned space charge—limited
current (SCLC) operation upon reaching double-
injection conditions during bipolar operation.

The device operation scheme (Fig. 1A) shows
the injected electrons and holes initially forming
polaron pairs (PPs) at the appropriate V}, needed
for bipolar injection. These species are precursor
excitations to singlet excitons (SEs) that may re-
combine radiatively and emit EL. With non-FM
electrodes (Fig. 1A, panel 1), the net electron-
hole bimolecular rate coefficient » for forming
PPs did not depend on the magnetic field. Under
the assumption of SCLC operation, the fraction
of current from electron-hole recombination was
inversely proportional to the rate b (9). When the
OLED device was driven with FM electrodes
that inject spin-aligned carriers, the rate » became
field-dependent (Fig. 1A, panels 2 and 3) because
the external magnetic field changed the mutual
magnetization directions of the spin-injecting FM
electrodes. Thus, the PP formation rate, EL inten-
sity (MEL), and current density (magnetocon-
ductivity, MC) all become field-dependent. This
operation scenario of spin-OLED is more real-
istic than the simple model described in (2, 6)
because the intermediate step of PP formation,
as well as the spin mixing among its spin singlet
(PPs) and spin triplet (PPy) configurations, is
explicitly considered (10, 11). In fact, the spin-
mixing channel is responsible for a variety of
effects in OLED devices with non-FM electrodes
(such as monotonic MC and MEL responses)
that we term “intrinsic” MC and MEL responses
(7, 11, 12), as well as EL quantum efficiency that
is not limited to 25% (13).

The spin-OSV device was designed to achieve
efficient EL emission at relatively low V4, (Fig. 1C),
with sizable spin injection capability from the FM
electrodes and with large spin diffusion length in
the organic interlayer. We show the spin-OLED
device structure in Fig. 1B. For the anode, we
used the half-metal FM La, 7Sty sMnO; (LSMO),
which has a coercive field B, ~ 5 mT at cry-
ogenic temperatures (Fig. 2D); the cathode was
a FM Co thin film (B, = 35 mT at cryogenic
temperatures; Fig. 2D) capped with an Al layer
for corrosion protection. The organic interlayer
film, with thickness d ranging from 18 to 50 nm,
was based on deuterated poly(dioctyloxy)phenyl
vinylene (D-DOO-PPV), a m-conjugated poly-
mer in which all the hydrogen atoms closest to
the backbone chain were replaced by deuterium
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Fig. 1. (A) Spin-OLED device operation under the condition of unbalanced electron-hole space charge
limited current (SCLC): (1) OLED with non-FM electrodes; the “recombination” current &/ is inversely related
to the efficiency of PP formation via the bimolecular recombination coefficient b; also, EL o< &/. (2 and 3)
OLED with FM electrodes: b becomes magnetic field—dependent via the spin injection of the FM electrodes,
giving rise to spin-dependent current and EL. (B) The spin-OLED device structure, where the D-DOO-PPV
organic layer thickness is ~25 nm and LiF buffer layer thickness is ~1.5 nm. Here the in-plane magnetic
field (black arrow) causes the FM magnetizations (red arrows) to align parallel to each other. The EL emission
(wavy red line) is collected through the Co/Al thin electrode. (C) The device /-V and EL-V characteristics;
the EL onset is at V/, = 3.5 V. Inset: D-DOO-PPV polymer chemical structure.

