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We study high-field (up to B ~ 8.5 T) magnetophotocurrent (MPC) related to photogenerated polaron
pairs (PPs) in the temperature range 7 = 10-320 K in organic bulk heterojunction photovoltaic cells.
We find that in the high-field regime (B > 1 T), MPC(B) response increases with B for temperature
T > 200 K but decreases with B at T < 200 K. MPC(B) response does not saturate even at the highest
field studied, at all 7. We attribute the observed high-field MPC(B) response to two competing
mechanisms within the PP spin states: (a) a spin-mixing mechanism caused by the difference in the
donor-acceptor (or positive-negative polarons) g factors (the so-called “Ag mechanism”), and (b) the spin
polarization induced by thermal population of the PP Zeeman split levels. The nonsaturating MPC(B)
response at high fields and high temperatures indicates that there exist charge-transfer excitons (CTEs) with
decay time in the subnanosecond time domain. With decreasing temperature, the CTE decay time sharply
increases, thereby promoting an increase of the thermal spin-polarization contribution to the MPC(B)

response.
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I. INTRODUCTION

Electronic devices in which the active layer is made of
low-mobility organic semiconductors (OSECs) have
recently been shown to respond substantially to relatively
low magnetic fields (B < 0.1 T) [1-8]. The low magnetic
field (B) response has been attributed to mechanisms that
involve the carrier’s spin rather than magnetostatic effects
due to the magnetism of the extremely small electric
current. In nonmagnetic OSECs in which the carrier
mobility is spin independent at B = 0, the magnetic
response is caused by the spin interaction of spin-coupled
pairs that influence the device output response as a function
of B [8-10]. Among the various mechanisms used to
interpret the magnetic field effects on OSEC films and
devices, we emphasize few that are relevant to the present
work: (a) spin mixing by the hyperfine (HF) interaction
within polaron pairs (PPs) and bipolarons [8,10—13], (b) the
difference Ag in the electron and hole ¢ factors that
constitute the spin pair [14—18], and (c) spin polarization
due to thermal population of the Zeeman split levels of the
spin pair [19]. It is important to note that the outcome of the
interaction using any of the proposed mechanisms must be
spin dependent; e.g., the dissociation rate of a PP into
positive and negative free carriers depends on its spin
configuration; this is discussed in more detail below.
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The power conversion efficiency (PCE) of the best
organic photovoltaic (OPV) cells has reached values of
approximately 10%. In OPV cells, the photoexcited singlet
exciton (SE) may ionize into free carriers that contribute to
the photocurrent via several intermediate processes. These
processes include ultrafast transfer into charge-transfer
excitons (CTEs), followed by a slower separation into
correlated PPs, which dissociate into free polarons in a
much slower process. The cell PCE depends critically on
the recombination and dissociation of these intermediate
species [20], which, in turn, depend on their spin configu-
ration [20-22]. For example, OPV cells with spin-Y2
additives showed higher photocurrent than those without
these ferromagnetic additives [23]. Consequently, under-
standing the spin physics of OPV cells may lead to better
devices with higher PCE. Studying the weak and strong
magnetic field effects on the photocurrent at high and low
temperatures may provide comprehensive understanding of
the relevant spin interactions that determine charge gen-
eration and recombination mechanisms.

In the present paper, we report on the magnetophoto-
conductivity (MPC) response in various bulk heterojunc-
tion OPV cells made of a polymer donor (D) and fullerene
acceptor (A) subjected to a magnetic field in the range up to
B~8.5T and temperature range 7 = 10-320 K. At all
temperatures, we find that the MPC(B) response does not
saturate at high B. At the higher-temperature range, we
identify the main mechanism responsible for the nonsatu-
rated behavior at high fields to be spin mixing caused by the
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difference Ag of the donor-acceptor ¢ factors of short-lived
CTEs. At low temperatures, we propose that thermal spin
polarization becomes more dominant, giving rise to sign
reversal of the high-field MPC(B) response. We also find
that the high-field MPC(B) response shows a device- and
temperature-dependent Cole-Cole dispersive profile that
indicates a broad distribution of species lifetimes.

