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Supplementary Information

Supplementary Note 1- For application of small magnetic field BA

The total Hamiltonian can be written as:

H = Ho + V (1)

where considering Supplementary Figure 1,

Ho = ϵ(k)− α(σxky − σykx) (2)

α = µB~E/mc2

V = −µB|BA|(σxcosϕ− σysinϕ)) (3)

H o is the unperturbed Hamiltonian, V is the perturbation.

The eigenvalues of H o are

λ±
o = ϵ(k)∓ αk = ~2k2/2m∓ αk (4)

k =
√
k2
x + k2

y

The corresponding eigenfunctions known as minority Rashba-band and majority Rashba-

band are respectively given as:[1]

|k+⟩ = 1√
2

 1

−ieiθk

 and |k−⟩ = 1√
2

 1

ieiθk

 (5)

Here,

cosθk =
kx
k

and sinθk =
ky
k

(6)

Now refering to Taskin et al. supplementary notes[2], when a resistivity anisotropy is

induced by an in-plane magnetic field BA along x’-axis (Fig. 2), the resistivity tensor may

be written in a diagonalized form:

Ex’

Ey’

 =

R∥ 0

0 R⊥

jx’

jy’

 (7)
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Supplementary Figure 1: Schematic. Schematic for the direction of propagation of carriers and

applied magnetic field.
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Supplementary Figure 2: Schematic. Schematic presenting the laboratory frame of reference and

the frame of reference of the applied magnetic field.

Here, E x’ and j x’ are along BA while E y’ and j y’ are perpendicular. Here, unlike Taskin

et al., we provide explicit expressions for R∥ and R⊥ with reference to the Hamiltonian in

Supplementary Eq.1-3.

Computation of R⊥ This part is the simplest because in this geometry, the electric field

E is applied along y’-axis (E y’) and the current j is also measured in this direction (j y’).

Hence, the magnetic field, being normal to y’-axis, has no influence on R⊥, thereby making

the Rashba physics irrelevant. Then we will take R⊥ to be the simple Drude contribution

Ro, which we do not calculate. So,

R⊥ = Ro (8)

Computation of R∥ Now, both the electric field E x’ and the current j x’ are along the

direction in which the in-plane BA field is applied. Therefore, in addition to the residual

Drude resistivity Ro, the strong presence of the spin-orbit interaction via the Rashba effect

comes into play.
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Because BA couples to σx’ via the Zeeman interaction (Supplementary Eq. 3), it causes

transitions between the majority and minority Rashba bands which are the eigenstates of

the unperturbed Hamiltonian H o (Supplementary Eq. 5). These transitions are like ’spin-

flip’ scattering processes which, in turn, cause momentum reversal (from k to -k) thereby

causing resistance. In first order perturbation theory,

R∥ = Ro + γµ2
B |BA|2 | ⟨k′−|σx |k′+⟩ |2 (9)

γ being a constant, where from Eq. 5,

|k′+⟩ = 1√
2

 1

−ieiθk′

 and |k′−⟩ = 1√
2

 1

ieiθ
′
k

 (10)

In Supplementary Eq. 9, the Drude contribution Ro is added. The bar denotes an average

over all k’-directions. Now,

⟨k′−|σx |k′+⟩ = 1

2

(
1 −ie−iθk′

)0 1

1 0

 1

−ieiθk′


=

1

2

(
1 −ie−iθk′

)−ieiθk′

1

 = −icosθ′k

Therefore,

| ⟨k′−|σx |k′+⟩ |2 = cos2θk′ =
1

2
(11)

Substituting,

R∥ = Ro +
γ

2
µ2
B B2

A (12)

Following Taskin et al., the transformation from the principal axes to the film (i.e. labo-

ratory axes) is effected by

Ex

Ey

 =

cosϕ −sinϕ

sinϕ cosϕ

R∥ 0

0 R⊥

 cosϕ sinϕ

−sinϕ cosϕ

jx

jy

 (13)

By setting j y=0, in confirmation with our experimental results, we get,

Rxx =
Ex

jx
= R⊥ + (R∥ −R⊥)cos

2ϕ (14)

Ryx =
Ey

jx
= (R∥ −R⊥)cosϕsinϕ (15)
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From Eq. 12 and 8,

Rxx = Ro +
γ

2
µ2
B B2

A cos2ϕ (16)

Ryx =
γ

2
µ2
B cosϕsinϕ (17)

In Supplementary Eq. 14, Ro is expected to be small.

