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Introduction

The Kitaev chain models a one-dimensional spinless p-wave superconductor [[1]] and provides one of the sim-
plest examples of a topological insulator. This system has the so-called Majorana Bound States (MBS), which
are topologically protected zero-energy bound states, localised at the boundaries of an open chain. Several pro-
posals were put forward [2] to realise the Kitaev chain experimentally and observe the MBS. Some of these
experimental proposals have already been successfully implemented [3, 4]. One of the key experimental signa-
tures of the MBS i1s the zero-bias peak in the differential tunnelling conductance and Ref. [3, 4] were some of
first experiments which reported evidence for this peak. More interesting topological phases are revealed as one
goes beyond the nearest neighbour Hamiltonian 1n a Kitaev chain. In particular, Ref. [3] shows the existence of
two different topologically non-trivial phases in a 1-D Kitaev chain with next to nearest neighbour couplings.
We consider a superconducting wire connected to two reservoirs kept at temperatures 17, and 1 i respectively
and use the QLE-NEGF approach to obtain the exact steady state properties e.g. particle and heat current and
conductance etc. These quantities are obtained in terms of multiple NEGF transmission coefficients, which
could be interpreted physically as well. This approach has been used 1n Ref. [6] to study conductance of a one-
dimensional system consisting of a p-wave superconductor connected to leads at the two ends (NSN junction).

Methods
* We take the Hamiltonian of the full system of wire and baths as follows:
Ho=HY +HV Ly VR oy (1)
where
HW Z Cmcn T Amncjncjz + Ajnncmcna (2)
HW Z V,ngycmcy + c.c., WV = Z /cmcyx + c.c., (3)
Z Jchews HE = Z Hﬁzp/cwcy/. 4

HL/1 are the Hamiltonians of the left/right reservior respectively, H WL/R model the coulplings of the wire

with Hamiltonian, %", with the two reserviors. The model considered here is quite general in the sense that
we allow non-zero hopping elements between arbitrary sites and similarly the superconducting pairing term
1s allowed between any pair of sites. Thus there are no restrictions on dimensionality and the structure of the
underlying lattice and the range of the interactions. The results for the one-dimensional Kitaev chain with
nearest neighbor interactions follows as a special case.

 In the QLE-NEGF approach, the following steps are followed in general:

1. Write down the Hiesenberg equations of motion the wire and the reservoirs.

2. Obtain a formal solution for the reservoir equation of motion using the reservoir Green’s functions. These
for our case look like,

L > dw _ . _ iR > dw .
g )= —ie 000 = [ SEgt)e ™, gt = —ie o) = [ P o

2 —00
3. Use the formal solution to obtain the effective equation of motion for the wire operators. For this model we
obtain this equation to be,

t

i = Z Hlmcm + Z KlmCm + 75 L) + 77lR(t) + / ds ([S7(t = 8))im + (25 —

— OO0

$)im) €m(s).

Thus, the effect of the reservoirs on the dynamics of the wire operators 1s expressed as the sum of
the noise nZL (t) and an(t) and the history dependent dissipation terms given by the integrals. Here

Y7(t) = v gZ(t)VLT and X j,(t) = VRLCJJJ;:,(t)VRJr are therefore the self energy corrections to the wire
due to the left and the right reservoirs respectively. The properties of the noise and dissipation are easiest
to express in Fourier space and are given by:

L L
S w) = VEg @V, (f @ih ) = Cp@)mfi@)dw - o), (6)
with ' = %(ZZ(M) - Zz(w)) and f1(w) = flw, pp,Tp) = [eW=#)/TL 4+ 1)~ s the usual Fermi-Dirac
distribution. The right reservoir will have similar properties.

Results

e Steady State Solution
The exact steady state solution of the wire operators in terms of two Green’s functions, G (w) and G (w) as

() =[G @) (@) + @)+ [GF @)t |7 (=) + 7 ()]

The Green’s functions are given by,

O @) = G TR & @) = O @RI )™ 7

. where,
Nw)=w—-HY =¥ w) - Yhw), and K =A - Al (8)
9)

e Particle Current and Conductance

= [ <T1<w)<fi(w) = 1) + D@5 w) — Fhw)) + Ty@)(f ) — f’i(w))>,

—O0

G =T1(up) + Tolpr) + T3(pr) + T5(—pr). (10)

where,
Ty (w) = 47> Tr[G (w)T p(w) Gy (W) (w)]. Tg(w):4#2Tr{G;(w)Fg(—w)GQ_(w)FL(w)} and (11
T3(w) = 472 Tr [G;(w)r}f (—w)G (w)T L(@} ] (12)

ff(w)and f g(w) are the electron and hole occupation numbers respectively. On comparison of the expression
for particle current with standard Landauer’s expressions we see that,

— T’ (w) corresponds to normal electrons being transmitted from the left to the right bath (normal transmis-
s10N)

—TH(w) corresponds to the process of an electron from the left bath being scattered as a hole into the right
bath (Andreev transmission)

—T5(w) corresponds to the electron from the left bath scattered back as a hole into the left bath again (Andreev
reflection)

e Energy current and Conductance

I = [ dwwlfi) + Tow) (F(w) - fhw) (13
g dJE kAT
G = T Gplpr), Grlpp) =2(Tv(up) + Tolpr)) (14)
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Application to 1-D wires

These results when applied to 1-D models show zero bias peaks whenever the system posses the well known
Majorana bound state.

