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Multiband character revealed from weak antilocalization in platinum thin films
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Platinum (Pt) has been very much used for spin-charge conversion in spintronics research due to its large
intrinsic spin-orbit interaction. Magnetoconductance originating from weak antilocalization in the quantum
interference regime is used as a powerful tool to obtain the microscopic information of spin-orbit interaction
and the coherence phase breaking scattering process among itinerant electrons. To acquire the knowledge of
different types of scattering processes, we have performed a magnetoconductance study on Pt thin films which
manifests multiband (multichannel) conduction. An extensive analysis of quantum-interference-originated weak
antilocalization reveals the existence of strong (weak) interband scattering between two similar (different)
orbitals. Coherence phase breaking lengths (I,) and their temperature dependence are found to be significantly
different for these two conducting bands. The observed effects are consistent with the theoretical prediction that
there exist three Fermi sheets with one s and two d orbital character. This study provides the evidence of two
independent nonsimilar conducting channels and the presence of anisotropic spin-orbit interaction along with

e-e correlation in Pt thin films.

DOLI: 10.1103/PhysRevB.107.035127

I. INTRODUCTION

Gaining control over the electron spin degree of freedom
is very desirable in the field of spintronic research [1,2]. In
recent days, spin-orbit interaction (SOI) has been found to
provide a promising strategy for electrical manipulation of
spin and magnetism in spintronic devices [3—6]. This includes
the creation of spin current from the transverse charge cur-
rent known as spin Hall effect (SHE) [7-9], and the exertion
of a torque on a local magnetization from electrical current
by the spin-orbit torque effect [10—13]. At a microscopic
level, the asymmetric spin dependent electron scattering in-
duced by SOI lies at the heart of the above phenomena
[14,15]. Besides, a broader implication of SOI is realized in
the design of topological materials with their potential use
in low-energy dissipation and faster magnetization switching
[16-19]. Materials with high-Z elements (Z is atomic number)
are ideal candidates to look for spin-orbit interaction induced
phenomena (SOI strength o Z* [20]). In particular, the 5d
transition metal Pt has drawn lot of attention for spin-charge
conversions and spin-torque effect in Pt/magnetic layer based
heterostructures due to its intrinsic high SOI [21-24]. Fur-
ther, the observation of the inverse spin Hall effect (ISHE)
(reverse process of SHE, i.e., creation of charge current from
transverse spin current) in Nig; Fe 9 /Pt and in Pt wire at room
temperature provided an effective way to detect spin current
[25,26]. In view of the extensive use of Pt in spintronics
owing to its chemical inertness, easy fabrication of devices
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and most importantly strong intrinsic spin-orbit interaction, it
is important to have a comprehensive understanding of spin-
orbit interaction on electronic transport in bare metallic Pt thin
films.

Quantum-interference-originated weak localization (WL)
or weak antilocalization (WAL) is very much sensitive to
the spin-orbit interaction (SOI) scattering process in con-
ducting systems [27]. In real system, any type of deviation
from perfect crystalline structure acts as a source of scat-
tering potential for itinerant electrons. Scattered electrons
propagating along time-reversed, identical self-intersecting
trajectories known as a “Cooperon loop” (CL) [28,29] inter-
fere constructively/destructively to give rise to suppression
(WL)/enhancement (WAL) of conductivity. Experimentally,
WL /WAL is usually determined from conductance correction
to classical Drude conductivity at low temperature and in the
presence of external magnetic field. The interference correc-
tion tends to vanish for most trajectories after averaging over
the random scattering potentials, except for those scattered
electrons which propagate in CL.

The application of uniform external magnetic field breaks
the time-reversal symmetry required for the interference effect
and induces an additional relative phase shift (due to enclosed
magnetic flux) between the two electrons traversing CL. This
effect suppresses constructive/destructive interference; as a
result conductance gets enhanced (positive)/decreased (neg-
ative) with application of magnetic field in the WL/WAL
regime [30,31]. Therefore, variation of magnetoconductance
is used as a sensitive probe to detect the quantum interference
effect. Traditionally, the manifestation of WAL has been at-
tributed to SOI in material. In order for WAL to occur, it is
crucial to have a 7 phase shift between two electron trajecto-
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ries. The rotation of a spin-1/2 particle by 47 is equivalent to
the identity operation and for most of the conducting systems,
SOI gives rise to 2 rotation of itinerant electron spin which
induces m phase shift resulting in the WAL effect [32,33].
Though Pt has been reported to exhibit the SOI-induced WAL
effect [34], our work here is fundamentally different as it
delves into understanding the importance of various elec-
tron scattering processes, multiband effects, orbital symmetry
associated interband scattering, and e-e correlation on the
electron transport properties (quantum interference regime) in
Pt thin films.

