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Hybrid halide perovskites have emerged as promising materials for spintronics research due to their
significant and tunable spin-orbit coupling (SOC). However, experimental findings that can discern the
correlation between spintronic properties and SOC are rare. Here, we report the observation of room-
temperature magnetoresistance (MR) and discuss the influence of chemical modification, hence SOC,
in lead-based hybrid halide perovskites. Suppression of current under magnetic field (B) in perovskite
thin films is explained in terms of field-modulated spin-mixing activity. We find that the MR increases
upon replacement of I with Br™ and C1™. The internal magnetic field parameter, i.e., HWHM of MR(B)
reduces as we replace I~ by Br~ and Cl™ evidencing SOC is indeed weakened on substituting I~ with
lighter halogen ions. Moreover, we analyze the effect of organic cation exchange by replacing MA™ with
FA™ but no drastic change in MR response is observed. Our results successfully establish the crucial role
played by SOC on MR for the development of spintronic devices, based on hybrid halide perovskites.
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I. INTRODUCTION

A rather unusual and comparatively less explored aspect
of hybrid halide perovskites is their potential use in spin-
tronic applications. Apart from their extraordinary opto-
electronic properties [1], such as the emission of strong
photoluminescence [2], a high extinction coefficient in the
visible wavelength region [3], tunable band gap [4], a
low exciton binding energy for efficient charge separa-
tion [5], long carrier diffusion length [6], a high [7] and
ambipolar carrier mobility [8] due to smaller electron and
hole effective masses, their spintronic properties have also
attracted immense interest from the scientific community.
Furthermore, properties like solution-processed growth [9]
and broad tuning of chemical composition in the per-
ovskite structure [10] make them beneficial particularly for
spintronics.

The magnetoresistance (MR) effect of a material refers
to the propensity of changing its electrical resistance upon
application of an external magnetic field. MR can gen-
erally be observed under the spin-valve geometry when
the parallel and antiparallel arrangement of the outermost
ferromagnetic electrodes, having different coercive fields,
could be achieved by swiping an externally applied mag-
netic field [11,12]. Besides, in the case of nonmagnetic
semiconductors spin blockade, scattering of conduction
electrons by defects and disorder could be the possible ori-
gin of MR [13—15]. However, electroluminescence studies
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in hybrid halide perovskites have revealed that an external
magnetic field can change the electrical injection current
in light-emitting diodes under non-spin-polarized charge
injection [16]. These sorts of magnetic field effects are
intrinsic to the perovskites and successfully explained by
the “Ag mechanism” [16,17] (where Ag is the differ-
ence between the g factor of the electron and hole in the
spin-pair species) regardless of the limitations imposed by
strong spin-orbit coupling (SOC) [18,19].

The presence of heavy atoms, such as lead (Pb) in
their chemical composition induces a notable SOC, affect-
ing the electronic band structure of the particular class
of materials [20]. Even in the case of bulk centrosym-
metric materials, defects arising out of the interfaces,
surfaces, and grain boundaries locally break the inversion
symmetry [21]. Consequently, SOC strength in conjunc-
tion with the breaking of inversion symmetry, immedi-
ately leads to unique spin-dependent properties [22,23].
In addition, room-temperature ferromagnetism [24], mod-
erate spin lifetime, and reasonably large spin diffusion
length makes it usable as a promising material for spin-
tronic application [25-27]. To date, spin-related phenom-
ena such as light-induced magnetic switch [28], magnetic
field effects [16], spin-selective optical Stark effect [29,30],
and also Rashba spin splitting [31,32] have been demon-
strated in hybrid halide perovskites both from the theoreti-
cal and experimental point of view. Although few works
have taken place [33,34], a proper understanding of the
phenomena governing the ordinary MR effect in pristine
hybrid halide-perovskite systems is still insufficient.
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In this work, we study the room-temperature MR effect
in electrical injection current of Pb-based hybrid halide
perovskites having APbXj structure, where A and X rep-
resents monovalent organic cation and halogen anion,
respectively. Moreover, we vary the inorganic halide ions
and organic cations that enable a synthetic tuning of SOC.
Hence, our result is likely to provide useful information
on the occurrence of MR, as well as the rationale behind
the effect of SOC on MR in these hybrid halide-perovskite
systems. Undoubtedly, addressing the underlying mecha-
nism of MR can impact on the magnetic field control of the
electronic properties of perovskites in magnetic devices,
paving the way towards spintronics-related applications
with these classes of fascinating materials.