Nearest neighbor chain
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(Left panel) Variation of thermal conductance at 117 = 0 in units of WZk%TL /6 with the chemical potential, 1y,

on the wire for different wire sizes. (Right panel) shows the wave function of the Majorana zero mode for
N = 100. Parameter values— V; = Vp = 0.25, ny, = np, = 1 and A = 0.3.

Next to nearest neighbor Chain
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Figure 1: Conductance and Spectrum plots of a next to nearest neighbor chain. Parameter values n, = 1, pu, = —2, N = 100,
VL = VR = (0.3 and Ny = 1.5.
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Conclusions

e Exact results for Energy current, particle current and corresponding conductance were obtained for a general
model of superconducting wire. The expressions of these quantities involve multiple NEGF Transmission
coefficients.

e These NEGF Transmission coefficients can also be physically interpreted in terms of scattering processes as
normal transmission, Andreev transmission and Andreev reflection.

e The results when applied to 1-D models show zero bias peaks whenever the system is in the topologically
non-trivial regime.

References

[1] A. Y. Kitaev, “Unpaired majorana fermions in quantum wires,” Physics-Uspekhi, vol. 44, no. 10S, p. 131,
2001.

[2] L. Fu and C. L. Kane, “Superconducting proximity effect and majorana fermions at the surface of a topolog-
ical insulator,” Physical review letters, vol. 100, no. 9, p. 096407, 2008.

[3] V. Mourik, K. Zuo, S. M. Frolov, and S. Plissard, “Ep a. m. bakkers, and Ip kouwenhoven,” Science, vol. 336,
p. 1003, 2012.

[4] A. Das, Y. Ronen, Y. Most, Y. Oreg, M. Heiblum, and H. Shtrikman, “Zero-bias peaks and splitting in an
al-inas nanowire topological superconductor as a signature of majorana fermions,” Nature Physics, vol. 8,

no. 12, pp. 887-895, 2012.

[5] Y. Niu, S. B. Chung, C.-H. Hsu, I. Mandal, S. Raghu, and S. Chakravarty, “Majorana zero modes in a
quantum 1sing chain with longer-ranged interactions,” Physical Review B, vol. 85, no. 3, p. 035110, 2012.

[6] M. Thakurathi, O. Deb, and D. Sen, “Majorana modes and transport across junctions of superconductors and
normal metals,” Journal of Physics: Condensed Matter, vol. 27, no. 27, p. 275702, 2015.



Abstract

We have theoretically analysed D.C. resistivity (p) in the Kondo-lattice materials
using the powerful memory function formalism. The complete temperature
evolution of p is investigated using the Wolfle-Gotze expansion of the memory
function. The resistivity in this model originates from spin-flip magnetic
scattering of conduction s-electron oft the quasi-localized d or f electron spins.
We find the famous resistivity upturn in lower temperature regime
(kT << pg), where g is the effective chemical potential of d-electrons. In the
high temperature regime (ug << kgT') we discover that resistivity scales as cube
root of T ( p ox T?2).
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Figure 1 Represents scattering mechanism of conduction and localized electrons spin. http://www.scholarpedia.org/article/Kondo effect «

Mathematical Formulation

Hsd %Z

{a};,TCL/QS(k/ — k) + CL};%CL/@SJF(/C/ — k) +
k'k

(CL]JL/TCZ]{T — CL]T{%CL/COSZ(IC, - k)}

In Kubo’s linear response theory, the dynamical conductivity is given by

() = V /O " e /O AN (6).

Mori-Zwanzig projection operator technique rewrites the Kubo formula as

i 3)
T T e+ Mo (2)

Within the Gotze-Wolfle approach the memory function is computed using the equa-
tion of motion method and a perturbative expansion of the memory function|1], |2].

(T )y — (s i)l (4)

1 ne

~ —(—
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H=Hy+Hy J— %Z cvral_are,  B(2) = (i 1)) (5)
ko
z) = > 5 (1) = 0 ) (o) = 0109 ) GalyansS (0 = 1)+

a,i,iamSWk’ — k) ; (6)

ajﬁ%’is “(p—p)+ aztiap’TS =)

Correlator can be computed
V

((J1; J1)) -

/O " (1) 1(0)] V. 7

The time dependence of operators explicitly as a,t,T(t) — et a,JL,T(O) for s-band mobile

electrons. For d-band density operators we write S~ (k' — k., t) = e= 'S~ (k' — k,0)
and dispersion of the magnetic excitation is taken in the form of hw, o< ¢°.

