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Organic magnetoresistance based on hopping theory”
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For the organic magnetoresistance (OMAR) effect, we suggest a spin-related hopping of carriers (polarons) based on
Marcus theory. The mobility of polarons is calculated with the master equation (ME) and then the magnetoresistance (MR)
is obtained. The theoretical results are consistent with the experimental observation. Especially, the sign inversion of the
MR under different driving bias voltages found in the experiment is predicted. Besides, the effects of molecule disorder,
hyperfine interaction (HFI), polaron localization, and temperature on the MR are investigated.
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1. Introduction

Organic spintronics have generated considerable interest
in recent years!!:?l due to the long spin lifetimes of organic
semiconductors (OSCs) as well as the flexibility, low cost,
and chemical tunability of organic devices.l*! In the last
few years, magnetic field-modulated resistance of organic de-
vices, named organic magnetoresistance (OMAR), has been
widely studied.!®”] Usually, an OMAR value around 0-15%
has been observed in a number of organic materials at room
temperature under a low magnetic field (in the scale of mT).
OMAR behaviors display universal line shapes that can be
fitted by empirical Lorentzian B?/(B? + B3), non-Lorentzian
[B/(|B| + By)]? or their combination.®° Some are also fitted
with power law B", fi/B> + f>/B*, or d\B*> 4+ d>B* (in these
formulae, B is the applied magnetic field, By and the rest of
the symbols are fitting coefficients).'%!!] Both positive and
negative OMAR have been reported in the OSCs, exhibiting
a transition between negative and positive depending on the
voltage and the concrete samples.>-!>~15] For example, Mer-
mer et al. reported the MR of a polyfluorene device under
different bias voltages. They found that the MR shows a sign
inversion from negative to positive as the voltage increases.!®!
Besides, Kang ef al. reported the sign change in OMAR of
an Alqs film with the morphological change from amorphous
to crystalline state upon annealing.!!'> The investigation of the
sign change could provide vital clues for further unraveling the
origin of OMAR. Some explanations for the sign change have

12,1416-18] and generally it has been thought

been reported,[
that different signs of OMAR correspond to differences in the
microscopic mechanism under different device operating con-
ditions. For example, Desai ef al. described the changes in the
MR are a result of the reduction in the triplet exciton concen-

tration and the reduced role of free carrier trapping at triplet
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states.[!”] Bloom er al. assigned the sign inversion behavior
to a transition from a single-carrier regime to a double-carrier

181 Up to now, the underlying mechanism of OMAR is

regime.
still under debate. Most of the mechanisms that have been pro-
posed to explain OMAR are involved with the spin dependent
transport of charged spin carriers (polarons).[!%-2!1 Tt is usually
suggested that the external magnetic field together with the hy-
perfine interaction (HFI) of hydrogen nuclei act on the spin of
polarons and affect their transport among molecules.?>23] As
a point of view, the mobility-related theory has been widely
showed that the or-

ganic magnetic-field effect (OMFE) has a close relationship

supported. For example, Ding et al.

with the carrier mobility.[**! In addition, Veeraraghavan er al.
measured the magnetoresistance (MR) in polyfluorene devices
and found that the magnetic field effect acts on the carrier mo-
bility rather than carrier density.[>! Li et al. studied the ve-
locity of polaron based on a quantum quasi-band model and
gave a rational explanation for MR found in small molecule

[26] Based on percolative hopping transport, Harman

devices.
and Flatté provided a description of OMAR for positionally
disordered organic materials. They analytically obtained the
MR and the results agree with some measurements.?’] As
most organic materials have an amorphous structure, transport
takes place mainly by hopping of localized carriers between
sites (molecules) instead of the band transport. The localized
carriers are spin-sensitive to the external magnetic field and the
hyperfine field.!! In this paper, we try to consider spin depen-
dent polaron transport with the master equation (ME).[?8-30]
The spin orientation is determined by the external magnetic
field as well as the HFI. As an approach, we suppose that a
polaron keeps its spin orientation during hopping. The model
details are described in Section 2. Results and discussion are

given in Section 3. Finally, in Section 4, a conclusion is made.
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2. Model and method