A

Vp (V)

B (mT)

Fig. 2. Magneto-electroluminescence (MEL) response of a spin-OLED device. (A) Obtained MELgx(B)
response for up (red) and down (blue) B-sweeps, measured at V/, = 4.5V and T = 10 K, for device A (d =
25 nm, d "= 1.5 nm). The black dashed line describes the nonhysteretic, intrinsic MEL background
response for an up-sweep. The horizontal arrows mark the relative electrode magnetization directions.
(B) The net MELg/(B) response after subtraction of the background MEL from the measured MEL response
shown in (A). (C) The bias voltage dependence of the maximum MELgy value. (D) Magneto-optic Kerr effect
(MOKE) measurements of the LSMO and Co/LiF electrodes at 10 K that show coercive fields B.(FM1) = 5 mT
and B.(FM2) = 35 mT, respectively.
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(Fig. 1C, inset). It was previously shown (7) that
the hyperfine interaction in D-DOO-PPV is con-
siderably reduced, thus increasing the spin diffu-
sion length Ag to ~45 nm; this is about 3 times
the value of Ag in H-DOO-PPV polymer. In ad-
dition, a thin LiF layer (thickness " ranging from
0.8 to 1.5 nm) was deposited as a buffer layer
between the organic layer and Co electrode to
improve electron injection (/4) and to block the
formation of Co inclusions (4, 15).

The turn-on voltage ¥, for sizable EL emis-
sion at the double-injection condition was reached
at 1, = 3.5V (Fig. 1C); this value was V, = 10 V
without the LiF layer (8). Because V is still rel-
atively high in the spin-OLED device, we con-
jecture that hole injection is more efficient than
electron injection. This difference led to un-
balanced charge injection; most of the current
density was carried by the holes, whereas the
EL intensity was limited by the minority electron
injection from the Co/LiF cathode. Under these
conditions, the “intrinsic” MEL and MC responses
(7), those unrelated to the spin valve, were small
(figs. S1 to S3), and this allowed us to readily
study the spin valve—related MEL response.

At cryogenic temperatures, the FM LSMO
(FM1) and Co (FM2) electrodes in the spin-OLED
had nominal spin injection degrees of polarization
of P; = 95% and P, = 30% [which may depend
on the environment; see (/6)]. However, P, sub-
stantially dropped because of the LiF buffer layer
(8, 17). Because B(FM1) # BJ(FM2), we could
switch their relative magnetization directions be-
tween parallel (11) and antiparallel (1)) relative

alignments by sweeping the external magnetic
field B (horizontal arrows in Fig. 2A), whereby
the device resistance, conductance, and EL inten-
sity depended on the relative magnetization ori-
entations of the FM electrodes. We thus measured
MEL(B) and MC(B) at various bias voltages, tem-
peratures, and device thicknesses.

A typical EL(B) response of a D-DOO-
PPV spin-OLED measured at 10 K is plotted as
MELgx(B) = [EL(8) - ELIJEL(11) in Fig.
2A for a device with d = 25 nm and LiF d’ =
1.5 nm. The EL(B) response had two components:
(i) a hysteretic negative MELgy component and
(i) a nonhysteretic positive MEL; spio component
(black dashed line in Fig. 2A). The MELgy re-
sponse component consisted of a downward sharp
jump of ~0.4% in the antiparallel magnetization
configuration between 4 and 30 mT that fol-
lowed the electrodes’ coercive fields (Fig. 2D). The
MEL; gm0 response was caused by the magnet-
ic properties of the LSMO electrode (4) com-
bined with the “intrinsic” MEL response (7); it
was a monotonic function of |B| and symmetric
with respect to B = 0 (fig. S2). A similar MEL
component was measured before in FM-OLED
devices based on Alqs at room temperature (/)
and was ascribed to the non—spin valve MEL
response of the organic interlayer. In that case,
the sudden change in the EL(B) response at the
electrodes’ respective B, values was positive with
increasing B, and was thus interpreted as having
been caused by the stray field Bg that arises from
the proximity of the FM electrodes to the organic
interlayer. We measured Bs of the LSMO and

Co/LiF electrodes in our device (figs. S2 and S3).
For devices with one FM electrode, we found
By(LSMO) = 0.7 mT (fig. S2) and Bs(Co) = 3.5 mT
(fig. S3) at cryogenic temperatures. However,
the average Bg increased when two FM elec-
trodes were deposited; in this case, we measured
Bs =4 mT (fig. S4), which is somewhat greater
than in devices with one FM electrode but is too
small for explaining the MELgy sharp response
in our devices, given that the intrinsic MEL re-
sponse is weak (fig. S1). In addition, the MELgy
response was negative, in contrast to the pos-
itive MEL jump related to the stray field (/)
(fig. S4).