J2m S S S S
M(z) = =5 o= ) (k) = m(/f))?{fk/(l =)D = fi) = (= f)
Kk ka K,
1 1
(1— fo F e
kz];fkd fk }{Ek/—%—wk/k—FZ fk—ﬁk—wk/_k—Z
1 1 }
T
(8)
[dentity lim, aqim = l) + imd(a) transforms the expression to
J*rV dq d3/~c < k! -
M// 2/ . k_/ k
@) = s | Gt ¥ = )
fk’ fk’ fkd’ fk’/ €k+q — €L — hw -+ héd) — 5(€k+q — €L — hwq — h&))]
9)
, 1 J2vm2 dp dqq2q 00 00 /\/_/ . )
Z(flgld - f/?d—l—q) o (fli o f/i—l—q) Z f]gd(l o f]?d—l—q)}
kg k
O(€prqg — € — hwy + hw) — O(€prq — € — hw, — hw)).

(10)
In DC' limit under assumptions kg1 < ps and hw, < p,
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Figure 2. M"(T) for various values of gp taking A = 1.5. second presents M"(T") for various values

ptqg = 0.1eV. The reason is that gy = 0.01eV corres

high temperature behaviour of M”(T') for three different values of A = 1.0 A = 1.1 and A = 1.2.

Results

Case 1: Low temperature limit (kT < pg)
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Comparison with experimental data

. m M//(T)

— ne2

Resistivity formula p(T)

100 150 200 250 300
)

0 50

figure 3 represents theory comparison with resistivity of compound YbRhSn (3], [4]. We observe

ts = 7.7¢V, qs = 1.43 x 10°m~1 and number density n = 9.961 x 10%m 3.
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Conclusions

» Cations present in the system: Cu?*, Zn%*, Fe?*, Fe3*, Mn3t, O,
» The system exhibits mixed spinel Cubic phase (Fd—-3m) for O
<x <0.8 and Tetragonal phase (14,/amd) for 1 <x <2.

» Neel fits confirms ferrimagnetic ordering (T,) In all x.

» Three GT (Gabay and Toulouse) transitions are observed in all
the compounds owing to the geometrical frustration arising due
to competing exchange Interaction between Mn and Fe cations.




Plasmon-Phonon Coupled Modes in Quantum Wire System

Devi Puttar!”, Vishal Verma?, Akariti Sharma? and Vinayak Garg!

IDepartment of Physics, Punjabi University, Patiala-147 002, India
2Physical Research Laboratory, Ahmedabad-380.009, India
"Email: bhattdev2112@gmail.com

INTRODUCTION RESULTS AND DISCUSSION

U Due to the advancement in nanotechnology, it has now become possible to fabricate ultra-narrow and clean

O In this Section, we report our numerical results for the plasmon-phonon (p/-ph) coupled modes of an electron
guantum wire system at absolute zero, fixed wire width b and different electron number density parameter 5.

semiconductor-based electron quantum wire structures, and to perform a great number of experimental and

theoretical studies to explore their electronic properties.
U To calculate the pl-ph coupled modes along with the exchange correlations of an electron quantum wire, the set of
Egs. (5), (8) and (9) is solved numerically in a self-consistent manner within a predefined tolerance of 107 at the
chosen g-points.

O In these quantum wires, the motion of electrons is free only in one spatial direction and confined in the two transverse

directions quantum mechanically.

12

42

U There are many interesting quantum effects observed in these systems [1-2] primarily due to the strong electron-

electron (e-e) correlation effects. Besides, the interaction of electrons to the underlying lattice in terms of phonons is 35

28 o e ]

also important as it contributes in addition to usual e-e interactions.

Therefore, to better understand and compare the theoretical results with the experimental/simulation findings, the ) Hm N 7
electron-phonon (e-ph) interactions should also be included in addition to e-e correlations. _ ey =S 21— g

In a doped polar semiconductor wherein most of the quantum wire structures are fabricated, coupling of free
electrons takes place with the longitudinal-optical (LO) phonons of the underlying lattice via the Frohlich interaction
potential, resulting in a quasiparticle called a polaron.

The e-ph interactions (polaronic effects) in quasi-one-dimensional electron gas (Q1DEG) as realized in quantum wires

have been theoretically studied over the years by several authors [3-7].
FIG.1: Collective excitation energy w(q)/EFr as a function of q/kp for ry = 1 [in panel (a)] and r; = 2 [in panel (b)], at wire

O In this work, we study the effect of e-ph interactions along with the usual e-e interactions on the collective excitation | Width b = 0.1ag in STLS (solid lines) and RPA (dashed lines). w, and w_ represent the upper and lower branches of the

energy i.e. plasmons of an electron quantum wire at absolute zero. The e-e interactions (exchange-correlations) will be [ Plasmon-phonon excitation energy. wy is the plasmon dispersion without the e-ph interactions. The dotted lines are the

dealt using the STLS theory, while the electron LO-phonon interactions via the Frohlich coupling. boundaries of e-h pair continuum and dash-dotted lines represent the w0 and wro energy.
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THEORETICAL FORMALISM

In this work, we consider an electron quantum wire at absolute zero in which the electrons are coupled to longitudinal
optical (LO) phonons.

Electrons in the wire interact among themselves through the Coulomb potential and through virtual LO-phonon
exchange via the Frohlich interaction. The Fourier transform of bare Coulomb interaction potential for the harmonic
confinement of electrons in the (cylindrical) quantum wire is expressed as

e?