We consider a localized polaron at site i, and its spin is
determined by the external magnetic field B and the internal

cal hyperfine field Bhpr,;. The ground state of the polaron is

solved to be ¢g = (? ) , o we get the probability of spin up
i

effective hyperfine field Bypr,;. The Hamiltonian of the system |Z ‘2
can be written as ZT = 5 ) 5

. 1z + 2]

H; = —gup8- B —gu8- Buyy,

= —gupBS. — gupBupri (§:cos 6+ §esin ), (1) and the probability of spin down
where g is the electronic g-factor, pup is the Bohr magneton, § i + }Z i |2
is the electronic spin operator, §, and §, are the z and x com- pi=2=pri= | Z¢|2 + | Zdzi
ponents of the electronic spin, respectively, and 6; is the angle
between the magnetic field B (along the z axis) and the lo-  Equation (1) can be written as
|
= 1 <8MBB+guBBhPf,iCOS 0; gUB Byt i sin 6; ) _ (A,- 0i > . @)
2 gHBBnpriSin6;  —gupB — gupBhyt,icos 6; 6 —A;

Here, 6; = %gHBBhpf’i sin ;. It can be seen from the formula
that the spin of site i is the mixed state of spin up and spin
down states due to the existence of 6;. Then the results of the
probabilities p} are given as

/ 2
i " )
224 82 A A2 + 52 )

1 57

_ 1
2 A2 4 87 + Ay A2 + 87

We suppose that a polaron keeps its spin orientation dur-

ing hopping under a low carrier density. In our work, to de-
scribe the transport of the system, we need to know the hop-
ping rate of a polaron. The charge hopping rate ;; is de-
scribed by the Marcus formula, which can be written as

A e (A+e—g)?
) _ J l
= [kBm] eXp{ 4kgTA ] @

where 7 is the reduced Planck constant, 7;; = o exp(—27YR;;) is
the transfer integral between molecules i and j, #( is a constant,
R;j = |R; — R;| is the distance between the two molecules, Y
is the inverse localization length of the localized wave func-
tions, kg is the Boltzmann constant, 7 is the circumference
ratio, T is the temperature, and g; is the on-site energy of site
i. The energy differences in Eq. (4) are supposed to contain
—eER;j x due to an electric field E in the x di-

rection (e is the charge of the carriers), A is the reorganization
31]

a contribution

energy responding to the charge moving from site i to ;.

To determine the mobility of organic devices, the model
of hopping between different sites has been investigated by
the ME method.[?*3°1 The ME approach has an advantage: it
guarantees the steady state solution. When it comes to the

spin-related system, the ME can be written as

dnjg
dr

=) [~oynis(1 —nj) +@injs(1=ny)l, (5
J#i
where n; is the occupancy number of polarons at site i with
spin s. In the steady state dn;s/dr = 0, equation (5) is solved
through an iteration procedure. Firstly, we set the energy lev-
els {g;} from a Gaussian distribution of width ¢. The hy-
perfine field is set as Bpyp; = Byp, and the angles {6;} obey
a uniform distribution. The polaron density of the system is

n=Np/M= ):N /M, where Nt and N; are the total polaron

population of the system and the total polaron population of
spin s, respectively, and M is the total number of the sites.
During the calculation, Ny = Nt Z D} /M. The iteration is car-

ried out till the difference of | k“

successive calculations is smaller than a given small value for

nk) /nk | between two

each site i, where £ is the iteration number.
When the stable distribution n;, is obtained, the mobility
of the route of spin s is given by

1
ps(B) = NE Zwijnis(l —njs)Rijx. (6)
ST0

While the total mobility of the system is
ZN 1i5(B) /Nr. (7

Therefore,
MR = Hr(0) —pr(B)
pr(B)
In calculation, we take a regular cubic molecular lattice
with the total number of sites M= 50 x 50 x 50. The molecule
nearest neighbor distance (lattice constant) a = 1 nm. The

hopping takes place to a maximum distance of diax = v/3a
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and we apply periodic boundary conditions. The reorganiza-
tion energy is A = 0.1 eV. The simulation is carried out under
a low carrier density n = 0.01 and the temperature is set as
T =300 K. The mobility is averaged over twenty samples to
reduce statistical errors as much as possible.