In this work, we have carried out an in-depth magneto-
transport study to examine the underlying SOI scattering of
itinerant electrons from the WAL effect in Pt thin films. It
is realized that SOI scattering strength [proportional to the
characteristic spin-orbit magnetic field (By, ~ 2 T)] is very
much stronger than the coherent phase breaking scattering
strength (By ~ 0.004 T at 2 K). The corresponding B;, and
By are extracted by using the Hikami-Larkin-Nagaoka (HLN)
equation [Eq. (7)]. The corresponding spin-orbit scattering
length I, (B, = h/4el§0) for quasi-2D Pt thin film in the
present study is estimated to be [y, ~ 9 nm (B, ~ 2 T), which
is close to the value I, ~ 12 nm obtained for quasi-1D Pt
nanowire from weak-antilocalization measurements, and it
was comparable to the spin diffusion lengths determined from
lateral spin valve ones [34].

Further, it has been found that the single conduction chan-
nel cannot be fitted well with experimental data; rather two
independent conduction channels need to be considered to
reconcile with experimental data. To get more information
about conducting channels and their orbital symmetry, we
examined the temperature-dependent behavior of By. It is
found that Bé)(T) for one channel exhibits prominent temper-
ature dependence whereas Bi(T) corresponding to the other
channel shows weak temperature dependence. The observed
difference in the temperature variation of B;(T) and Bi(T)
is attributed to two conducting channels made of orbitals
with different symmetry. The bands originating from more
symmetric orbitals are less sensitive to disorder whereas the
bands originating from anisotropic orbitals are more sensi-
tive to disorder and this is reflected in temperature-dependent
By(T), B;(T). The observed effects are consistent with the
theoretical prediction that there exist three Fermi sheets (FSs)
with one s and two d orbital character [35-37]. This study pro-
vides the evidence of two independent nonsimilar conducting
channels [one channel is made of the s orbital FS and other
originates from combining two d orbital FSs (illustrated in
Fig. 7)] and the presence of anisotropic spin-orbit interaction
along with e-e correlation in Pt thin films.

II. EXPERIMENT

Platinum thin films were grown on Si/SiO, substrates
using DC magnetron sputtering at room temperature with a
base pressure 5 x 108 mbar. Before deposition, photolithog-
raphy patterning with a Hall bar geometry was done with
a mask aligner MDA-400M-N on 5 x 5 mm? substrates.
The thickness variation of the Pt layer was achieved from a
single deposition run by rotating the substrate plate holder.
The structural characterization was carried out using a high-
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FIG. 1. Resistivity p(T') vs T plot for Pt 16 nm (blue color) and
23 nm (orange color) films; darker color at low temperature indicates
quantum interference regime. EEI-originated p(T') o T? in the tem-
perature range 15 K < T < 26 K is illustrated in inset [solid red color
lines represent fitting of Eq. (1)].

resolution x-ray diffractometer. The films were found to be
polycrystalline with grains mainly grown/oriented on the
(111) plane. The thickness of the films was determined to
be 16 nm and 23 nm with a roughness about 3 A from
x-ray reflectivity (XRR) measurement. The magnetotrans-
port measurements were performed in a cryogenic physical
property measurement system (PPMS) with magnetic fields
applied parallel and perpendicular to the film surface. We used
Keithley 6221 as the current source and a Keithley 2182A
nanovoltmeter for better data resolution.