Ve-ela) =5—f (qb); (1)

2€00

O The LO-phonon-mediated electron-electron (e-e) interactions are both wave vector and frequency dependent,
FIG. 2: Collective excitation energy (lower branch) w_/EF as a function of q/kr at wire width b = 2ay in STLS (solid lines) and

RPA (dashed lines) for 1, = 2, 3, 4 and 5 with the consideration of e-ph interactions. Dotted lines present the boundary of e-h
pair continuum.

described by the Frohlich interaction potential as [4]

Ve—ph(Q: w) = M(%Do(w)- (2)
U The numerical results for plasmon-phonon (p/-ph) coupled modes (w(q)) in quantum wire system are reported for
QO InEq. (2), M is the effective one-dimensional (1D) Fréhlich interaction matrix element given by r, = 1in Fig. 1(a) and r; = 2 in Fig. 1(b), at b = 0.1a;,.

M= V,_o(q) 222 [1 - =], 3)

Q

We observe that the inclusion of e-ph interactions causes the plasmon-LO-phonon collective excitation energy
spectrum to split into two branches, one with energy lower and other with energy higher than the LO phonon

and Dy(w) is the unperturbed retarded bare LO-phonon propagator given as energy.

2wro

2 (4)

2_
w Wio

Dy(w) = The lower branch of energy w_ starts from the origin at smaller value of g, goes to wro and upper branch w,

starts from w;, and meets with the electron-hole (e-h) pair continuum for sufficiently large value of q.
wy o is the LO-phonon frequency and &, (&) is the static (high frequency) background lattice dielectric constant.
This branching in the plasmon energy is observe only when we deal with the combine effect of both e-ph as well
O To study the collective excitation energy i.e. plasmon-phonon coupled modes of an electron-phonon (e-ph) coupled as e-e interactions.
guantum wire system, we use the dielectric formulation within the linear response theory.
For comparison, we also show the RPA results for the p/-ph coupled modes in quantum-wire system.
L Here, the dynamic density response function y(q, ) is the quantity of central importance as the plasmon energy of

the quantum wire can easily be obtained from it. In the Singwi, Tosi, Land and Sj6lander (STLS) theory [8], the density |l 0 We also depict the results for the true plasmon modes i.e. plasmon energy w, due to the only e-e interaction

response function is given as effects which has usually a single branch.

Xo(q,w) (5)
1-V7(q,0)[1-G(q)] X0 (q.w)

O In order to highlight the effect of exchange correlations along with the e-ph interactions, in Fig. 2 the numerical
results are depicted for collective excitation energy i.e. lower branch of p/-ph coupled modes w_ in STLS and RPA
schemes at b = 2a, forry = 2,3,4 and 5.

x(qw) =
where V;(q, w) is the total (bare) interaction potential describing the e-e and e-ph interactions as

It is clearly seen that RPA overestimate the energy modes w_ and also, the inclusion of e-ph coupling significantly
affects the short-range correlations in the electron quantum wire system.

CONCLUSIONS

U We have theoretically investigated the role of e-ph coupling along with the usual e-e interactions on the collective
excitation energy of an electron quantum wire at absolute zero using the STLS theory.

Vr(q, w) =Ve_e(q) + Ve—ph(CI: w), (6)

O x,(g, w) in Eq. (5) is the non-interacting density response function of 1D electrons at absolute zero given by [2]

2 f+oo @fo(pﬁz—q)—fo(p—h?q).

Xo(q, w) = —~ (7)

—® h w—%+in

O In Eq. (5), G(q) is the local-field correction (LFC) factor which gives correction to the total bare interaction potential

Vr(q, w) due to exchange-correlations among the 1D electrons and is obtained as
The e-ph interactions affect the collective excitation energy to such an extent that their inclusion slightly splits the

plasmon-LO-phonon energy spectrum into two branches, with one branch having energy lower and other have

_ _ 1y dd d' V@) e, oy _
Glq) = n f [Sta—a) -1, (8) higher energy than the LO phonon energy.

— 2w q V(q)

O S(qg) is the static structure factor of the electron quantum wire which is related to the imaginary part of y(q, )

Interestingly, we observe that the lower branch of energy i.e. w_ get soften as comparison to the true plasmon

through the fluctuation-dissipation theorem as energy i.e. w, and at large value of g, w, meets with the w, modes.

h o .
S(q)=-— J, dw x(g,iw). (9) This demonstrates the importance of inclusion of e-ph coupling in addition to the usual e-e interactions.

Here, we transform the w-integration to the imaginary w-axis i.e. w = iw in y(q, w) through Wick’s rotation.