3. Results and discussion

OMAR is found to appear complex from a large number
of experimental measurements on organic devices. It is asso-
ciated with the concrete organic materials and the polarity of
the device, as well as the driving voltage and temperature.

1.2 . .
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Fig. 1. Dependence of polaron mobility on the strength of the driving
electric field under magnetic field B = 30 mT. The parameters are set
as 6 =0.05¢eV, ) =0.1eV, By, = 10mT, and y= 1 nm~!.

The electric field dependence of mobility is impor-
tant to understand the transport property of an organic de-
vice. Time-of-flight mobility measurements showed that
the field dependence in many OSCs approximates the
Poole—Frenkel form i.e., u=poexp(pvE), where uy and
7 are the constants.[®?l As shown in Fig. 1, the mobil-
ity shows a similar Poole-Frenkel behavior in a low inten-
sity electric field. While in a strong electric field when
’eER,-j_,x| are comparable or larger than the reorganization
energy, the mobility decreases with an increase of the elec-
tric field.

verted region behavior.

This performance is described as Marcus in-
In our work, the reorganization
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Fig. 2. Dependence of MR on B under different electric fields. The ex-
perimental data (squares, triangles, and circles) under different driving
voltages are also shown for comparison.!'*! The parameters are set as
0=0.05eV,# =0.1¢eV, Byyp=10mT,and y=1nm .

energy is A = 0.1 eV. From the relation of A = |eE)al, we
conclude the electric field is close to Ej = 1 x 10° V/cm. 1t
can be seen from the figure that the mobilities py and ) both
have a peak value near Ej .

The effects of the electric field on the MR are calculated
by the ME. As shown in Fig. 2, the MR is negative at a low
electric field. As the electric field increases, the MR’s absolute
value drops. Finally, the MR changes its sign at a higher elec-
tric field. For the electric field is related to the bias voltage, the
experimental data (squares, triangles, and circles) under differ-
ent driving voltages are shown for comparison.!'#! It is found
that the theoretical simulation coincides well with the experi-
mental data. Under these parameters, our results show that the
sign of OMAR changes from negative to positive as the bias
increases. As is shown in Fig. 1, the mobility reaches a peak
value near E; = 1 x 10° V/cm. The electric field correspond-
ing to the sign change of OMAR is also close to E,, so we
deduce the mobility’s behavior results in the sign inversion.
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Fig. 3. Dependence of MR on B under different energetic disorder
widths . The parameters are set as E = 1 x 10° V/em, 1p = 0.1 eV,
Bhyp = 10mT,and y=1 nm~!.

For amorphous organic materials, the parameter ¢ is the
description of the disorder extent of the system. The system
will be more disordered when ¢ becomes larger, and the mo-
bility of OSCs increases as ¢ decreases. As shown in Fig. 3,
the MR’s sign changes from negative to positive as ¢ de-
creases. We set AG = €; — & — eER;j, from Eq. (4). Thus
o works together with the electric field to influence the energy
differences. When the electric field is constant, the energetic
disorder width ¢ can also change the MR’s sign. Recently,
Kang et al. investigated OMAR of an Alqs film with the mor-
phological change from amorphous to crystalline state upon
annealing. They found that the sign of the MR changes from
negative to positive when the structure of the system changes
from disorder to order.!'>! Our results show the same sign in-
version.