II. EXPERIMENT

A solvent-cast layer of regioregular poly(3-hexylthio-
phene) (1rP3HT) organic donor and 1-[3-(methoxycar-
bonyl)propyl]-1-1-phenyl) [6,6] C4 (PCBM) acceptor
blend (1:1 weight ratio) is sandwiched between the
cathode (30-nm Ca covered by 100-nm Al and 30-nm
Au film) and the transparent anode (film of indium tin
oxide, ITO) through which the active layer is photoexcited;
the general structure of the OPV cells used here is shown
in Fig. 1 (inset). This D-A blend is known to form bulk
heterojunction (BHJ) of nanosized domains that facilitate
charge photogeneration, transport, and collection from the
active layer of the cell.

The current-voltage (/-V) characteristics and MPC
measurements are performed under constant bias V.
Figure 1 displays the I-V characteristics of a BHIJ
rrP3HT/PCBM OPV cell photoexcited by the Sun spec-
trum and intensity. The measured open-circuit voltage is
Voc = 0.73 V, short-circuit current Iy = 11.4 mA/cm?,
and the extracted fill factor and PCE are FF = 0.52 and
PCE = 4.4%, respectively.

For the MPC measurements, the OPV devices are
transferred to a low-temperature cryostat that is placed
in a magnetic field B. The magnetic field is provided by a
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FIG. 1. I-V characteristics response of BHJ rfP3HT/PCBM

photovoltaic cell with PCE = 4.4% under Sun illumination (blue
line) at B = 0. The magnetophotocurrent studied represents
the variations of the short-circuit current with magnetic field.
The inset shows the structure of the cell.

superconducting magnet with B up to approximately 8.5 T.
The measured device is immersed in helium vapors, and the
temperature is controlled by the helium flow and a heater.
The OPYV devices are illuminated with a 405-nm laser diode
(Sanyo) of nominal power of 40 mW. The light from the
laser diode is directed through a set of lenses and neutral
density filters onto the sample at the bottom of the cryostat
of the superconducting magnet (approximately 1 m away
from the laser diode). The actual impinged light intensity
on the device is approximately 1 mW/mm? (approximately
one sun) at room temperature; below approximately 100 K,
we increase the excitation intensity by a factor of approx-
imately 2 since the photocurrent is too small. The photo-
current is measured at zero bias (V, = 0) while sweeping
the external magnetic field. Some of the measurements are
done using a 470-nm light-emitting diode; no apparent
changes in the measured MPC(B) are detected. Care is
taken to electrically connect the device using twisted
nonmagnetic wires made of phosphor bronze alloy; the
resistance ratio of the wire to the device is typically 1077;
thus, the effect of its magnetoresistance (approximately
—3 x 1073%) [24] on the total MPC is negligibly small.
Also, the static magnetic field produced by the small
current in the twisted wires and the device itself is
negligibly small («<10~* T). MPC is defined as MPC(B) =
[PC(B)/PC(0) — 1], where PC is the measured short-
circuit current under illumination. The data presented in
the figures below are the result of averaging many magnetic
field sweeps but otherwise are not smoothed.

III. EXPERIMENTAL RESULTS

Figures 2(a) and 2(b) show the magnetic field response
of the short-circuit current MPC(B) up to B~8 T for
various temperatures in the range of 7 = 10-320 K.
Enlarged view of the very-low-field region is shown in
Figs. 2(c) and 2(d). The sharp feature [full width at half
maximum (FWHM) of approximately 10 mT] observed in
Figs. 2(c) and 2(d) is the typical MPC(B) response due to
spin mixing by the proton-polaron HF interaction, which
for P3HT is of the order of ayp~ 0.5 ueV (HF field,
Byr ~ 4 mT) [8]. At higher fields, the response due to the
HF interaction saturates so that other spin-mixing inter-
actions that are operative at high fields become dominant.
The HF contribution to magnetoconductance (MC) in
organic devices has been accounted for in detail in various
studies [2,8,11]; here, we concentrate on the high-field
region shown in Figs. 2(a) and 2(b) in two temperature
ranges, namely, high 7' (100-320 K) and low T (10-100 K),
respectively. It is clearly seen that the MPC(B) response
does not saturate even at the highest field studied here. In
the high-temperature region [Fig. 2(a)], MPC(B) increases
with B (for B > ~1 T), whereas in the low-temperature
region [Fig. 2(b)], it decreases with B, indicating that two
different spin-mixing mechanisms are involved. In our
previous report [17], we attribute the high-field behavior
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FIG. 2. MPC(B) response of rrP3HT/
PCBM photovoltaic cell at various tem-
peratures at V =0. (a) T = 320, 280,
200, 100 K at |B| up to 8 T. Same color
code as in (c). (b) T = 100, 80, 60, 40,
20, 10 K at |B| up to 8 T. Same color
code as in (d). (c) Same as (a) on an
enlarged scale, |B| < 0.1 T. Same color
code as in (a). (d) Same as (b) on an