Supplementary Note 2- Calculation of transition matrices

The matrix elements for the transitions between the Rashba-energy split bands (1,2,3

and 4) shown in Figure 4(e) of manuscript are given by:

⟨1|σy |2⟩ = f ∗
−(k)− f−(k − 2∆) (18)

⟨1|σy |3⟩ = f ∗
−(k)− f+(k − 2∆) (19)

⟨1|σy |4⟩ = f ∗
−(k) + f+(k) (20)

⟨2|σy |3⟩ = −f ∗
−(k − 2∆)− f+(k − 2∆) (21)

⟨2|σy |4⟩ = −f ∗
−(k − 2∆) + f+(k) (22)

⟨3|σy |4⟩ = −f ∗
+(k − 2∆) + f+(k) (23)

where,

f(+,−)(k) =
1

2
[
k + (−)rsin(Φ)− (+)ircos(Φ)√

r2 + k2 + (−)2rksin(Φ)
] (24)

and f∗ is its complex conjugate, k is wave vector, ∆ is the split in the Rashba-energy

bands, ϕ is the angle between applied current (I ) and magnetic field (B) and σy is the

Pauli-spin matrix.

Supplementary Note 3- X-ray photoelectron spectroscopy measurements

We have performed X-ray photoelectron spectroscopy (XPS) measurement on the freshly

prepared LVO thin film. XPS measurement of the core level spectrum were carried out with a
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Supplementary Figure 3: Hall measurements.(Color online) Hall resistance for all the samples

measured at 1.8 K. The linear dependence of Hall resistance suggests single type of carriers in the

system.

non-monochromatic Mg Kα x-ray source having photon energy 1253.6 eV, the hemispherical

analyzer operated at a constant pass energy of 20 eV and the pressure of analyzing chamber

was maintained at ≈ 1x10−9 mbar throughout the measurement. All the spectra obtained

were calibrated to a C 1s peak at 284.2 eV.[3] Core level XPS spectrum of LVO thin film

is shown in the Supplementary Figure 4(a) below, where the obtained binding energy (BE)

curve of V 2p core level depicting the two peaks corresponding to V 2p3/2 and V 2p1/2 at

516.0 and 523.6 eV BE respectively. As we have used the non-monochromatic Mg Kα x-ray

source, this always gives Mg Kα3,4 signal in XPS spectrum which needs to be subtracted

from raw data. The spectrum shown in the Supplementary Figure 4(a) is Mg Kα3,4 signal

subtracted spectrum from the raw data of V 2p core level. There are several reports available

in the literature for XPS peak position of the V3+ species ranging from 515.15 eV to 516.3

eV [4–7] and our result fall well within the reported range. We have further analysed V

2p3/2 core level spectrum by fitting it with the convoluted function. The shape of peak

is defined by a Lorentzian function convoluted by a Gaussian function with full width at

half maximum (FWHM) representing the lifetime and resolution broadening respectively.
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Supplementary Figure 4: XPS measurements.(Color online)(a) Core level X-ray photoemission

spectrum of V 2p collected with Mg Kα x-ray source having 1253.6 eV photon energy (b) Fitting

of V 2p3/2 peak using the convoluted function (Lorentzian function convoluted with Gaussian

function).

In the Supplementary Figure 4(b), fitting of the V 2p3/2 peak is shown, where black open

circles is the experimental data, blue solid line is the fitted spectrum, red dashed line is V3+

contribution in the spectrum, magenta solid line showing the error in the fitting and the

violet solid line is depicting the Shirley background used for the background subtraction.

We have deliberately omitted the V 2p1/2 part while fitting, since V 2p1/2 peak overlaps

with tail part of the O 1s peak and that makes the fitting of whole V 2p spectrum more

complicated. As shown in the Supplementary Figure 4(b), V 2p3/2 peak is fitted well with

a single peak and this confirms the presence of the single valence state of V3+.

In conclusion, XPS measurement and the fitting of V 2p3/2 core level peak confirm that

V is present in single 3+ valence state.
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