Moreover, the MEL was isotope-dependent.
We measured the MEL response in devices with
different DOO-PPV isotopes (7). The spin diffu-
sion length was isotope-dependent, and the spin
valve-related MEL response indeed depended
on the polymer isotope (fig. S5). Thus, the MEL
response cannot be interpreted as arising from
the stray fields that influence the intrinsic MEL
response, as in (/). We thus conjecture that the
obtained MELgy response in the bipolar OSV is
a genuine spin valve effect.

To facilitate data analysis, we subtracted the
nonhysteretic MEL; g\io response [component
(i)] from the MELgx(B) response (Fig. 2A) to
obtain the “net” spin valve—related response [com-
ponent ()], MELgy(B) = MELgx — MEL; gm0
(Fig. 2B). MELgy(B) displayed the typical hys-
teretic spin valve characteristic response with
sharp jumps at the LSMO and Co coercive fields.
Moreover, one of the most prominent features
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Fig. 3. (A) The maximum MELgy response of spin-OLED devices at various
polymer thicknesses d and LiF buffer layer thicknesses d “ of 0.8 nm (red
squares) and 1.5 nm (blue squares), measured at T = 10 K and V,, = 4.5 V.
(B) The optimum MELsy(B) response of ~1.1% measured for a device with
d =18 nm and d "= 0.8 nm. (C) The maximum MELg(7) response at V, =5 V

(red squares) for a spin-OLED device with d = 25 nm and d "= 1.5 nm; the
LSMO bulk magnetization versus T measured by superconducting quantum
interference device (SQUID) (blue stars); and its fit using the Brillouin func-
tion B)(T/T)) with ] = 5/2 and T, = 307 K (blue line). (D to G) MEL(B) response
at selected temperatures.

13 JULY 2012 VOL 337 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on July 16, 2013


http://www.sciencemag.org/

of the MELgy(B) response is the very weak de-
pendence of its maximum value, MEL ., =
max(IMELgsy(B)|), on V;, (Fig. 2C). This re-
sponse substantially differs from the strong de-
crease of the magnetoresistance MR, with V4,
in homopolar OSV devices (4, 18, 19). It is
thus clear that the performance of the bipolar
OSV device degrades less with V4, relative to a
homopolar OSV based on the same organic layer
(see below).

We measured the OSV “figure of merit”
MEL,,.«x at 10 K and V= 4.5 V for various de-
vice thicknesses d and LiF buffer layer thicknesses
d’ (Fig. 3A). We found that MEL,,,,, decreases
as d and d” increase. The decreased performance
with increasing LiF d” may be readily explained
as arising from the decrease of the cathode spin
polarization P, with the LiF buffer layer thick-
ness (8). The decreased performance with increas-
ing organic layer d may be caused by a finite
“effective” spin diffusion length Ag at the bipo-
lar injection condition reached here. From the
device thickness dependence shown in Fig. 3A
we estimate Ag ® 25 nm, which is different from
As = 45 nm obtained at small bias voltage (7).
The best device performance, a MEL,,,, value
of 1.1% (Fig. 3B), was obtained for a bipolar
OSV device having d = 18 nm and "= 0.8 nm
(Fig. 3A). Further decreases of d and d” caused
the OLED devices to become unstable.

