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Quantum transport and spintronics regimes are studied in p- and n-doped atomic layers of hexagonal transition-
metal dichalcogenides (TMDCs), subject to the interplay between the valley structure and spin-orbit coupling.
We find how spin relaxation of carriers depends on their areal density and show that it vanishes for holes
near the band edge, leading to the density-independent spin-diffusion length, and we develop a theory of weak
localization/antilocalization, describing the crossovers between the orthogonal, double-unitary, and symplectic

regimes of quantum transport in TMDCs.
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I. INTRODUCTION

Among the novel two-dimensional materials that have
attracted a lot of attention during the recent years, semi-
conducting transition-metal dichalcogenides (TMDCs) [1] are
particularly interesting due to their potential for applications in
electronics and optoelectronics [2—6]. They have been recently
implemented in field-effect transistors [7-14], showing large
in-plane mobilities and a high current on/off ratio, which make
them also very interesting for sensors. This has motivated a
big effort in the study of the transport properties of these
single-layer crystals [15-20].

Contrary to their bulk counterparts, single-layer TMDCs
are considered to have a direct band gap [21], which appears
at the corners K of the hexagonal Brillouin zone (see Fig. 1).
Simultaneously, the large spin-orbit (SO) interaction provided
by the heavy transition-metal atoms together with the lack of
inversion symmetry splits the energy bands around K, points
[22-29], where the out-of-plane spin polarization is still a
good quantum number due to the mirror symmetry (z — —z)
of the system. The interplay between valley and spin degrees
of freedom influences charge and spin transport characteristics
of these materials. In general, magnetotransport experiments
in systems with large SO coupling provide insights about the
nature of momentum scattering and spin relaxation processes,
whereas the interplay between spin-lattice relaxation and
quantum transport leads to a crossover between orthogonal and
symplectic classes of quantum disordered systems [30,31],
manifested in measurements as weak localization [32]
(WL) and weak antilocalization [33] (WAL) magnetoresis-
tance (MR). This interplay acquires an additional twist in
two-dimensional (2D) conductors with a multivalley band
structure [34-38]. In the case of TMDC:s, the SO spin splitting
tends to suppress spin relaxation, whereas lattice defects
and deformations mimic time-inversion symmetry breaking
for the intravalley propagation of carriers (although the true
time-inversion symmetry is preserved because it involves
interchanging the valleys).

In this work, we study in detail the interplay between
SO coupling and multivalley properties in spintronics and
quantum transport of single-layer TMDCs. We identify three
regimes of quantum transport, which are distinguished by the
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relative size of the SO splitting and the Fermi energy of charge
carriers, as sketched in Fig. 1. The structure of the paper is
the following: In Sec. II, we present the phenomenological
model for TMDCs band structure and disorder, supported by
k - p theory derivation in Appendices A and B. In Sec. III,
we analyze the interference correction to the conductivity
and show that it displays various forms of the WL to WAL
crossover, depending on the relation between the spin splitting
and Fermi energy of the carriers. In Sec. IV, we discuss the
occurrence of such crossovers in, e.g., MoS,.

II. MODEL

Two-dimensional unit cells of TMDCs consist on X-M-X
layers, where the transition-metal atoms (M) are ordered in
a triangular lattice, each of them bonded to six chalcogen
atoms (X) located in the top and bottom layers (see Fig. 1).
We focus on the dynamics of spinful electrons and holes
around the Ky valleys. To that end, we introduce Pauli algebras
associated to valley (r matrices) and spin (s matrices), which
can be classified according to the irreducible representations
of Dj, (see Table I). Here, we deal with Dj,, the point
group associated to the tripled unit cell, because it allows
us to treat excitations at both valleys on an equal footing (see
Appendix A).