The indispensable role of HFI from the hydrogen nu-
clear spins is proposed in the mechanism of understand-
ing on OMAR nearly at the time when strong OMAR is
found. For instance, Nguyen ef al. compared the magneto—
electroluminescence response in organic light-emitting diodes
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based on m-conjugated polymers made of protonated and
deuterated hydrogen (the latter has a weaker HFI strength).[33]
They reported that the device based on the D-polymers
shows substantially narrower magneto—electroluminescence
response, which demonstrates that the HFI does indeed have
a crucial role in OMFE. Qin et al. studied OMFE from a
phenomenological theory and found that OMFE behavior is

1.34 Especially, they obtained that the satu-

sensitive to HF
rated magnetoconductance value is independent of HFI, which
is consistent with the experimental observation (see Fig. 3 in
Ref. [34]). In our work, the strong HFI reduces the influences
of the magnetic field. As shown in Fig. 4, OMAR changes
when we change the strength of HFI. For a strong HFI, it is
found that a large magnetic field is needed for the MR’s value
to saturate. In addition, we note that the saturated MR value is
independent of HFI. This result is in good agreement with the
experimental measurement. 3%
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Fig. 4. Dependence of MR on B under different hyperfine fields
Bhyp.- The parameters are set as 0 = 0.05 eV, E =9.17 x 10° V/cm,
tp=0.1eV,and y=1 nm~!.
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Fig. 5. Dependence of MR on B under different localization factors
Y. The parameters are set as ¢ = 0.05 eV, E =9.17 x 10° V/cm,
to = 0.1 eV, and Bpyp = 10 mT.

In normal inorganic semiconductors, the carriers are usu-
ally extended electrons or holes, which are extended over the
whole crystal lattice. While in OSCs, the charged carriers are
localized polarons due to the strong electron-lattice interac-
tion. The difference in carrier property results in the differ-

ent transport characteristics. In the present model, the local-
ization of a polaron is reflected by parameter y which is the
inverse localization length of the wave functions. A small y
means a large polaron and so a large hopping integral between
molecules. We can see from Eq. (4) that the mobility decreases
exponentially with the localization of the polaron. As shown
in Fig. 5, the MR value becomes larger for a stronger localized
polaron. It indicates that, in organic materials, the MR should
be much more apparent than in their inorganic counterparts.

The temperature dependence of the MR on the magnetic
field is shown in Fig. 6. In our simulation, the MR value is
negative at a low temperature under these parameters. When
the temperature becomes high, the MR’s absolute value de-
creases. Finally, the MR value becomes positive at a higher
temperature. We set =0 /kgT and we can see that the tem-
perature also influences the system’s disorder property. As the
temperature increases, the value of & drops. Thus the system’s
disorder strength decreases. Therefore, the results in Fig. 6 are
consistent with those in Fig. 3, which shows the MR depen-
dence of energetic disorder widths. Besides, the temperature’s
influence on spin relaxation is also important,*>! and we will
investigate the relative effect on the MR in future.

0.2} 4
T=400 K
0 J
XN
x —0.2 -'\ N e -
~
s \ T=300 K
= —04F J
\
—0.6F \ J
A T=250 K
—08k e ]
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Fig. 6. Dependence of MR on B under different temperatures. The pa-
rameters are set as 6 = 0.05 eV, E = 9.17 x 10° V/em, 1o = 0.1 eV,
Bhyp = 10mT,and y=1 nm~!.

4. Conclusion

We use the ME to calculate the mobility of the system.
Under a low carrier density, the polaron is assumed to hop
with its spin orientation unchanged. By choosing suitable pa-
rameters, the theoretical simulation is well consistent with the
experimental observation. It is found that OMAR is dependent
upon the material properties as well as the operating condi-
tions. Our simulation shows that the sign of OMAR changes
from negative to positive as the electric field increases. Be-
sides, the sign inversion of MR also happens when energetic
disorder parameter decreases. MR will reach its saturation
slower for a stronger HFI, which reveals the importance of HFI
in OMAR. As the carriers in OSCs are localized polarons, it
is found that the MR value becomes larger for a stronger lo-
calized polaron. It explains why an apparent MR is obtained
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in an OSC rather than in its inorganic counterpart. Besides, in

our simulation, the MR’s temperature dependence is consis-

tent with that of the energetic disorder widths dependence.
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