III. RESISTIVITY AT LOW TEMPERATURE

The temperature-dependent resistivity p for 16 and 23 nm
thick films (Fig. 1) exhibits a positive temperature coefficient
(j—? > () above 6 K indicating metallic character. Moreover,
in the intermediate temperature range 15 K < T < 26 K, the
resistivity follows quadratic temperature dependence which
is attributed to e-e Coulomb interaction (EEI) [38-40] and is
shown in inset of Fig. 1. Experimental data in the temperature

range 15 K < T < 26 K fits well with Eq. (1),
p(T) = po+ A T?, ey

where pg is residual resistivity and Ap accounts for the
EEI contribution. From fitting, we obtain Ag, equal to 3.6 x
107* uQ2 em K2 and 3.36 x 10~* uQ2 cm K2 for 16 nm and
23 nm thick films, respectively. The obtained value of A is
higher for 16 nm film as compared to 23 nm and it is consistent
with theory that Ap;, oc E ? x (m*)?, where Er and m* are
Fermi energy and effective mass of the electron, respectively
[41]. The extracted values of Apy are slightly higher than the
reported value of Ag. ~ 107 uQ2 cm K2 for bulk Pt [40],
which could be due to reduction of system dimension.

In the low-temperature regime (2 K <7 < 6 K), p(T)
exhibits an upturn which is attributed to the combined effect
of quantum interference (WL/WAL) and EEI correction in
the quasi-2D limit. This regime is denoted by the dark color
shown in Fig. 1 and it is discussed in Sec. IV in terms of sheet
conductance correction.
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IV. SIGNATURE OF WAL EFFECT FROM
TEMPERATURE-DEPENDENT SHEET CONDUCTANCE

At low temperature due to weak thermal agitation, elec-
trons are able to move longer distance (on an average) with
maintaining phase coherence which is known as phase coher-
ence length (/;). Quantum interference manifests prominently
when phase coherence length is very much longer than the
mean-free path (/) of electrons (g > [.). One of the indica-
tions of quantum interference correction is In(7") dependence
of sheet conductance (Aoyy) in the 2D limit (I, > ¢, where t is
film thickness) and in general, for N independent conducting
channels or Fermi sheets, Aoy, can be expressed as [43—45]

2
77 In(7'/To), @)
where yiy is related with interaction coupling strength among
independent Fermi sheets (strong coupling and zero coupling
lead to Nyine ~ 1 and Nyie ~ N, respectively), p is related
with the temperature exponent of phase coherence length
(l; o« T~P[46-48]), Ty depends on [, and « takes differ-
ent values depending upon the dominant scattering process
involved. For three extreme situations « follows as (i) o ~
—1/2 in strong spin-orbit scattering with absence of magnetic
impurity scattering (WAL), (ii) « ~ 1 in the quantum coher-
ent regime (I > [,) in absence of spin-orbit and magnetic
impurity scattering (WL), and (iii) & ~ 0 in strong magnetic
impurity scattering (which drives toward the classical sce-
nario) [43]. Therefore, the coefficient of In(7") in Eq. (2),
Agr =N yimapzi—ih, contains crucial information about the
microscopic scattering process. Further, the EEI contribution
to sheet conductance (Ao, ) exhibits also similar In(7") depen-
dence. For N independent channels in the 2D limit, it can be
expressed as [49-53]

Aogi(T) = Nyinotp

2
212h
where F is the averaged screened Coulomb interaction over
the Fermi surface, normalized with zero momentum transfer

in the EEI scattering process. Therefore, total correction to
(otota1) can be expressed as

Ao (T)=N (2 =2F)In(T/T), 3

2
€ ’
Ao (T) = Am In(T/T), “

where A = N[yjnop + (2 — 2F)] and T is a constant.

Hence, it is not straightfoward to extract the value of «
from zero magnetic field Ao (T) vs In(T) experimental data,
when the contributions from quantum interference and EEI
coexist. To overcome this issue, one needs to exploit the tem-
perature dependence of sheet conductance at constant weak
magnetic fields since it will suppress mainly quantum inter-
ference contribution.