The k - p theory Hamiltonian for electrons and holes in
TMDCs has the form [23-25,39-42]

pl?
2m*

A
+ 1% (Pi - 3Px17§) Tz + 5 Tz5z + oH (I‘) . (la)

H= >

This takes into account trigonal warping u of their dispersion
inverted in Ky valleys and SO splitting A [large (small) in
the valence (conduction) band (see Table II)]. The last term in

Eq. (1a),
SH () = ug (r) +u (r)rs; + {P»ag(l')}‘fz + {pvagz(r)}sz
Fuy () sT+ Y (P Wa®lse + i) - T

a=x,y
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a=x,y a,B=x,y

©2014 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.90.235429

OCHOA, FINOCCHIARO, GUINEA, AND FAL’KO

o.o.o.o.o.o

.0 ‘\/‘ .0
A& 2888 Regime C

o.o.o\‘./o.o.o
.o.o.o.o.o. Regime 4
Regime B

FIG. 1. (Color online) Left: lattice, unit cell, and Brillouin zone
of TMDC monolayers. Right: schematic view of the quantum
transport regimes discussed through the text.

describes imperfections in the 2D crystal that, in principle,
break all its symmetries except for time reversal.

The first two terms in §H (r) stand for intravalley disorder,
sensitive to the allowed spin state of the electron in each valley.
The next two terms account for both lattice deformations (re-
sponsible for a valley-/spin-dependent pseudomagnetic field
[34,35]) and the Berry curvature specific for the bands at the
corners of the Brillouin zone. Their k - p theory [25] derivation
is described in Appendix B. The presence of the last two
terms in the first line, with spin operators (sx,sy) = s, requires
7 — —z symmetry breaking, e.g., by flexural deformations of
the 2D crystal in the case of the last term [43].

The second line in Eq. (1b), with valley Pauli matrices
(ty,7y) = 7, describes intervalley disorder due to atomic
defects in the crystal. The first two terms account for intervalley
scattering without spin flip; the last term represents the
only intervalley spin-flip perturbation permitted by the time-
inversion symmetry in the lowest-order k - p expansion around
K. The momentum dependence of such a term suggests that
the intervalley spin-flip scattering is absent for the carriers at
the band edge [44,45].

III. QUANTUM TRANSPORT REGIMES

We study the phase-coherent quantum interference correc-
tion to conductivity since the typical mean-free paths deduced
from the mobilities reported in monolayers of TMDCs (see
Table II) are of the order of £ ~ 1-10 nm, whereas the phase-
coherence lengths reported in magnetotransport experiments
in few-layer samples are of the order of £, ~ 50-100 nm
[46,47]. The analysis of quantum transport characteristics of
TMDCs is based on the diagrammatic perturbation theory
calculations similar to those performed earlier in graphene
[36,37,48] and other 2D materials [38]. Depending on the

TABLE I. Definitions of valley and spin matrices.

Irrep t — —t invariant t - —todd
Al T, 8,
E// Sx

Sy

Ty
Eiz (Ty)

PHYSICAL REVIEW B 90, 235429 (2014)

relative size of SO splitting and Fermi energy ¢y of charge
carriers (see Fig. 1), we identify three distinct spin/valley
relaxation and quantum transport regimes:

(A) A > ep: lightly p-doped monolayers of MoX, and
WX, (X = S, Se, Te) with holes fully spin polarized in
opposite directions in the opposite valleys [26-29].

(B) epzA: specific for heavily p-doped MoS,.

(C) er > A: typical for n-doped MoX, monolayers.

A. Regime A: L > €y (valence band)

Energy conservation and spin polarization of electrons
in opposite directions (1) in valleys K+ do not leave any
space for intravalley spin-flip and intervalley spin-conserving
scatterings. This makes redundant the last two terms in the
first line of Eq. (1b) and first two terms in the second line.
Then, spin-conserving intravalley disorder is characterized by
the scattering rate

ol 2mv(L2 + 2,) _m"
o 7 T 2k (2a)
(ua(r)uﬂ(r/» = Qaaaﬁa(r - I'/), o= (O,Z).
The gauge-field-like part of H determines the rate
2 2(® ®
T(;l = nva( hg + gZ) X ny,
(2b)

(al()a (X)) = Oubupdiyd(r — 1), @ = (g.82)

which scale linearly with the hole density n;,. The last term in
Eq. (1b), with (¢, 8 = x,y) is responsible for the only possible
intervalley scattering process in the regime A, accompanied
by a spin flip, which determines the hole spin relaxation rate
[44]

S 8T Vvp2O;4
s h
<wéﬁ(r)woj/ﬁ’(r/)> = O 800 8pp8ij8(r — 1),

X ny,

(20)

which also scales linearly with the hole density.
Rates (2) sum up into the momentum relaxation rate

-1
is

-1 _ -1 —1
T =71, +‘L'g +T

which determines the value of Drude conductivity and diffu-
sion coefficient D = %rv%, and the result of Eq. (2c) suggests
that in p-doped TMDCs spin-diffusion lengths

L = /D, ~ \[3e/20;,m ®)

are almost independent of the carrier density at n;, — 0.