O The collective excitation energies (plasmon-phonon coupled modes) can be calculated from the poles of y(q, w) i.e. by REFERENCES
setting denominator of y(q, w) equal to zero in Eq. (5) as
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s Fe,0), (maghefite), CoFe,0,, PbFe,,0)5, BaFe;0y MO, FeO, NiO It seen ’Fhat StonerlModeI underestimate the value of renormalized susceptibility due to the over estimation of spin
T fluctuations at particular value of a so as Tc.
v \,(0T) is strongly T-dependent part of the correction factor, and found to increases with increase in temperature.
v Increase in A,(0T) with T indicating the reduction in effective spin fluctuations . The study of T-dependence of
A, (0T} is most important in SCR theory as it overcome the Stoner contribution and y,/x is much closer to Curie-Weiss

Theoretical Formalism for Magnetic Susceptibility " susceptibiity at 1733,

v Greater will be the interactions in the system greater will be the amplitude of these spin fluctuations in the system.
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The partition function of the system in the presence of magnetic field is given by
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& Mn magnetic susceptibility in Ti MnBi,
here His the magnetic field aligned along the z-axis, H is the Hamiltonian of the system and Mz is the component of 0 - L R {}“j e ™ =
magnetization along H. Therefore, the free energy of the systern is given as " T . "o
F(H)=-ThnZ(H) Key Points:
v Tovs. o (0], curves shows that the calculated T, values hased on the SCR theory are small, while overestimated
further, the free energy can be expressed in terms of M by using the Legendre transformation in the following way values are obtained by the Stoner model,
|t Ty, v Itis seen that the this lowering in T, is due to the inclusion of spin-fluctuations by adding the correction factor.
Z(‘“J_F / ( (7)(( T)MZ(H ) (4) * Inorder to check the validly of our calculations, we planed to apply SCR theory for realistic systems. So far, we opt
Mg Ti,MnBi, compound and calculate the renormalized susceptibility for Mn in this system and also compared it with
Therefore F(M)is the free energy for a given value of M and is obtained as Curie-Weiss Fit.
(5 v Itis observed that our calculated results are in qualitative agreement with the recent published data.
Fm [)= “Thi (M) (https://doi.org/10.1103/PhysRevB.102.014406).
Self-Consistent Scheme Conclusions
§ = yolax = 2/Ix = (1 - a + \)/a. * Stoner Theory is based on the Hartree-Fock” Mean Field” approximation (Only the exchange term

is taken into account and the Correlation terms are neglected).

* Random Phase Approximation (RPA) goes ahead of the Stoner Theory by including the correlation
effects. It gives an aid to study the dynamical effects like stoner-excitation, spin-wave etc. using the
dynamical Magnetic Susceptibility x(q,w).

* There is an additional free energy due to the correlation effects which is not taken into account in
the RPA theory. This extra free energy will be expressed in terms of the transverse dynamical

| ‘ susceptibility using the fluctuation dissipation theorem.
|

u B

* Self Consistent Renormalization (SCR) theory takes into account this neglected free energy and in
doing so it goes beyond the RPA Theory.

* Thus the SCR theory leads to a serious modification of the results obtained through RPA theory.

* The calculated value of Tc (using SCR Theory) agrees well with the experiments for weakly ferro-
magnetic and anti-ferromagnetic systems.

T l - l al . ,
AMT) = i / rf;c(-uh'r(s.h')(:(;c] Gw) = —€(dm) Hm [llq{:1&,(6){]".];'6)“'1)(d'—l—fu] L (0fo/0B? (541 fo) %) .t reproduces the Curie-Weiss law well.
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INTRODUCTION RESULTS AND DISCUSSION

In this section, we report our results for the Coulomb drag rate as a function of temperature and electron number
density for different values of inter-wire separation in the RPA.

Recent developments in the semiconductor growth technology and the modern fabrication techniques have led to
the fabrication of very high-quality one-dimensional (1D) quantum structures to explore the various aspects of
particle interactions in these systems [1-2].

Q In the calculation of drag rate, the inter-wire interaction potential W,,(q,w; i, T) plays a very crucial role. We
assume that the inter-wire interaction potential is statically screened i.e. W,,(q,0; 1, T) = V1,(q) / €(q,0; u,T).

In 1D systems, the confinement of motion of the quantum particles (electrons or holes) is done in such a way that
they can move only in one spatial direction.

U The calculation of W,,(q,0; u,T) requires computation of V,,(q) and €(q,0; u,T). In turn, (q,0; i, T) can be obtained
by setting w=0in Eq. (4).

0.4

In addition to isolated (single) 1D electron systems, presently, there is a great deal of theoretical and experimental
interest to explore the coupled 1D electron systems separated by a distance of few nanometers. These systems
are popularly known as coupled quantum wire systems and here the charge carriers may be electrons or holes.

In coupled quantum wire systems, the two wires are placed at a sufficiently small inter-wire distance of the order
of few nanometers. Here, the energy and momentum transfer across the wires (without the actual contact) is
known to influence the transport properties of the individual quantum wire.

There are many new and interesting physical phenomena observed in coupled quantum wire systems such as
Wigner crystallization, Coulomb drag [3-9] and charge-density-wave (CDW) instability etc.

Coulomb drag is such a theoretically predicted [3-5] and an experimentally observed [6-9] phenomenon in
coupled guantum wire systems wherein, current in one wire drives the same in the other. The Coulomb drag effect
may also be used as a probe to investigate the localization properties of coupled quantum systems.