enlarged scale, |B| < 0.1 T. Same color
code as in (b).
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at high temperatures to the Ag mechanism operating within
the short-lived CTE. In the low-temperature region, we now
include the effect of thermal spin polarization (TSP) that
was found [19] to affect both MC in illuminated organic
devices under forward bias voltage and magnetoelectrolu-
minescence (MEL) at low temperatures and high fields.

IV. HIGH-FIELD MODELS

The main processes discussed in this paper occur after
the photoexcited SE ionizes to promote photocurrent; the
SE is spinless, and, thus, a magnetic field cannot directly
influence its population. Thus, the obtained MPC is the
result of intermediate processes in which transient photo-
generated pairs of spin S = %2 charges (spin pair, SP) are
not fully separated and may exist in either overall spin-
triplet (S = 1) or spin-singlet (S = 0) configurations. Any
mechanism within the SP that renders the photocurrent to
be magnetic field sensitive ought to include a dissociation
(and/or recombination) process which is spin dependent;
namely, there exists “symmetry breaking” between SP of
the overall spin singlet (SPg) and triplet (SP7). In many
cases, a slight symmetry breaking in the SPg and SP;
dissociation or recombination rates of only approximately
19%—-5% is sufficient to cause MPC of the order of a few
percent [8,11,25]. We note that spin-dependent recombi-
nation rates have indeed been found in recent dielectric
polarizability experiments [21] in P3BHT/PCBM blends.

Given the existence of asymmetry between SPy and SPr,
we now consider two mechanisms that may be effective at
high fields: (a) The Ag mechanism and (b) spin polarization
in thermal equilibrium caused by the high-field Zeeman
splitting. The former mechanism was discussed in some
detail in previous reports [17,26]; here, we summarize it for
completeness.

B (T)

A. The Ag mechanism

For spin pairs (e.g., radical pairs, PPs, or CTEs) that
are composed of two spin-%2 species with different g
factors, a known spin-mixing mechanism that is more
efficient at higher fields is the so-called Ag mechanism,
where Ag is the difference in the g factor of the two
spin-¥2 particles [14,18,27,28]. The nonidentical pre-
cession frequencies of the two individual spins at finite
B causes SPg to transform into the T, state of SP; and
vice versa [29] at a rate Aw, = ugAgB/h, which
increases with B leading to a more effective spin mixing
at higher fields.

In order to account for the Ag mechanism quantitatively
while keeping the discussion simple, we disregard the HF
interaction and consider only the Zeeman and exchange-
interaction terms in the spin Hamiltonian. Since the HF
field is of the order of approximately 3 mT, then neglecting
the HF interaction is justified for MPC(B) response at
fields much higher than the HF field. In the solid state, the
diffusion of spin pairs is small, and with the low density of
carriers, we may disregard diffusion and reencounter of
carriers after the spin pair has decayed; these effects are
important in biochemical reactions in solution [27].
Consequently, the SP Hamiltonian in a magnetic field B
is H= Zigi/lBé : 3’,- —1(31 . 3'2 + 1/4), where J is the
exchange interaction coefficient, and g; (g, # g») is the g
factor of spin S; = Y2. The exchange interaction in PPs or
CTEs is small, of the order of J/2up < 10 mT; thus, any
anisotropy in J will not show up at high fields. The g factor
of localized polarons in P3HT is anisotropic, but the
anisotropy is smaller than the difference Ag= ¢, — ¢;
between P3HT and PCBM. Thus, for the high field, spin
mixing is sufficient [30] to take into account the effect of
Ag only. At B =0, the four eigenstates may be divided
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into a singlet (y5) and threefold degenerate triplet states
(W7, Wro, wr_). For B #0, the states are Zeeman
separated into four levels:

Ei 4= [-JF(g91 + 92)upB/2]/2; Yia =VYrs,
Ey3; =FJ/(2cos8);
Va3 = cos(8/2)wro sF Sin(g/z)l//s,ro, (1)

where tan @ = 7Aw,,/J. Equation (1) shows that only the
singlet- (S) and T, triplet-spin wave functions mix, thereby,
the spin character of each mixed state [labeled 2 and 3 in
Eq. (1)] becomes B dependent. Consequently, at finite fields
the S and T, states are not eigenstates of the system causing
the initial photoexcited S-state population to oscillate
between levels 2 and 3 [Eq. (1)] with frequency |E, —
E;|/h ~2Aw, at high fields. These oscillations can be
described by using the time-dependent density matrix,
o(t) = e M!/hgpei!/M with oy = 6(t = 0). The singlet
and T, densities are then given by pgr (f)=
Tr[PS706(1)] = (1 4 cos?0) /2 & (sin*Ocoswast) /4, where,
PST0 is the projection operator, Tr denotes the trace, and
wy; = (E; — E3)/h. Tt is, thus, seen that the system oscil-
lates between singlet and T, states at a frequency that is
determined by Ag. It is then clear that the total SP number
density p(t) = ps(t) + pro(t) is conserved and is field
independent. No decay was assumed for the calculated
S, T densities above, but any real system is dissipative.
Eventually, the SP either dissociates into free charges that
contribute to the PC or recombine. We denote the spin-
dependent decay rates by kg and k7 for the SP in the singlet
and triplet configurations, respectively. The decay rate x
measures the rate at which spin pairs disappear both by
dissociation to free carriers (that contribute to the photo-
current) and by recombination. The effective decay rate
associated with the SP levels n = 1, ...,4 is then given by
[31,32]

Yn = Z K/lpﬁm’ (2)

A=S.T

where P}, is the nth diagonal matrix elements of the
projection operator for A = S or T configurations; note that
since S-T, mixing is B dependent so is P/,. When the decay
is included, then the SP density also decays taking the form
[31,32] pi(2) = >0 Phn(60) 0 €XP (i@t — Vumt), Where
A=, TO’ WOpm = (En - Em)/h’ and Ynm = ¥Yn + Vm- Note
that wy; = J/(hcosB), y, = kscos>(0/2) + kyosin®(0/2),
and y3 =kgsin?(6/2)+xpocos?(6/2) are all field dependent.

The SP dissociation contributes to the photocurrent.
The § and T dissociation rates kpg and kpp may be
spin dependent. The steady-state photocurrent is then
given by

kps — kpr)273¢%s2
= ( Di n (ZT)T 2;2 + 12202(62kDS + SszT)
23423

+ 73352 (s%kps + ¢*kpr), (3)

where for photoexcited SP, we take o, = P5. In Eq. (3),
Tym = 1/Vum» and ¢ = cos(6/2), s = sin(6/2). PCp,(B) is
the SP contribution to the photocurrent through the Ag
mechanism. The contribution of the Ag mechanism to
MPC is then obtained from Eq. (3) using the definition
MPC,,(B) = PCy,(B)/PCy,(0) — 1. It is easily verified
that for spin-independent decay, kg = k7 and kpg = kpr,
the SP density (=kp/2x) is field independent and
MPC,, = 0. Equation (3) shows that for short decay times,
w373 < 1 and AgugB > J, the profile of the calculated
MPC,,(B) is nearly Lorentzian with FWHM approxi-
mately 7/(Agugt), where 7 = 73 = 1/(kg + Kk79).