The corrections due to quantum interference are exppressed
in terms of particle-particle correlation functions known as
cooperons, whose dynamics are governed by the Bethe-
Salpeter equation, diagrammatically depicted in Fig. 2. Since
spin and valley degrees of freedom are coupled in this regime,
we simplify the notation by introducing a set of generators
of U(2), 00,»,y,;, With op the identity and o , . Pauli matrices
acting on the Hilbert space span by the doublet (K, 1), (K_, )
[49]. First, we decompose the disorder correlators introduced
in the main text [Fig. 2(a)] and cooperons [Fig. 2(b)] in singlet
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TABLE II. Effective mass, SO splitting, and mobilities for conduction (e~) and valence (h*) bands of some best-studies semiconducting

TMDCs.
Material Band % A (meV) Mobility (cm?/sV)
MoS, e 0.46 [25,42] 3[2542] 20-350 [7,11,15-18]
ht 0.54 [25,42] 148 [25,42]
MoSe, e 0.56 [42] 22 [42]
h* —0.59 [42] 186 [42]
WS, e 0.26 [42] —32[42]
h* —0.35 [42] 430[19,22,42] 50-120 [20]
WSe, e 0.28 [42] —37 [42]
ht —0.36 [42] 460 [19,22,42] 140 [10]

(I,s = 0) and triplet (/,s = x,y,z) modes as
Css’ = %[O'yo—s]aﬁ Cot,Bo/ﬂ’ [Us/ay]ﬁ’a/’
Wig = 3[0,0]ap Waparp 050y 1prar,

where the sum in «,8,¢’,8’ indices is assumed. Then, the
Bethe-Salpeter equations [Fig. 2(c)] can be written in a
compact way as

Cslsz Q,w) = Wslsz + Z Z Wsls’cxsz (Q.0) Iy (Q,w),

s, Ll

where

_1 d’p AR T
[y (Q.w) = 3 f WTY[Usz(G (p,hw + &r))

x oy0y GA(Q — pep)l. )
The retarded/advanced Green operators are just
A 1
G (p,w) = ——— 00, 5
Ro) = Fo 8
so then we have
2
My Qo) = =22 (1 +itw = tDIQP) X 8y, (©)

where the last result corresponds to the polarization operator
in the so-called diffusive approximation (tD |Q|* ,tw < 1).
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@
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©
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FIG. 2. Diagrammatic representation of (a) disorder correlator,
(b) cooperon, and (c) Bethe-Salpeter equation.

The WL correction to conductivity can be written as the
contribution of four cooperon modes [one singlet s = 0 and

. : &~ 2mvr?
three triplet s = x,y,z, with Cs; = 5=Cy, (Q)]
d*Q

2D (Gt Cot G Gyl
wh ] @mpt T TR0

8gii = — @)
which are fundamental solutions of diffusion-relaxation
kernels

[-DV? —iw + T1C,(r — ¥, w) = 8(r — ). (8)
This is deduced from the Bethe-Salpeter equation (4), as-
suming the low frequency and momentum expansion for the
polarization operator (6), and also that diagonal scattering
dominates over the rest, 7/79 ~ 1 [50].