In Fig. 3, D to G, we show MELgy(B) re-
sponse at various temperatures, and summarize
MEL,,,.« versus temperature relative to the mea-
sured LSMO bulk magnetization, M(7) in Fig. 3C.
The MEL,,,,,(7) values almost perfectly follow the

Fig. 4. Magnetoconductance
(MC) response of bipolar and
homopolar OSV devices based
on D-DOO-PPV and measured
at 10 K (d=25nm, d =
1.5 nm). (A and B) MC(B) re-
sponse of bipolar OSV de-
vice measured at I, = 0.6 V
and 5V, respectively, at posi-
tive (red) and negative (blue)
B-sweeps. (€) Maximum MC,
value versus V4, for the bipolar

3
10°MCy,

M(T) response. This behavior is in stark contrast
to MR ,,.(7) in homopolar OSV devices, where
a much steeper temperature dependence was
observed (20-23) and was explained (21, 22) as
having been caused by the LSMO surface mag-
netization decreasing with 7' (23).

To better compare the homopolar and bi-
polar OSV devices, we show in Fig. 4 the effect
of the LiF buffer layer on the device magneto-
conductance MC(B) response. The measured re-
sponse, MCgx(B) = [I(B) — I(11))/I(11), shows a
nonhysteretic background that is similar to that
observed in the MELgx(B) response in Fig. 2A.
We again subtracted this background MC re-
sponse to obtain the net response MCsy/(B), which
is shown in Fig. 4, A and B, for the bipolar (LiF/Co
cathode) OSV device and in Fig. 4, D and E,
for the homopolar (Co cathode) OSV device. The
opposite sign of the two MC response sets dem-
onstrates that the LiF layer reverses the cathode
spin polarization in agreement with (8). In Fig.
4, C and F, we show MC,,,.x = max(MCsv(B)|)
as a function of V, for the homopolar and bipolar
OSV devices. Surprisingly, we see that although
the MC,,,.«(V},) dependence of the bipolar OSV
device sharply decreased for V;, < 3.5V, it ab-
ruptly leveled off at 7, and became practically
independent of bias voltage. This outstanding
property of the bipolar OSV device facilitates
the realization of spin-OLED at V;, > V.

In the following, we analyze the spin-OLED
device response under conditions of unbalanced
bipolar current density J where the electron cur-
rent density J; is injection-limited and J, << J.
Under these conditions, most of the device cur-
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rent density is carried by the hole current .J;, along
with an additional small “recombination cur-
rent” Jg caused by the electron-hole “recombi-
nation” that leads to PP formation (Fig. 1A). J,
which is the sole current through the device for
Ve <V, gives rise to the bias voltage—dependent
MCsy that is usually observed in homopolar OSV
devices (7). The homopolar MCsy appears to fol-
low a Julliere-type behavior (4, 17): MCgy(V;, <
V) o< 2PP>/(1 + P,P,), where P, and P, are the
cathode and anode spin polarizations, respective-
ly. Jr, however, tums on at V}, > ¥, and is respon-
sible for the voltage-independent MELgy and
MCgy responses. These latter responses appear to
follow a novel “recombination-modified”” Julliére-
type behavior: Both MCgsy(V;, > V) and MELgy
are proportional to P{P,Ab, where Ab = b™ — b9,
and " and H"¢ are the spin-dependent bimo-
lecular recombination rate constants for up-up and
up-down electron-hole relative spin directions, re-
spectively. Note that although both MCgsy(}}, <
V) and MCgsy(V;, > ;) are proportional to PyP,,
only MCgsy(V, < V) is voltage-dependent. We
thus conclude that the homopolar MCgy voltage
dependence cannot be caused by the FM elec-
trode polarization as originally postulated (4),
but rather originates within the device volume
by a mechanism that does not affect the recom-
bination current Ji. The electron-hole recombina-
tion products that are the singlet (PPg) and triplet
(PPt) polaron pairs intermix through an inter-
system crossing enabled via a variety of spin mix-
ing interactions, such as the hyperfine, exchange,
and spin-orbit interactions. Both same-spin po-
larized and opposite-spin polarized electron-hole
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“recombination” contribute, albeit not equally, to
the steady-state PPg density and eventually to
EL (7).