The quantum interference effect (WL/WAL) originates
from particle-particle channel interaction between two elec-
trons traversing in a “Cooperon loop” (CL) and it is very
much sensitive to enclosed magnetic flux through the CL due
to applied external magnetic field. However, the EEI effect is
governed by the particle-hole channel interaction and it is not
influenced by external weak magnetic field [49] (EEI can be
influenced in higher magnetic field if gugB > 1/t,,, where
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FIG. 2. Sheet conductance (relative change)

Ao (T)vs In(T/T;) is plotted at different constant perpendicular
magnetic fields (0 < B, < 0.8 T) for Pt 16 nm thick film. Solid
lines represent the fitting of Ao (T) vs In(T/T;) using Eq. (4) in
the low-temperature regime. (The upper x axis denotes the real
temperature and 7; = 1 K [42]; vertical offsets to plots are given for
clarity.) The extracted coefficient A for different B, is shown in the
inset.

Ts, & and up are SOI scattering time, Land€ g factor, and
Bohr magneton, respectively) [44,53-57]. As a consequence
of the above fundamental differences between quantum inter-
ference effect (WL/WAL) and EEI, one can disentangle the
WL/WAL and EEI contributions by applying (perpendicular
to the film surface) constant weak external magnetic fields.
The applied field will suppress the WL/WAL contribution,
while the EEI effect remains unaffected. Hence, the change in
the In(7T") coefficient upon the application of weak magnetic
field will provide only the WL /WAL contribution [i.e., Ag; in
Eq. 2)].

We investigated the variation of the In(7") coefficient (A) in
o (T') with applying constant perpendicular external magnetic
fields ranging from O to 0.8 T, shown in Fig. 2. A systematic
change in A was observed with the increment of external
constant magnetic field and we obtained maximum change
in In(T") coefficient as Ag; = Alp=o — Alp=03 = —0.56 (in
quantum conductance unit, e? /27 21). To evaluate the value of
o from Agy that contains the information about the dominant
scattering process, one requires to know the values of N yiy
and p. The p adapts a universal value depending upon the
dominant interaction responsible for the inelastic scattering
process in the system. In particular, for EEI-originated in-
elastic scattering, l(;z (lq,:2 o TP) exhibits linear temperature
dependence at low temperature and it shows a crossover from
T to T?In(T) behavior with the increment of temperature
[48].

Two possible cases can be invoked to assess the value of «:
(1) For Pt thin films, resistivity follows quadratic temperature
dependence (14 K < T < 23 K) (Sec. III) which signifies
the dominance of electron-electron scattering over electron-
phonon scattering; therefore, p can be approximated as ~1
at lower temperature [45]. Considering single channel N =
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1 or strong coupling interaction Ny;, ~ 1, one can obtain
a ~ —1/2 [Eq. (2)]. (ii) Effective two independent channels
with N =2 and p = 1 [extracted from magnetoconductance
analysis, Sec. VA, as extracted By (T') follows straight line
behavior with temperature from 2 K to 6 K] give rise to
a ~ —0.28 [Eq. (2)].

From detailed magnetotransport analysis (discussed in
Sec. V), it is realized that the conduction takes place through
two independent channels N =2 in Pt thin films. Consid-
ering two channel conduction, Eq. (2) provides the value
of ¢ = —0.56/(Nyinp) = —0.56/(2 x 1) ~ —0.28 (as dis-
cussed above) which is very much unexpected for a highly
spin-orbit coupled system. To find out the source of this
discrepancy, we looked again into the explicit temperature
dependence in the sheet conductance correction [Eq. (2)]
due to the quantum interference effect. One can primarily
visualize that with the increment of temperature, random
thermal agitation enhances the inelastic scattering among itin-
erant electrons and as a consequence, /5 becomes temperature
dependent [explicit functional form is determined by the dom-
inating scattering mechanism (e-e, e-phonon scattering) at
nonzero temperature]. The /; fixes the upper cutoff spatial
dimension for quantum interference effect and the interfer-
ence originated correction is proportional to the available
coherence area ( 12) Thus, for a single channel with phase

coherence length [y, Aogr o —ln(l /lz) On the contrary,
dominant disorder induced inelastic scattermg leads to tem-
perature independent /; [58] and such kind of conducting
channel cannot contribute to Aog;(T) considerably. There-
fore, for a system with N nonsimilar independent conduction
channels, Aog;(T) can be expressed as

Aoy (T) = —otZ n (1 /z") ] 5)