In this work, we calculate the Coulomb drag rate between the electrons in coupled electron-electron quantum
wire system as a function of temperature and particle number density by applying the random-phase
approximation (RPA).

COUPLED ELECTRON-ELECTRON QAUNTUM WIRE MODEL

Q

In this work, we consider a coupled electron-electron quantum wire system with each wire having width b and

) _ i : _ _ _ e FIG. 1. The scaled drag rate t;'/T plotted as a function of temperature for coupled electron-electron quantum
inter-wire spacing d(> b), the Fourier transform of interaction potential V;;»(q) among electrons is given as

wire system in the random-phase approximation (RPA) at indicated values of inter-wire separation for b=a," and

15 =1.
2
V(@) = ZLKO (q\/bz +(1- 5”,)(12)’ (1) O Fig. 1. shows the temperature dependence of scaled drag rate Tgl/T in the RPA for coupled electron-electron
€o quantum wire system with each wire having width b=a,"and r; =1. We observe that TEl/T has a non-monotonic T-

dependence i.e. it first increases and then decreases with rise in T for all separations. The scaled drag rate peaks
with / and I’ as the wire indices (I = 1, 2). &, is the dielectric constant of the background wire material (same for are observed around T~0.2 — 0.6 T for all separations.

both the wires). Ky(x) is the zeroth-order modified Bessel’s function of the first kind.
QO For sufficiently small d, t5/T shows a peaked structure at a finite-T which grows stronger and shifts towards

O We employ the dielectric formulation within the framework of linear response theory wherein the coupled higher T with further decrease in d.
electron-electron system is perturbed by weak space-time dependent external electric potential and the density O 7 ! ! ! ! ! !
response function is calculated. . | | | |
- % —
O 6 | b aO d=2a0*
THEORETICAL FORMALISM B OS2 Se
: 0
0.5 __ d=3a* —
(@] | —
— — d=4a *
O To study the Coulomb drag effect in coupled electron-electron quantum wire system, we will use the expression X - _
for the drag rate derived through the Boltzmann equation [3-5]. —
= 03 —
O The Coulomb drag rate 1'51 for two parallel quantum wires is given by ' PQ - —
1 ® ° Imx?(q, w; b, T)Imy3(q, w; 1, T) 0.2 — T
-1 _ 2 2
T = —— dg X Wi,(g, w:u,T)|* X dw. - _
D py— j; q-aq j; [Wi2(q, w:p, T)| <inh? (ﬂ) (2)
Where m”* is the electron effective mass and n is the linear electron number density. ‘1’ and ‘2’ are the wire / . —
indices. Im)(lo(q, w; u, T) is the imaginary part of the 1D temperature dependent density response function of /1’ O ' l ' l ' l ' ' I '
wire. 0 2 4 6 8 10 12
Q Here W;,(q, w; u, T) is the dynamically screened inter-wire interaction potential which is given as rs
Wi ( LT = Vi2(q) FIG. 2. The scaled drag rate t51/T plotted as a function of electron number density (r;) for b=a,” and 1=0.5 at
1284 W 1) = e(qw; 1, T) 3) indicated values of inter-wire separation in the RPA.
O In Eq. (3), the dielectric function €(q, w; u, T) for coupled quantum wire system is expressed as O In Fig. 2, we show the scaled drag rate T;1/T as a function of 7, at fixed wire width and temperature. It can be

clearly seen that with increase in r, , T 1/T first increases and then decreases and magnitude of 7, 1/T is maximum

E(q' w; W, T) = [1 - Vll(q))(? (q' w; K, T)] [1 - VZZ(Q)X% (q' w; K, T)] - [V12(CI)]2X§) (q' w; K, T)Xg (q; w; |, T) for d=200* ]

(4)

) ) 0 ] ) o o The increase in T51/Tis due to increases in coupling i.e., 7, among electrons.

O The density response function y; (q, w; 1, T) of 1D non-interacting electrons in ‘I’ wire at finite-temperature and
is related to )(lo(q, w; u, T = 0) by Maldague’s method [10] and can be written as

CONCLUSIONS

( 1
j )(lo(q,a);,u+kBTln|x|,T=0)m+
e(l—”/kBT) x (5) We have theoretically calculated the temperature and particle number density dependence of scaled drag rate for
x(q0;u,T) = j x2(q, w; u—kgT In|x|,T = 0) X 1> 0 different values of ilnte'r-wire separation in the RPA. It is observe that, with decrease in inter-wire separation the
0 (1+x) scaled drag rate 75 '/T increases.
o (W/kpT) X
J‘ )(lo(q,w;u — kgT In|x|,T = 0)(1+—x)2; u<o O It is believed that the RPA becomes less reliable for electron densities 7;>1 (low density). Therefore, it is very
0

important to include the exchange-correlation effects to have a better understanding of Coulomb drag effect in
coupled quantum wire systems.

Where  is the chemical potential and kg is Boltzmann constant.
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Chemical potential u and win Fermi energy E, , Temperature T in Fermi temperature (t=T/T}).
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The linear electron number density n is described by a dimensionless parameter ry =1/(2na,,”) and n= N/L (Total
no. of electrons per unit length of the wire).