To understand the obtained bipolar OSV
properties, we extend the classical bipolar SCLC
Parmenter-Ruppel (PR) model (9) to include FM
electrodes under the condition of unbalanced cur-
rent density without the effect of traps (24). In
this case the J-V relation is given by

 9eeopy V2

J— 3uebnse

843 2u3

o+ k(1)

where € is the dielectric constant; py,, W, and pg =
egob/2e are the hole, electron, and recombina-
tion mobilities, respectively; b is the bimolecular
recombination coefficient in the reaction rate
Rpp = bnp in which electrons of density n and
holes of density p generate weakly coupled PP
species (see supplementary text); J, (>> J,) is
the hole majority SCLC density; and Ji is the
recombination current density. Although Jr was
originally ignored by PR because Jg << .}, here
we keep this term because it is the only term
that leads to EL emission.

For FM electrodes, the fraction of spin-
polarized electrons injected by the cathode FM1
and collected by FM2 is (1 £ P,P,)/2 for 11 and
1| electrode magnetization directions, respec-
tively, and the same is true for the fraction of
spin-polarized holes that is injected by the an-
ode FM2 and collected by FMI1; here we as-
sumed for simplicity that the spin diffusion
length As >> d. In this case the spin-sensitive
bimolecular recombination coefficients 5" and
b cause Ji to depend on the mutual magneti-
zation directions of the FM electrodes. The elec-
trode magnetization—dependent SCLC can then
be written as

3 He HhJe (

1
JND = (1 = PPy, +
2 2(“1?(“))2

where p,TJ(T” = (eggb/2e)[1 £ P, P,Ab/2D] are
the recombination mobilities for parallel and
antiparallel electrode magnetizations, respective-
ly (see supplementary text). Thus, the magneto-
conductance, defined as MC = (J1T — JMy/ ST is
composed of two components, MC;,, from the
majority hole current, and MCy from the recom-
bination current. When Ji << J = ., these two
components are

Jr 2P P, Ab
R Ab
o (1 - (P,Pyab/26Y P

3)

where J;, and Jg are given in Eq. 1 with pur =
MR + uf)y2 and b = (0™ + b*9)2. Note that
MC,, has the form of the Julliére formula (/7)
for a homopolar OSV, which is derived here for

the case of SCLC, whereas the new term MCg
is related to both electrode polarizations as well
as the difference, Ab. For LSMO (P; = 1) and
Co/LiF [P, ~ 0.04 at small ¥, (Fig. 4F)], (P,P,)* =
107 << 1 and thus MG, = 2P, P,, whereas MCy ~
2P P5(Jr/)(AD/B). We conclude that both MCy,
and MCy, are proportional to PP, and thus dis-
appear in an OLED with non-FM electrodes.

The EL emission results from the radiative re-
combination of singlet excitons that emerge from
their PPg precursor. Thus, the EL intensity is di-
rectly proportional to the steady-state PPy den-
sity Npps. The intermixing of PPg <> PPt means
that Nppg is determined by both singlet and trip-
let channels,

(1) (1)
R R
NTT(TU _ S T 4
PPS s + Ter (4)
where
bud(uu)]
RTT(N) oc ¢ (5)

S(T)
H]T{T(Tl)

is the singlet (triplet) channel “recombination”
(or PP formation) rate, and gy designates the
effective singlet (triplet) channel reaction rate,
which is spin- and magnetization-independent.
Using a rate equation approach to calculate Npps,
we find

vir = R ELY ) - )
ELT (N

2P P,Ab/2b

= 120/ 6
1+ P,P,Ab/2b ()

(see supplementary text). All spin-independent
rates cancel out from the MEL expression. When
comparing Egs. 3 and 6, for bipolar OSV, MC
and MEL have the same sign, and MEL is greater
than MC by the factor Ji/Jr (>>1).