II. MAGNETORESISTANCE IN HYBRID
PEROVSKITE THIN FILMS

The thin films and devices based on lead halide per-
ovskite having different halogen (iodine, bromine, and
chloride) and organic cation (methylammonium and for-
mamidinium) are fabricated by following a standard tech-
nique [35] (see experimental details [36]). The characteris-
tic absorption spectra of perovskites MAPbI;, MAPbBr3,
MAPDCI;, and FAPDI; presented in Fig. 1(a) shows a
strong absorption in visible wavelength range with opti-
cal band gaps 1.59, 2.3, 3.05, and 1.5 eV, respectively,
as obtained from the Tauc plots (see Fig. S1 within the
Supplemental Material) [36]. The x-ray diffraction (XRD)
patterns presented in Fig. 1(b) show the distinct position of
characteristic peaks for four different perovskites and these
patterns match well with the reported results [37,38]. Thus,
the optical absorption spectra along with the XRD pattern
confirms the phase purity of these perovskites.

To investigate the effect of magnetic field (B) on electri-
cal conductivity of hybrid halide perovskites, the current
(I)-voltage (V) characteristics of MAPbI; thin films are
first recorded both in the presence and absence of B with
strength approximately 400 mT at room temperature. A
schematic of the device used in our study is presented in
Fig. 1(c) where electrodes are chosen to facilitate carrier
injection from the opposite electrodes. The active junc-
tion area of the device is approximately 10 mm?. We
intentionally apply external magnetic field, B, in a direc-
tion perpendicular to the sample surface. In Fig. 1(d), /-V
characteristics are nonlinear in nature and typical for the
semiconducting active materials. The little asymmetry in
the /-V curve appears due to the inequality of the work
functions of the two electrodes. From Fig. 1(d), a clear
suppression in current value upon application of B can be
observed, which indicates the presence of MR in MAPbI;.
Here MR is defined as

AR _R(B#0)—RB=0) I(B=0)—I(B%#0)

R R(B = 0) I(B # 0) ’
(1)

where, R(B#0), [(B#0), and R(B=0), [(B=0) are the
resistances and current values at a fixed applied bias in
the presence and absence of B, respectively. We obtain a
positive MR as approximately 10% at 2.0 V for MAPbI;
as calculated from Eq. (1). We should note here that
the MR values were obtained at the current values more
than 70 uA. So, to nullify the current-induced heat-
ing effects in the MR response, we measure the /-V
response in alternating sequences after switching on and
off the magnetic field. Figure S2 within the Supplemental
Material shows multiple measurements with and with-
out magnetic fields, highlighting the absence of current-
induced heating effects and the reproducible MR response
as well [36].

Observation of MR effect in MAPbI; thin film can
be described on the basis of formation of correlated
electron-hole (e~-A%) spin-pair species in the triplet
(Tn=t1 = [11), Tn=—1 = ), and Tpmo = (IT) + 1))
/~/2) and singlet (Su—o = (I114) = [41))/+/2) configura-
tions; and modulation of their population under external
magnetic field. We note that small spin-lattice relaxation
time of the spin-pair species in MAPbI; due to strong
SOC-imposed restrictions in exhibiting MR [18,19]. But,
the nontrivial Ag in a spin-pair species [39] could lead to
the observable MR.

Assuming a spin-independent electron-hole capture pro-
cess (as innate in the Langevin model), the spin-correlated
e -h' pair gets created when electrons and holes from
opposite electrodes approach each other under the influ-
ence of electric field having an initial singlet-to-triplet
ratio 1:3 [40]. Due to small exchange interaction [39],
emanating from the organic cation-induced e™-h" charge
separation, the four spin-paired levels are equally pop-
ulated at room temperature reaching the steady state.
That is, in the absence of B, the constant competition
between SOC strength, leading to spin mixing, and the
exchange correlation, which is responsible for spin con-
servation, in the singlet and threefold degenerate triplet
states results in a state of dynamic equilibrium [41,42].
Due to the complicated recombination based on the
spin-selection rule, the spin-correlated e~ -4 pair in its
triplet configurations, which are more prone to disso-
ciate into free carriers, gives rise to steady-state cur-
rent. But the application of B can perturb this equilib-
rium by modulating the singlet and triplet steady-state
populations.

When B is applied, the coherent relationship between the
electron and hole precessions starts to be destroyed due to
the field-induced additional precession for the e™-A™ pair
during electron and hole recombination [43]. Additionally,
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in the case of MAPbI;, owing to a high Ag value (which
is more than 2 orders of magnitude higher than the ordi-
nary organic semiconductors) [44,45], a sufficient amount
of spin mixing between singlet and triplet could occur at a
rate (Aw,):

Aw, = ugAgB/h, )
where up is the Bohr magneton and 7 is the reduced
Planck constant. So, the rate of transfer between singlet
and triplet increases with magnetic field. Consequently, the
different spin-pair dissociation rate for singlet and triplets
[46] leads to a variation in the steady-state conductivity
with B. Figure 2 schematically depicts the mechanism of
MR response.