Throughout our calculations we take €, kg h equal to unity.
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. : , XRD pattern
JdMnNb,O, belongs to the columbites family with . I
orthorhombic crystal structure (space group Pbcn-D,,) e

with 4 molecular formula units per unit cell [1,2,4].

J A Columbite unit cell made up of 24 oxygen atoms, 4-Mn
atoms, and 8-Nb atoms.

dThe Mn (divalent) and the Nb (pentavalent) 1ons form
separate bc-planes with isosceles triangular arrangement and
these 1ons are stacked as -Mn-Nb-Nb-Mn-Nb-Nb-Mn- along
the a-axis [4].

 The coordination number is 6 for both Mn#* and Nb*>ions.
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Summary of Results

The system orders antiferromagnetically below T, = 4.36 K, In agreement

with previous reported Ty, = (4.40 £ 0.05) K by Nielson et al [1,2] and

Holmes et al [3].

= The specific heat data yields Ty, = 4.36 K which is in line with magnetic
measurements.

= The Neel temperature T, shows decrease with magnetic field (H).

= The field dependent magnetization curve at 1.9 K shows a field induced
transition nearly Her = 18kOe

= The obtained average g-values are 2.020 and 2.014 for 80K and 300K
respectively from EPR spectrum.

= The g-values at 300 K for Mn4* ion decreases from 2.0296 to 2.0208 as the

frequency Increases.
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Introduction

Spinor Bose Einstein Condensates (BECs)

 An ultracold atomic gas in optical traps having spin-f per atom led to experimental realization
of 2f+1 component BECs known as Spinor BECs. [1]

 In mean-field approximation, spin-2 BEC is described by set of five coupled

time-dependent nonlinear partial differential equations with 1st order 5 e
derivative in time and 2nd order derivative in space known as coupled e
Gross-Pitaevskii equations. (CGPES) T S

* Spin-2 condensates can have three ground state phases depending ' polr

on relative strength of spin-dependent interaction terms 1.e. ¢y ¢4, and c,.

Spin-Orbit Coupling (SOC)

« SOC is the coupling between motion of entire atom to its hyperfine spin.

« SOC can be engineered In these neutral spinor BECs by controlling the atom light interaction
leading to generation of artificial gauge potentials coupled to the atoms.[2]

 [Interplay of SOC and the mean-field interactions give rise to a variety of ground states.[3]

« SO-coupling leads to the stabilization of self-trapped solutions like bright solitons.

* Bright Soliton is a self-bound multi-component solitary wave which maintains its shape while
moving with a constant velocity.[4]

* Another recent development in the field is the experimental realization of supersolid like
stripe phase in SO-coupled pseudospin-1/2 spinor condensates.[5]

« Supersolid like phase corresponds to the simultaneous (and spontaneous) breaking of
continuous translational and global gauge symmetries and posses both diagonal and off-
diagonal order.

* The objective of this work Is to construct quasi-two-dimensional (g2D) self-trapped stable
structures in SO-coupled spin-2 condensate.

Method

» Condensate is considered free along the x-y plane and is confined by a harmonic trap along
the z-direction.
* The Rashba SO-coupling considered Is Hgp = ¥ (pySyx - PxSy)

« At zero temperature, under mean-field approximation, the five CGPEs in the presence of
Rashba SOC for the wave-function components ¢; are given in dimensionless form as

0¢4, Od3,
L = Hoyr +coppiy + 1 {FFP11F2F,¢42} + ¢, W pall B
([ )
044 3 OpL
l at_ =Heopi1 +copdpi1 +C1 o EFJ?(PO + i £y — 0 \/;1 + 154
\V J
[
0y 3 B¢,
i——=Hpo + copPo + ¢ _{F¢ 1+ F 1} + o ——+ T
ot \ 2 V5

192 92 _ 2 2 ¢ p2—2¢1 P_1+¢5
cowhere 3= -3(+a5) p= M,lgf  @stlifuihitards

o B, =Y Ljlej|?, FE=Fi=2¢ ¢ +V6 ¢ 1o +V6 ¢y +2¢,¢7; Fy =F, + F,

* 0O Is the spin-singlet pair amplitude. p Is the total density. F, F,, and F, are 3 components of
spin-density vector F.

* The Interaction parameters are given as

2\/27TN(4a2+3a4)_ . = 2\/27TN(a4—a2)_ . = 2\/2nN(7a0—10a2+3a4)_
y 1 ™ ’ 2 =

Co = :

7Q0psc 7Q0psc 7Q0psc

* ay,a,, and a, are s-wave scattering lengths in 3 allowed scattering length channels for spin-2
BEC.

0p+1 + la¢+1)
ay dx

. (3. (9% , .00 0Ptz + . 0P 3. (0¢1 | 01 .0¢, $—1
(115 lfy(ay_ ax) l)/( dy L dx )’ lo = lfy(6y+ dy lax+l ax)

* To obtain the stationary states, we have solved these CGPEs with Fourier Spectral method.