Figure 4C shows two regimes in the MCsy(/},)
response for the bipolar OSV. For V, <V} (i.e.,
the hole-only injection regime), MCsy decreases
by a factor of ~50 between V;, = 0 and V/;,=3.5V,
similar to the homopolar OSV based on D-DOO-
PPV (Fig. 4F). However, for V4, > V; (ie., the bi-
polar injection regime), MCgy(V},) is practically
voltage-independent, unlike MCgy(/}) of the
homopolar device (Fig. 4F). Note that ELgy is also
voltage-independent (Fig. 2C). We thus conclude
that homopolar OSV devices become less effi-
cient at large V4, but less so for bipolar operation.
Our SCLC model separates MCgy into two differ-
ent components: namely, the “homopolar MC”
component (MC;, in Eq. 3) and the “recombina-
tion MC” component (MCy in Eq. 3). We conjec-
ture that the homopolar MC component decreases
with V},, whereas the recombination MC com-
ponent does not depend on V4, For V4, <V, the
bipolar MC(}},) response is dominated by the
hole-only OSV that monotonically decreases with
V4. However, as bipolar injection sets in at V;, the

voltage-independent MCy takes over and the
MC(V,) response becomes Vi-independent. Simul-
taneously, MEL is given by Eq. 6 and thus is also
independent of bias voltage. MC and MEL also
have the same sign for V4, > 1, as predicted by Egs.
3 and 6. In addition, the obtained ratio MELgy/
MCsy ~ 25 measured at 74, >4V (Figs. 2C and 4C)
is in agreement with the larger MEL predicted by
our model, where MEL/MC = J/Jg >> 1.

The performance of homopolar OSV devices
severely degrades with V4, (7, 16, 19). Two pos-
sible mechanisms might explain this behavior: (i)
a decrease of the spin injection efficiency of the
electrodes with increasing V4, via the term PP,
and (ii) voltage-dependent processes that occur in
the organic layer. Because both MC;, and MCr
are proportional to P1P, (Eq. 3), but only MCy,
degrades with V%, we conjecture that the observed
MCsy(V}) decrease cannot originate from a de-
crease of P;P, dependence on V%, By adding the
screened Frenkel effect to the homopolar SCLC
operation, the MCgy(}},) decrease was recently
explained as arising from the magnetic field—
dependent “screening length” Ay (25). Such a
mechanism would not affect the “recombination
current” in a bipolar OSV for electron-hole dis-
tances 7 < Ag, and this may explain the voltage-
independent response of the spin-OLED.

Our results provide a pathway toward organic
displays controlled by external magnetic fields, but
such applications would require a larger MEL and
room-temperature operation. These requirements
might be achieved by choosing different FM elec-
trodes and/or organic interlayers. Finally, we note
the possibility of manipulating the EL emission
colors in spin-OLEDs by an external magnetic
field, unlike inorganic spin-LEDs.
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Dislocation-Driven Deformations

in Graphene

Jamie H. Warner,* Elena Roxana Margine,® Masaki Mukai,? Alexander W. Robertson,*

Feliciano Giustino,* Angus I. Kirkland®

The movement of dislocations in a crystal is the key mechanism for plastic deformation in all
materials. Studies of dislocations have focused on three-dimensional materials, and there is

little experimental evidence regarding the dynamics of dislocations and their impact at the atomic
level on the lattice structure of graphene. We studied the dynamics of dislocation pairs in
graphene, recorded with single-atom sensitivity. We examined stepwise dislocation movement
along the zig-zag lattice direction mediated either by a single bond rotation or through the loss
of two carbon atoms. The strain fields were determined, showing how dislocations deform
graphene by elongation and compression of C-C bonds, shear, and lattice rotations.