The Lorentzian line shape predicted by Eq. (3) is the result
of the assumed exponential decay process. In disordered
materials such as those used in the present study, the decay
process is found in many cases to be nonexponential, i.e.,
much slower [33,34]. Experimental data in amorphous
materials have been widely interpreted in terms of the
Kohlrausch-Williams-Watts (KWW) function, the so-called
“stretched-exponential”  decay [33,34], exp (—t/7¢)’
with f < 1, or by a sublinear power-law decay caused by
multiple trapping [35]. This nonexponential decay is
equivalent to having a broad distribution of decay times
[36]. Using this approach, the time-dependent free-
carrier-density profile should now be described by a
dispersive decay rather than by an exponential decay; this
leads to a “dispersive” B dependence rather than a
Lorentzian MPC,,(B) response. A simple dispersive
function that has been widely used to replace the
Lorentzian function in Eq. (3) is the Cole-Cole function
[36-38], [1 + (@y3723)%] " — Re[l + (iwy3723)%] ", where
Re denotes the real part, and a <1 is the dispersive
parameter; a can be related numerically to the KWW
stretched exponent # [36]. Similarly, the frequency-domain
dispersive parameter a can be related to the sublinear time-
domain power-law exponent [35]. The implementation of
the Cole-Cole function has been proven useful in a variety of
experiments such as dielectric spectroscopy [36] and photo-
modulation measurements [38—42], where the frequency
dependence of the measured quantities can be explained with
a decay time distribution.

B. The thermal spin-polarization model

The contribution of TSP in high magnetic fields (so-
called “spin statistics”) was recently considered by Wang
et al. [19] for explaining the low-temperature MEL(B)
response in organic light-emitting diodes and MC(B)
response in bias-driven organic photovoltaic cells. For
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the effect of TSP on the measured MPC (at zero bias), we
consider SP species in complete thermal equilibrium.
Under these conditions, the fraction of pairs in each of
the four spin sublevels E, [n =1, ...,4, Eq. (1)] is

=Y e, @
J

where b, = E, /kpT is the level “polarizing parameter,”
and kg is the Boltzmann constant. Starting at ¢ = 0 from
any given configuration p?, the system evolves toward
thermal equilibrium in an exponential process with a time
constant dominated by the material spin-relaxation time zg;
therefore, the thermal equilibrium fractions [Eq. (4)] are
reached after a time ¢ > 7. Consequently, for B = 0 and
J < kgT Eqgs. (4) and (1) lead to a nearly uniform thermal
distribution,p!" = 1 /4, whereas for large B and/or small 7,
the lowest level is predominantly populated with a dis-
tribution: pi" > pfs > pf. Neglecting any spin-mixing
mechanism that may occur prior to thermal equilibrium
but taking into account the pairs’ decay process, the time-
dependent-level occupation density may be calculated
using the following set of rate equations:

dp,(1)/dt = =1,p, — [pn - (; p/)pi?] /7
(n=1,....4). (5)

In Eq. (5), the first term on the rhs describes the spin-
dependent decay [the level decay rate y,, is given by Eq. (2)
above], whereas the second term in the rhs describes the
evolution toward thermal equilibrium. Consequently, the
spin sublevel populations become magnetic field and time
dependent. Solving Egs. (5) with the proper initial con-
ditions (e.g., only the S configuration is initially photo-
generated), we obtain the solutions p,, (¢, B). Consequently,
the contribution of TSP to the photocurrent PCy, at steady
state (t — oo0) is proportional to the total dissociation yield:

PCu(B) % Y kon [ pultcBdr(6)

where kp, = >, o7 kp;Ph, is the level dissociation rate.
For B =0, we have kp;,4 = kpr, kp3 = kps, whereas
for hlgh ﬁelds le,4 = kDT and kD2,3 = (kDS ‘I‘ kDT)/2
The contribution of TSP to the magnetophotocurrent
MPCy, is then obtained from Eq. (6): MPCy(B) =
PCy,(B)/PCy,(0) — 1. The calculated MPCy, is the con-
tribution of thermal polarization to MPC in the absence of
any spin-mixing mechanism. The total MPC is, thus, the
weighted sum of MPCy, and the contribution of the spin-
mixing processes [e.g., the Ag mechanism, Eq. (3)].

V. DISCUSSION

We now analyze the high-field response using the models
discussed above, namely, the Ag and TSP mechanisms.