* The SO-coupling terms are givenas Iy, = —iy (

(b) Single Particle Hamiltonian

 One eigen function of the single-particle Hamiltonian with (minimum) energy -2y is
Lkr

O = eT(e_Z“P —2e7% 6 —2e7¢ €29 ) ={(p) e where p = tan? (I;—Z) and k? = kZ + k32, = (2y)*

no

0 0.125 () 3 (
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1 . LY
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* The superposition of three plane waves whose propagation vectors
make an angle 27t /3 with each other gives a triangular superlattice o
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« The superposition of four plane waves whose propagation vectors
. . . Y 0
make an angle 7t /2 with each other gives a square superlattice (SS) ~ .
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* The most general solution Is by considering the superpositions of
eigenfunctions with k pointing along all directions in 2D plane J 2
gives rise to Multi-ring (MR) soliton. 1o

Pi2

-10-5 0 5 10 -1050510 -10-5 0 5 10-10-5 0 5 10

. . . . T
© Dyg = (—e720h(p) —2ie7 () VElo(p) —2ieP)(p) - 6‘21912(19)) ; p=2yr
The component densities and corresponding total density for these degenerate solutions corresponding to |®<|?, |® 1|2,

* The dynamic stability of these solutions Is confirmed by real-time evolution.

/

Results

(a) Phase Reguirement

« The permitted vortex configuration in a spinor BEC depend on the inter-component phase
relationships.

« The Interaction and the energy contribution from the SO-coupling leading to following
Independent relationships among permitted winding numbers :

w,—w;+1=0, wy—wy+1=0; w_,—w_;—1=0; wi—wy+1=0;
« The allowed winding number combinations are (-2, -1, 0, 1, 2), (-1, 0, 1, 2, 3), (O, 1, 2, 3, 4)
. and higher. )

. |®¢c|? and |Dy,p|* are shown in 1t, 2nd, 3rd and 4t row, respectively.

-

(c) Numerical Results
0 0.00160 0.013 0 0.09 0 0.08

* The ground state for small SO-coupling strength is radially
symmetric vortex-bright(-ring) soliton (-2,-1,0,1,2) for cyclic,
polar and weakly ferromagnetic interactions e.g. for
ferromagnetic phase having cy=-2.5, ¢;=-0.025, ¢, = 0.25,
y = 0.5 1s shown at the right.

0 0.00016 0 0.005 0 0.006 0 0.007 0 0.003

3-40 48840488404 88-40 48

Xz Xr Xz T
* For cyclic, ferromagnetic as well as antiferromagnetic

Interactions, there is a (-1,0,1,2,3) type vortex bright soliton

N that exists as a metastable state. e.g. for ferromagnetic phase

ot o o | 00 having co=-2.5, ¢;=-0.025, ¢, = 0.25, y = 0.5 is shown at
the left in 1st row.

* For sufficiently strong ferromagnetic interactions,
asymmetric vortex bright solitons emerges as the ground

- A state e.g. with c,=-2.5, c;=-0.1, c, = 0.25,y = 0.51s
334048 84048 84048 84048 8-404 8 :
r z z z z shown at the left in 2nd row.
» For intermediate SO-coupling strengths, triangular self- 0 000130  0.005 0 0.008 0 0.008

trapped superlattice appears as a quasi-degenerate state In
addition to the vortex-bright soliton of type (-2,-1,0,1,2)
type soliton. e.g. with c,=-2.5, ¢;,=-0.1, ¢, = 0.25,
y = 0.5 Is shown at the right.

0 0.0035 0 0.007 0 0.022 0 0.022

E =-1.9990
— ———S—— -12-6 0 612 -12-6 0 6 12 -12-6 0 6 12 -12-6 0 6 12

« For sufficiently strong SOC strengths, for case of ferromagnetic
Interactions, we get five types of quasi-degenerate states as
following (1) self-trapped square-superlattice, (2) vortex-bright

iR (-ring) soliton, (3) asymmetric bright soliton, (4) a stripe

0—209 L 0—26 0_27 soliton, and (5) super-stripe lattice.

e » For cyclic, and antiferromagnetic interactions, we get four of
the aforementioned degenerate states except the asymmetric
bright soliton.

o X2l © In polar phase, two of these square super-lattice (15t row in left)
49094 490924 490924 49029 4 and super-stripe lattice (2" row at left) for ¢, = —0.15,
_ T T T T c; = 0.25, ¢, = —1 and y = 4 are shown.

AL
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Conclusions
(v Studied the self-trapped stationary state solutions of the SO-coupled spin-2 BEC. A
v' Established the permissible winding number relationships for the system by minimizing the energy contributions from

spin-dependent interactions and SO-coupling.

The degenerate ground state solutions of the non-interacting SO-coupled condensate are discussed.

At small SO-strengths, bright ring solitons appear across the three phases as stationary state solution.

At moderate to strong SO-coupling strengths ; emergence of multiple quasi degenerate self-trapped solutions is
discussed e.g. the hexagonal-super lattice, super-square lattice, and superstripe square lattice solutions.

v The stability of these solutions is checked via real-time propagation.
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