To be precise, under the influence of B, spin mix-
ing between singlet (S,,—9) and only T7,,—o triplet level
occurs rather than the singlet with whole triplet manifolds.
Thereby the spin characteristic of each component of this
mixed state is dependent on B. So, in the presence of B, a
lesser fraction of e™-A" pairs available for dissociation in
the triplet configuration. In contrast, when B is not applied,
the fraction of e -A™ pairs in triplet configuration is higher
due to intermixing of all available states (than in the case
of intermixing only between S,,—¢ and T, states). So

-1 0 1 2
Voltage (V)

in the presence of B, current resulting from the dissocia-
tion of triplet spin-pair species into free carriers decreases.
Consequently, we observe a positive MR.

III. EXPLORING THE EFFECTS OF SOC ON MR
IN PEROVSKITES

We can admit that the hybrid halide perovskites pos-
sess a strong SOC due to the presence of heavy elements
like Pb [47]. On the experimental side, it has been shown
that spintronic properties can be tuned by changing the
elemental composition of the perovskites supporting the
relevant change in SOC strength [26]. Hence, our strategy
is to track the MR response by performing targeted chem-
ical substitutions, such as halide substitution and cation
exchange within the Pb-based hybrid halide-perovskite
framework.

A. Effect of halide modification

We accordingly compare the [-V responses for
MAPDBr; and MAPDBCI; thin films by applying an external
field of approximately 400 mT at an applied bias of 2.0 V
[see Figs. 3(a) and 3(b)] with MAPDbI;. Such characteris-
tics at different field strengths with MAPbI;, MAPbBr3,
and MAPDCI; as active perovskite layers are collated in
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Figs. S3, S4, and S5 within the Supplemental Material,
respectively [36]. As we can see, the relative suppression
in magnitude of current after applying B is much higher
in the case of MAPbCIl; than the others, leading to higher
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FIG. 2. Schematic representation of
the mechanism behind the origin of
MR in hybrid halide perovskites. While
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a difference in SOC parameter that scales with Z*. This is
manifested in the increment of MR of MAPbCl; compared
to MAPbBr; and MAPDI; suggesting a strong influence of
SOC.

To get further insight on the observed difference in MR
response, we further compare the MR response in these
three perovskite systems by varying the magnetic field,
MR(B). In Fig. 3(c), it can be observed that applying a
magnetic field causes a positive MR in each device along
with the increment in magnitude of MR upon increase
in B. More importantly, the change is sharper in the case
of MAPDCI; than the other hybrid perovskites contain-
ing Br~ and I7. Now to check the sharpness of change
of the MR(B) response, we perform a curve fitting of
the normalized MR based on Lorentzian function [48]
and from the HWHM we determine the internal magnetic
parameter (B ;) correlated to the SOC strength. From Fig.
3(d), we determine By /,=~320 mT, B;,,=~201 mT, and
Bij=~143 mT for iodide, bromide, and chloride-based
perovskites, respectively, denoting a larger line shape
broadening in the case of MAPDI;.

To comment on the observed change, it is necessary
to recall the rate of change of the singlet-to-triplet ratio
(x) in the presence of magnetic field (which is denoted
by dx/dB). As the SOC parameter decreases, it is eas-
ier for external magnetic field to destroy the population
equilibrium between singlet and triplet states. So, as the

equilibrium becomes weaker, d x /9B increases; this causes
anarrower line shape of the MR(B). This is evidenced from
the gradual decrement in the line shape while changing the
halide ions from I~ to C1™ via Br™.

B. Influence of cation exchange

Now, to explore the influence of cation exchange on MR
in perovskites, we consider the FA equivalent of MAPbDI;,
FAPbI;. From previous studies, it can be reiterated that,
cation-induced structural change endorsed markedly differ-
ent electronic and optical properties in organohalide lead
perovskites mediated by the different SOC strengths [49].