Equation (3) for the Ag mechanism is obtained under the
assumption that the time it takes for the spin mixing by this
mechanism is much shorter than the SP decay time 7, and the
spin lattice relaxation time zg, which is the time constant to
reach thermal equilibrium. On the other hand, Eq. (6) for the
steady-state thermal polarization contribution explicitly
takes into account the system decay (i.e., dissociation and
recombination). We, therefore, use as an approximation for
the MPC response a weighted sum of MPC components as
follows:

MPC(B) = MPC,, + MPCy, + MPCye.  (7)

In Eq. (7), we add a HF Lorentzian response term to
account for the very low field having the response
MPCyp = WypB?/(B? + Byg?), where Wy is the weight
and Byr ~ 4 mT. We emphasize that MPCyg varies with B
only at very low fields; for B > By, the HF contribution is
field independent. We choose to separate the HF contri-
bution in Eq. (7) since at low fields, MPC due to the HF
interaction originates also from long-lived PPs (e.g., hole
on P3HT and electron not on PCBM or not localized
polarons) that do not contribute to the Ag mechanism. The
various HF contributions (which may be either positive or
negative) add up algebraically to the weight Wy in Eq. (7).
In any case, their effect is negligibly small at high fields.

In order to extract the relative contributions of the TSP
and Ag MPC components, we fit the experimental data
(Fig. 2) using Eq. (7) taking into account the following. We
use a fixed Ag = 0.002 for the P3HT/PCBM system [17].
The main parameter that determines the relative weight of
the TSP and Ag mechanisms is the ratio 7/7rg, where
77! = (kg + k7); see Eq. (5). The SL relaxation times 75 of
excess charges in light-induced P3HT/PCBM blends are
measured for various photoexcitation wavelengths in the
temperature range 77-200 K [43]. For annealed samples, zg
varies from approximately 1 us & 50% at 77 K to approx-
imately 0.3 us = 30% at 200 K. We assume that outside of
this temperature range there are no significant changes in
7g. Since the fitting parameter 7/zg changes by a factor of
approximately 5 x 10° (see Table I) in our measured
temperature range, a factor of approximately 2 or so in
7 should not significantly change the fitting results. From
these data, we can estimate 7!, which is used to calculate
MPC,,. We assume a uniform decay rate for all triplet
configurations (7. ,) and use the dissociation rate ratio
kps/kpr as one of the temperature-dependent fitting
parameters. For the HF interaction field, we use Byp =
4.3 mT [8,11] and adjust the strength and sign of Wy to
reproduce MPC at very low field at each temperature. We
note that the HF is influenced by contributions from various
sources [17]; thus, we do not attempt to fit it within
the high-field models discussed here. We have also
allowed for a modest exchange interaction for CTEs [44]
(J/gpp ~1-5 mT) and a dispersive recombination parameter
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TABLE L

Best-fitting parameters for the MPC(B) response for the temperature range 10-290 K. Second row: /7 is the ratio of the

SP decay time to the spin lattice relaxation time. Third row: The measured spin lattice relaxation time taken from Ref. [43] for the
annealed samples. The variations in the measured values are £50% at 77 K decreasing gradually to £30% at 200 K. The values in
parentheses are extrapolation for lower and higher temperatures (we conjecture no more than a factor of approximately 2 error bar on
these extrapolated values). Fourth row: kpro/kps, the ratio of the SP triplet T, to singlet dissociation rates. For kpro/kps < 1 (>1)
MPC,, and MPCy, have the same (opposite) signs (see text). Fifth row: Ag:TSPg, the weight ratio of the Ag-to-TSP components at
B = 8 T; the negative sign above 250 K signifies opposite signs of the two mechanisms. Sixth row: «, the dispersive parameter in the
MPC,,(B) response component (see text). Because of the low sensitivity of the response profile to a, we estimate £0.1 error bar in the

extracted values.