It has been observed from magnetoconductance analysis that
the examined Pt thin film possesses two independent con-
ducting channels, one of which shows prominent temperature
dependence [B;(T) x T; Fig. 4(b)] at lower temperature
regime (2 K < T < 6 K), and Bé(T) associated with other
channel follows a negligible logarithmic temperature variation
in comparison with B;)(T) (detailed description is given in the
Supplemental Material [59]). This implies that the contribu-
tion to the slope of In(7) [Eq. (5)] from the second channel is
negligible. Thus, Eq. (5) can effectively be converted into

&2

Aog/(T) = — h(ln(¢/l) +1n (22/12)°)
2
= oy h(ln[l /LT + I [2T)/12T)
6’2
Naznzh(ln(T/Tol)—i—c), (6)

where ¢ is a temperature-independent constant as /2 exhibits
negligible temperature dependence. Since only one channel
contributes (logarithmic temperature correction) to Ao (T),
we obtained ¢ = —0.56/(Nyinp) = —0.56/(1 x 1) ~ —1/2
which is consistent with the theoretical value of « in the
presence of strong spin-orbit scattering.

We now turn to the estimation of EEI strength which is
related with screened Coulomb potential F'. For strong inter-
action, F' is a small fractional number and for free electrons
F ~ 1. F can be evaluated by considering that at a magnetic
field of 0.8 T, the quantum interference effect becomes very
much weaker [60] and then one can approximate the coef-
ficient A|p—ost ~ N x 2(1 — F) = 1.22 (N = 2 as discussed
before), which leads to F ~ 0.7. The 5d correlated transition
metal Pt exhibits a higher value of F which indicates that
the e-e Coulomb interaction is weaker in comparison with the
strongly electron correlated 3d transition metal Cu F¢,, ~ 0.5
[61].

V. WAL EFFECT FROM MAGNETIC FIELD VARIATION
A. Perpendicular magnetic field (B)

The magnetotransport measurement is a powerful tool to
extract different types of microscopic scattering lengths (i.e.,
spin-orbit, inelastic scattering) by exploiting the quantum-
interference-originated correction (WAL/WL) to sheet con-
ductance. The quantum interference effect (WL/WAL) man-
ifests more prominently with the reduction of dimension.
For a quasi-2D system (where phase coherence length (/y)
is greater than film thickness (f) and detailed discussion is
given in the Supplemental Material [59]) with N indepen-
dent conducting channels, the variation of sheet conductance
[Ac(B1) = o(B1) — 0(0)] with external perpendicular mag-
netic field (B, ) is described by the Hikami-Larkin-Nagaoka
(HLN) equation which can be expressed as [43,53,62-64]

2 N

_2;2h > [{¢(1/2+BZ/BL) +1In(BL/B)}

n=1

Ao(BL) =

+%{w(l/2+B;/BL) +1In (BL/B})}

3 v 1/2+B$+B‘?" +1 By

_2 nl 2L

2 By B} + B, '
7

where ¥ (x) is the digamma function, B} B", and B}, cor-
respond to characteristic magnetic fields of the nth channel
which is related with scattering lengths (/,, ls, and [;,) as
Bi=h /4eli2, where [,, I, and [, denote elastic, phase coher-
ence, and spin-orbit scattering lengths, respectively, and B, is
determined from the semiclassical approximation and detailed
discussion is given in the Supplemental Material [59].

If independent channels are very much similar to each
other, then the characteristic magnetic fields B} corresponding
to each channel are nearly equal and as a result the HLN
equation (7) for N channels becomes

2
Ao(BL) = —Ne—z[{w(l/z +B/B.)+In(B./B,)}
2m4h

1
+5WA/2+ By/BL) + In(BL/By)}

3 B¢+Bw B,
_5{‘”(1/“ B, )“n <B¢ +B)H

®
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FIG. 3. (a) Magnetoconductance Ao (B,) is fitted with HLN
equation at different temperatures for 16 nm Pt film [solid gray color
lines represent fitting of Eq. (8); vertical offsets to plots are given for
clarity]. (b) Extracted By, By, are illustrated at different temperatures;
inset displays the fractional value of N at various temperatures.