The relations between the relaxation gaps 'y and the rates
associated to different scattering mechanisms are summarized
in Table III. Similarly to other multivalley conductors without
intervalley scattering, lattice defects [34-37,48] and trigonal
warping in the valley dispersion [36,37] suppress the low-
temperature part of the quantum correction to conductivity
caused by the interference of phase-coherent diffusive waves
encircling the same random walk trajectory in the reversed
directions. This is because inhomogeneous deformations
generate a random pseudomagnetic field with the opposite
sign in K4 valleys, whereas trigonal anisotropy splits hole’s
wave number for the opposite Fermi velocity directions, hence
inducing a random phase difference for the clockwise and
anticlockwise propagating waves (Fig. 3) (with the opposite
sign in the opposite valleys). The cumulative effect of these
two factors determines the decay rate 7,~! of valley-polarized
cooperons [36,37,48] in the set of triplet and singlet two-hole
correlation functions

15/L2p16;‘[

a2 o Any, + Cnj.

-1 _ 1
T, =21, +

®

TABLE III. Relation between cooperon relaxation gaps and
scattering rates in the regime A.

Relaxation gaps Relaxation rates

— -1 _ -1 -1 -1
I'h=0 T =1+, T

— — 1 -1
FX_FY_I* +Tis iy

— 9! -1 _p—1 4 buppr
FZ. = 21"«5 T* = 2tg —+ T
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FIG. 3. (Color online) Trigonal warping of isoenergy contours
in the valence band in one of the valleys (left), leading to a phase
difference between holes propagating along a closed path in the
reverse directions (right).

Note that, similarly to L;, in Eq. (3),

L. =Dt~ [F1/(©; + O m (10)

is independent of hole densities at n;, — 0.

In the diffusive approximation, the integration in Eq. (7) has
anatural ultraviolet cutoff imposed by the inverse of the mean-
free path £ = /D7, whereas the infrared cutoff is imposed by
the decoherence length £, = ,/D7,. Then, the WL correction
to conductivity reads just as

2 -1 -1
g =< |:ln<r—1)—ln<—lf _1>
7h T, T, 1+ 21
‘L'_l
2| —e——]|. (11)
T

In the presence of an out-of-plane magnetic field B, |Q|? is
quantized into Q% = (n +1/2) ¢, =2, with the magnetic length

defined as {5 = /h/4eB. For {5 > ( the diffusive approx-
imation is still valid, and the WL correction to conductivity
reads as

Mmax

88ii (B) = B «
sii () ;ZDE2 + )+ T+,
with ¢q x y,. = —1,+1,+1,+1. Thanks to the property of the

digamma function

Nmax 1
YA o+ D =P ()= :
nzox—i—n

we can perform the summation, leading to

1 B;+B
ag”(B)———Z [ <4 DB) w(y%)}

with By = hr‘ . Note that we have taken the limit 71, — 00,

3 hr!
W X 4 Amax + E — In (nmax) ~ In .

4eDB

the MR defined
—Ag (B)/p? can be written

Substrating the zero-field correction,
as Ap(B)=p(B)—p(0) =
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FIG. 4. (Color online) MR behavior in regime A as a function of
applied magnetic field B and phase-coherence lengths through B,,
Z;z. Left (in red): no intervalley scattering, t;; — co. WL saturates
at temperatures/hole densities such that 7, ~ 7,. Right (in blue):
intervalley scattering is present, 7;; ~ 7.. MR displays a crossover
from WL to WAL upon increasing hole densities (decreasing B,,).

250 2) (o)
02 wh B, B, + 2B
_2F ( )} (12)
B, + B,S T B,
By

1 h/e
F@=lnk@+v ( Z) , D

Without intervalley scattering, the combined effect of
pseudomagnetic disorder and trigonal warping places the
system in the double-unitary symmetry class [31,51] with a
WL peak saturated at a temperature such that 7,(T) ~ 7.,
and this interplays with spin-flip intervalley scattering which
drives the system to the WAL regime. The resulting behavior
of MR is illustrated in Fig. 4. From the density dependence of
relaxation rates rl.;l and 7~ U B;y o Li_s2 and B, L;z should
be finite at n;, — 0 [see Eqgs. (3) and (10)], in contrast to B,
n,;l. Hence, we conclude that magnetoresistance displays a
crossover from WL to WAL behavior upon increasing the
hole density. Here, the form of MR would be dependent on
the amount of atomic defects responsible for the spin-flip
intervalley scattering: for a virtually defectless crystal, MR
would display a two-step crossover, from suppressed WL to
WAL (this behavior is exactly the reverse of the WAL-WL
crossover in monolayer graphene [36]).