T (K) 10 20 40 60 80 100 160 200 250 290
7/Tg 3.8 10 1.1 0.1 3x1073 12x1073 22x107° 25x10° 62x10* 7.7x10™*
g (us) [431 (1) 1) (D) 1) 1.3 1.5 0.5 0.25 0.2) 0.2)
kpro/ kps 099 07 093 094 0.99 0.95 0.99 0.98 1.45 1.2
Ag:TSPg; 07 05 07 0.7 0.4 0.4 0.3 0.3 —-1.2 —1.8

a 06 07 06 0.6 0.9-1 0.9-1 0.9-1 0.9-1 0.9-1 0.9-1

(a ~ 0.5-1), although the data are less sensitive to variations
in these parameters. The magnitude of the exchange inter-
action is reasonable for CTEs in P3HT/PCBM blends, and it
does not affect the response at high fields. For the amorphous
blends used in our devices, it is not surprising that a
temperature-dependent decay time and, consequently, a
dispersive parameter a < 1 is obtained. Above T = 80 K,
where 7/7¢ becomes much smaller than 1, the response is
less sensitive to variations in «, and the data can be fit with
nearly nondispersive recombination, a = 0.9—1. The results
of the fits are shown in Fig. 3 at several representative
temperatures (similar quality fits are obtained at all other
temperatures). Table I summarizes the best-fitting parame-
ters. It is seen that MPC, is positive at high temperatures

[ (@  (b)

0r s

and reverses its sign below approximately 250 K; in parallel,
the fitting parameter kpg/kpr > 1 at high temperatures and
is smaller than 1 at low temperatures. Note that MPCy, is
negative at all temperatures and does not change sign. The
different behavior of MPC,, and MPCy, stems from the fact
that in the Ag mechanism only the S and T levels are
involved, whereas in the TSP mechanism, the dissociation
from all four levels determines the PC. Therefore, a much
larger change in kpg/kpr is needed in order to reverse the
sign of MPCy,.

Figure 4 shows an Arrhenius plot of the extracted
average decay rate as a function of temperature. It is seen
that the decay rate decreases sharply with decreasing
temperature from approximately 3 x 10° s™! at room

FIG. 3. Representative fits of the
MPC(B) response shown in Fig. 2
using the Ag-TSP model [Eq. (7)].
Black lines, experimental data; red
dots, fits obtained using Eq. (7). Note
that the fits contain the HF interaction
(B < 0.01 T); this is barely visible in
the expanded scale of the figure.
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FIG. 4. Arrhenius plot of the extracted SP decay rate obtained
from the MPC(B) fits (Table I and Fig. 3). The estimated error in
the decay rate is about a factor of 2. The dashed lines represent
two possible fits with activation energies in the range E,/kz =
180 K (blue dashed line) and E,/kz = 300 K (red dashed line).

temperature to a constant value 77!, where 77! ~5 x

10° s7! for T <40 K (see, also, Table I). The dashed
lines represent fits to a thermally activated behavior 7! =
vexp(—E,/kgT) + 7, with activation energies as marked.
We, thus, conclude that there exists a distribution of
activation energies in the range 0.015-0.026 eV.
Although there appear to be large variations in the derived
values of 7~! vs temperature, it is, nevertheless, clear that
7~! decreases (in a thermally activated fashion) by approx-
imately 4 orders of magnitude as the temperature decreases
from 300 to approximately 40 K. The very short decay time
obtained at room temperature (z ~ 0.3 ns) corresponds to
previous measurements of the decay time of CTEs at B = 0
[17,45]. It, thus, appears that the short decay time inhibits
larger values of the MPC. An OPV cell with longer CTE
decay at room temperature will show higher MPC values,
which may be more easily utilized.

VI. CONCLUSIONS

We show that both the Ag mechanism and thermal spin
polarization contribute to the magnetophotoconductance
response at high fields and low temperatures in organic
photovoltaic devices. The key parameter that determines
the relative contribution of each mechanism is the ratio of
the spin-pair lifetime to the spin lattice relaxation time,
7/7g. In TP3HT /PCBM blends, while zg increases by only
a factor of approximately 5 as the temperature decreases
from 300 to 40 K, 7 increases by approximately 4 orders of
magnitude, rendering the TSP mechanism to dominate the
MPC response at low temperatures. The opposite contri-
bution of the two MPC mechanisms and their characteristic
lifetime explain the polarity change of the high-field

MPC(B) response in the rrfP3AMT/PCBM blend at low
temperatures.

The present study shows that by using organic donor-
acceptor blends having relatively large difference in the D
and Ag factors and long electron-hole recombination times,
then the magnetic field effect on the photocurrent, and, in
turn, also on PCE may reach substantial values (>50%)
even at room temperature. Such an effect may pave the way
to magnetodevices operated by sunlight illumination.
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