In Fig 4(a), we present the /-7 characteristics of FAPbI3
thin films with and without 400-mT field and com-
pare [in Fig. 4(b)] the MR(B) response between FAPbI;
and MAPbI;. Remaining /-V curves with different B
are imprinted in Fig. S6 within the Supplemental Mate-
rial [36]. While comparing the MR(B) of FAPbI; with
MAPDI;, we do not observe any significant difference
apart from a small reduction in MR magnitude. The
observed behavior in MR response stems from the fact
that there is an increment in the spin-orbit interaction in
FAPDI;. It is predicted that an enhancement of SOC can
occur on account of the cation-induced structural-phase
transition [49]. Upon incorporation of FA™, pseudocubic
structures of FAPbI; support an enhanced SOC compared
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to octahedrally tilted tetragonal structures like MAPbDI;.
Since the ionic character is higher for Pb—I bonds in
FAPI;, the Pb contribution in forming the conduction band
increases, resulting in slightly higher SOC. From Fig. 4(c),
we also quantify the half-width at half maxima to esti-
mate the internal field parameter (B;,,). For FAPbI; it is
B1»=~329 mT, which is higher than MAPbI; suggestive
of a larger SOC.

C. Discussions on spintronic properties

According to the “Ag mechanism,” B, is related to
spin lifetime (7) as

T = h/QupAgBi)2). (3)

We then calculate the 7 from the By, values obtained from
the observed MR(B) response. Here, we assume that the
value of Ag, which varies as approximately (Z/137)?, is 1
because of the presence of heavy elements (like Pb, I etc.)
in perovskite structures. If we closely look at Table I, we
notice two interesting things. First, as SOC increases while
going downwards by column, t decreases. Secondly, t
varies significantly upon changing the halide ions as com-
pared to the organic cations. Consequently, we could find
that the spintronic properties in hybrid halide perovskites
are predominantly governed by the inorganic halide ions
rather than the organic cations. This is in agreement with a
current observation [26].

Apart from a report based on T measurement of single-
crystal MAPbBr; [50], there are no other reports on 7 at
room temperature. If we compare t for MAPbBr; thin
film with that of the reported value, a smaller magnitude
of 7 might be attributed to the higher degree of defects
arising out of the grain boundaries in the case of solution-
processed thin films. However, there are few works on
measuring t at low temperatures [32,51]. Reduction in
T compared to the low-temperature values can also be
explained in terms of enhanced spin relaxation at room
temperature [52]. Thus, the obtained values are particularly
considerable.

While analyzing the MR across the hybrid halide-
perovskite thin films, it is realized that as the amplitude of
MR increases, B, decreases implying a narrower MR(B).
From the plot in Fig. 5(a), it can be seen that the normalized

TABLEI. Estimated spin lifetime (7) using the Ag mechanism
in hybrid halide perovskites.

Perovskite sample MRax (%) B> (mT) T (pS)
MAPbBHCI; 22.0 143 39
MAPbBr; 17.0 201 28
MAPbI; 11.1 320 18
FAPbI; 10.7 329 17
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FIG. 5. (a) Variation of Amp(MR) with 1/B,, and (b) effect of

SOC on MR as compiled from Table I.

amplitude of MR, Amp(MR) depends linearly on the
inverse of By/,. As a result, we can affirm that, this par-
ticular response of the Pb-based hybrid halide perovskites
is an intrinsic property of this family of semiconductors
and depends on an internal parameter, which is nothing
but the SOC apart from varying arbitrarily among the
thin films of different hybrid halide perovskites. Finally, in
Fig. 5(b), we delineate the MR for the different perovskite
films with comparable thickness depicting the fact that MR
decreases as SOC increases. Moreover, MR in such cases
could be dependent on the spin-dependent pair dissociation
and/or recombination rates. Switching I~ in MAPI; with
lighter halogen atoms (Br~ and Cl7), reduces the spin-
orbit-interaction strength and increases MR magnitude. On
the other hand, very minor reduction in MR is found while
substituting MA by FA, lifting SOC strength.
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IV. CONCLUSION

In conclusion, we report the observation of room-
temperature MR in MAPI for magnetic fields up to 500 mT
and describe this finding in terms of a spin-correlated
e~ -h™ pair and their occupation modulation in the spin-
pair manifold under the action of B. Moreover, we find
that the MR response becomes more prominent when we
replace I~ with CI™ ions in Pb-based hybrid halide per-
ovskites. Our field-dependent MR plot indicates that when
we substitute I~ with lighter halogen ions (C17, Br7) it
reduces the internal magnetic field parameter (B;,,), pro-
viding direct evidence that SOC is indeed decreased in the
bromide and chloride-based perovskites than in the case of
iodide ones. Additionally, when we compare the MR(B)
response by changing the organic cation from MA™ to
FA™, it also affects the amplitude of MR. In a nutshell,
our results present an insightful understanding of the SOC
effect in MR in hybrid halide-perovskite systems.
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