he two-dimensional (2D) structure of
I graphene provides unusual mechanical (/)
and electronic properties (2), which can be
influenced by defects and dislocations (3, 4).
Defects and strain can lead to spin and mag-
netism in graphene that may be important for
extending graphene’s electronic applications into
spin-based technology (5, 6). Understanding how
dislocations deform graphene helps build an
accurate description of both elasticity and plas-
ticity in graphene (7—9). Studying dislocation
movement (creep and climb), the interaction be-
tween dislocation pairs, and how the strain fields
respond is key for developing complete structural
models of graphene. So far, deep insights into
dislocations in graphene have been primarily
from a theoretical perspective (10—12).
Experimental investigation of dislocations in
graphene at the atomic level needs high-resolution
imaging, with spatial resolution sufficient to un-
ambiguously resolve individual carbon atoms.
Low-voltage transmission electron microscopy
(TEM) can resolve the lattice structure of carbon-
based materials such as graphitic nanomaterials
and graphene (/3—19) with high contrast and
minimal damage. Improvement in the informa-
tion limit in high-resolution TEM (HRTEM)
requires the reduction of both spherical and
chromatic aberration, with the latter having a
notable effect at low voltages. Spherical aberra-
tion correction in HRTEM, combined with low
accelerating voltage operation to reduce knock-
on damage [at less than 90 kV (20)], enables
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imaging of light-element atoms (including C, B,
and N) in nanomaterials and molecules (/4).

To image single—carbon atom dynamics in
graphene using HRTEM, sufficient information
transfer to unambiguously resolve the atomic
positions is necessary. At low accelerating volt-
age, this cannot be achieved by spherical aber-
ration correction alone and requires reducing
chromatic aberration. Electron optical correc-
tion of chromatic aberration has been success-
fully reported (21, 22). Alternatively, the use of
a monochromator to reduce the energy spread
in the incident electron beam provides a way
of limiting chromatic effects (23). There have
been several reports of HRTEM imaging of
graphene both with (24) and without (25, 26)
monochromation at an accelerating voltage of
80 kV, but only relatively small differences in
the resolution of images have been demonstrated.
Indirect exit-wave reconstruction has also been
used to characterize a fully resolved atomic struc-
ture for a monolayer/bilayer interface (27). How-
ever, this technique requires numerous images to
generate the complex exit wave and is thus not
suitable for the investigation of real-time single-
atom dynamics, which are essential for monitor-
ing structural transformations.

In this paper, we present low-voltage HRTEM
imaging of dislocation dynamics in graphene,
using both spherical aberration correction and
monochromation of the electron beam using a
double Wien filter (figs. S1 to S4). Graphene sam-
ples were prepared using chemical vapor dep-
osition (CVD) on copper foils (28) and were
transferred onto silicon nitride TEM grids with
2-um holes (see the supplementary materials for
details) (29).

Figure 1A shows a single HRTEM image of
monolayer graphene containing a pair of edge

dislocations aligned in opposite directions with
(1,0) form, consisting of a pentagon-heptagon
pair (10). Previous work has suggested the pres-
ence of a single dislocation in graphene (/9) and
a pair of dislocations in reduced graphene oxide
(30), but the image resolution in those studies
was not sufficient to resolve the individual atomic
positions required to determine the exact struc-
ture. Figure 1B shows an atomic model, and
Fig. 1C shows the multislice HRTEM image
simulation for the dislocation pair observed in
Fig. 1A.

There are five possible mechanisms that
describe how these dislocation pairs could have
formed: during the CVD growth, electron beam
sputtering of carbon dimers along a zig-zag lat-
tice direction, from surface adatom incorporation,
from a mono vacancy, or from a Stone-Wales
defect (figs. S5 to S7). Initial observation of the
area of the sample in Fig. 1 showed that it was
free from dislocations and monovacancies (fig.
S8), which indicates that the dislocations were
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Fig. 1. Imaging edge dislocations. (A) HRTEM
image showing two opposing (1,0) edge glide dis-
locations in graphene. (B) Structural model rep-
resenting the dislocation pair (blue and green) in
(A). (C) HRTEM image simulations using the atomic
model in (B) as a supercell. False color is used for
the images to aid visual inspection.
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