Figure 3(a) shows the sheet conductance variation with
perpendicular magnetic field for 16 nm thick film at dif-
ferent temperature. The presence of a sharp cusp at lower
temperature indicates the WAL effect. However, the sharpness
disappears rapidly with the increment of temperature. Experi-
mental data Ao (B) are fitted well with Eq. (8); nevertheless
the fitting provides the fractional value of N which cannot
be anticipated by considering independent conducting chan-
nels. The fitting and the corresponding best fitting parameters
(Bg, By, N) are illustrated in Figs. 3(a) and 3(b), respectively.
The fractional value of N can appear due to the following
reasons: (i) the presence of weak but non-negligible interor-
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FIG. 4. (a) Magnetoconductance Ao (B, ) is fitted with HLN
equation at different temperatures [solid gray color lines represent
fitting of Eq. (7)] for 16 nm Pt film (vertical offsets to plots are given
for clarity). (b) Extracted By for two different independent channels
(n =1, 2) are illustrated at different temperatures; inset displays the
value of B} at various temperatures.

bital scattering among channels [65,66] and (ii) the channels
possessing different sets of B;, B, By.

To obtain more meaningful insight about the conduct-
ing channels in Pt thin films, the magnetoconductance data
are further analyzed by considering the more general equa-
tion [Eq. (7)] with the independent channels having different

sets of By, B, By. The fitting is shown in Fig. 4(a) and

the best fitting parameters (B;}, Bé, B! B%) are shown in
Fig. 4(b) (for 16 nm thick Pt film). From the fitting, we obtain

N = 2 and the phase coherence magnetic field (B(; ~0.004 T
at 2 K) for one channel to be higher than the other (B2 ~
0.15 T at 2 K). The phase coherence length (/) is related with
By as By =1 /4el£ and when the phase coherence length is
larger than film thickness, the system is considered to be in

035127-5



JANA, SENAPATI, SENAPATI, AND SAMAL

PHYSICAL REVIEW B 107, 035127 (2023)

quasi-2D. In the present case, the quasi-2D limit is confirmed
by making comparison between phase coherence length and
film thickness and is shown in the Supplemental Material [59].
Further, the spin-orbit scattering magnetic fields B!, ~2 T,
Bfo ~ 2.5 T are found to be very much higher than both
B;), Bé . The obtained fitting parameters provide the follow-
ing physical interpretations: (i) the Pt metal possesses large
intrinsic spin-orbit interaction By, ~ 2 T (in perpendicular
configuration with integer number channels N = 2), (ii) the
presence of two independent conducting channels in Pt thin
film, and (iii) the logarithmic variation of B(;)(T) with tem-
perature is very much prominent in comparison with Bi(T)
and Bj < Bj (detailed description is given in the Supplemen-

tal Material [59]). The prominent variation of Bqls vs T for
one channel indicates that the inelastic scattering process is
dominated by possible e-e scattering (Sec. III). However, the
other channel with weakly temperature-dependent inelastic
scattering process (at low-temperature regime 2 < T < 6 K)
indicates that a significant amount of disorder scattering is
present. To further examine the multiband character in 23 nm
thick Pt film, we analyzed data in the same way as that of
16 nm thick Pt film and we found that Bél,o, B(},, Bf,a, and Bé
corresponding to 23 nm film also follow similar behavior with
temperature variation. The fitting and obtained parameters for
23 nm film are illustrated in Figs. S2(a) and S2(b) of the
Supplemental Material [59]. This indicates that the observed
multiband effect is generic to Pt thin films.

B. Parallel magnetic field (B)))

In quasi-2D systems, itinerant electrons can diffuse along
film thickness by satisfying the restriction of quantum me-
chanical boundary conditions [62]. Hence, the quantum inter-
ference effect gets influenced even in parallel magnetic field
configuration. The quantum-interference-originated magne-
toconductance correction in the B configuration for N
independent channels is given by [45,62,67-69]

2 M3 Bﬁ
Ao (B)) =5—= 2"\ By
o( ||) ZHZHZI:Z n( +Bz(B'vlo+B$)>

n=1

! In{1+ Bﬁ ©)
[ n — s
2 BB
where B, is defined as B, = 125/ et? and ¢ is film thickness.
For simplicity, if we assume all independent channels to

have equal characteristic magnetic filed, then Eq. (9) gets
modified as

e I3 Bﬁ
AoBp) =N | 214+ -—I
2770 | 2 B,(Byo + By)

__lm<1+ Bﬁ)} (10)
2 B.B,) |

Experimental data Ao (B))) are fitted well with Eq. (10)
[Fig. 5(a)], but the fitting provides a fractional value of N.
The extracted parameters are illustrated in Fig. 5(b) for 16 nm
thick film. As previously we have discussed that the number
of independent conducting channels cannot be a fractional
value, different channels must have different characteristic
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FIG. 5. (a) Magnetoconductance Ao (B))) is fitted with HLN
equation at different temperatures for 16 nm Pt film [solid gray color
lines represent fitting of Eq. (10); vertical offsets to plots are given for
clarity]. (b) Extracted By, By, are illustrated at different temperatures;
inset displays the fractional value of N at various temperatures.

magnetic fields. Therefore, we analyzed Ao (B))) considering
the independent channels to have different sets of Bf,, By
[Eq. (9)] which is shown in Figs. 6(a) and 6(b) for 16 nm thick
Pt film. Similarly, for 23 nm thick Pt film, the data fitting and
the best fitting parameters are shown in Figs. S3(a) and S3(b)
of the Supplemental Material [59].

In parallel magnetic field configuration, the extracted val-
ues of B(}) [by fitting with Eq. (9)] are found to be pretty
close to B;) obtained [by fitting with Eq. (7)] in perpendicular
magnetic field configuration and follow very similar behavior
with temperature. However, the obtained By, are very different
for perpendicular and parallel configurations. This confirms
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FIG. 6. (a) Magnetoconductance Ao (B))) is fitted with HLN
equation at different temperatures [solid gray color lines represent
fitting of Eq. (9)] for 16 nm Pt film (vertical offsets to plots are given
for clarity). (b) Extracted By for two different independent channels
(n =1, 2) are illustrated at different temperatures; inset displays the
value of B} at various temperatures.

the anisotropic nature of the spin-orbit scattering potential in
Pt thin films.

VI. SUMMARY AND CONCLUSIONS

It was predicted from a theoretical band structure cal-
culation that Pt metal (electronic configuration 5d°6s') has
three sheets of Fermi surfaces which are composed of s
band and two from d band [36]. We realized the presence
of two independent conduction channels from our magneto-
transport analysis in both perpendicular and parallel magnetic
configurations. This apparent discrepancy (theoretically three

1st d-orbital
Fermi-sheet

s-orbital
Fermi-sheet

2nd d-orbital
Fermi-sheet

FIG. 7. The schematic diagram for theoretically predicated three
Fermi sheets, one derived from s orbital (blue color) and the other
two derived from d orbital (orange color). The possible interaction
among them is denoted by arrows (allowed and forbidden inter-
actions are marked by X, v/, respectively). Interconnected two d
orbitals leads to one effective conducting channel and the other one
is from s orbitals.

channels, experimentally two channels) leads to an insightful
physics of orbital-symmetry-related interband scattering in Pt
thin films. The two d-band channels are mixed up with each
other due to their similar orbital nature and in the presence
of intermixing scattering, they will act as an equivalent single
channel. On the contrary, intermixing scattering among s, d
band channels is very weak due to different orbital symmetry.
As a result effectively there will be two independent con-
ducting channels which is illustrated in Fig. 7. Second, we
have found that the characteristic magnetic field for coherence
phase breaking scattering (Bé) corresponding to one channel
shows a weak temperature dependence and this intriguing
phenomenon could arise very often in a system with signif-
icant disorder scattering. However, B;) for other the channel
shows a prominent variation with temperature, indicating the
presence of effectively weak disorder scattering. The crucial
point is that the same amount of disorder in a system can act
differently for different conduction channels depending upon
its orbital symmetry. The bands derived from more anisotropic
orbitals (e.g., d, p orbital) are very much sensitive to a minute
amount of disorder [70,71] which can give rise to very high in-
elastic scattering in comparison to conducting channels made
out of symmetric orbitals (e.g., s orbital).

To conclude, the symmetry of orbitals involved in con-
ducting channels, the presence of EEI and the anisotropic
spin-orbit interaction are revealed from our magnetoconduc-
tance study in Pt thin films.
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