as

B. Regime B: ¢y > A (valence band)

When some minority-spin carriers are present on top of
majority-spin Fermi seas in both valleys, both intravalley spin-
flip and intervalley spin-conserving scattering are permitted
for carriers at the Fermi level. Those are characterized by the
intervalley 7' and spin-flip intravalley 1'3}1 scattering rates

! 4y

u/sf T [Tv/sf + p%Ev/sf] ) (13)

parametrized by the correlation functions
(ul (Ol (1)) = Ty 818(r — 1),
(WE W) = Byr84p8:6(x — 1),
(ul@ul () = 1,88 — 1),

(wia(l‘)wgﬁ(r = E,84p0;;8(r — 1').
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In the crystals with short-range (atomic) defects, these rates are
independent of the carrier density, whereas in a clean smoothly
bent layer they would linearly increase with the density of
carriers.

Firing up new scattering processes at the carrier density
threshold n. = n;,(er = X) reduces both the mean-free path
of carriers and their spin-diffusion length (now, limited by the
intravalley spin flip). The reduction of the mean-free path by
additional scattering channels leads to a step change in the
resistivity and spin relaxation upon the increase of the density
across the threshold,

m-o —1
p(ny) = pne) + E(fv + T )0y —ne), (14

followed by a gradual decrease of resistivity, with a slope
determined by the mobilities of majority- and minority-spin
carriers.

An abrupt change also occurs in the behavior of the
quantum correction to conductivity of defected TMDCs. In
short, opening intervalley and spin-flip intravalley scattering
channel, with finite rates already at n, > n., drives the
system deeper into the symplectic symmetry class. This
statement is based on the diagrammatic calculation, where
now, similarly to graphene [52], one can classify cooperons
as singlets and triplets in terms of both spin (s) and valley (/)
indexes

ba'h' va
Cgﬂg/ﬁ/[Ss’sy]ﬂ’a’[fl’fx] “.

w
Cyo = ilsyssluplrenl®
The Bethe-Salpeter equations for the cooperons can be written
in a compact way as

Wl]lz

5152

Clt Q) = WL+ ) WILCE Qo) T Q)

s,s' Ll

&2 77! 77!
g=—|In| — In| —————] -1
8 h n Tgo_l + In t(;l—i-FzZ n
Ap(B 2 B B
PB) e (BYer(—2_\_F
p? wh B, By, + B: B,

where the expressions for the relaxation gaps are summarized in Table IV and we have introduced B! =
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where now the polarization operator reads as

M}, (Q.o)

_L[ dp . )
- Z./W M(77) ® (555 (G (P, w + &r))

x (T:7) ® (5,59)G(Q = poep)], (15)
and the disorder-averaged Green operators are

A fiw—ep£ilt)+20. @5

GR,A (p,C{))Z ( P 21’) 272 Z. (16)

. h 2 )LZ
(ha)—gp:tlg) -7
Hence, the WL correction to conductivity is given by 16
cooperon modes (C! = %C i

2¢*D d*Q -
8gii=—0 | — e C! , with
& 7h ] @) Xl: Q)
Co,x,y,z = —1,+1,+1,+1, (17)

V= 141,41, -1

As before, we take the low momentum and frequency
expansion of the polarization operator assuming the diffusive
approximation 7 D |Q|*, 7w < 1. Two groups of four cooper-
ons corresponding to singlet and triplet combinations built
separately of two Kramers doublets (K,1; K_,|)and (K+,{;
K_,1) are solutions of the diffusion-relaxation kernels

[-DV? —iw+TlClr—r. @) =8 —r),  (18)

whereas the cross-doublet cooperons do not contribute in the
present regime due to the mismatch between the Fermi surfaces
corresponding to different spin polarizations at each valley.
The WL correction to conductivity and MR in this regime
reads as, in general,

—1

T 77! T
=l In P —41n 1Tz ,
Ty + z Ty + 1% Ty + 1%

19)

vm) (wwm)  (w)]
—— |- F|—— ) —4F(— )|,
+ B? B, + B; B, + Bf

_
4eD "

These expressions can be further simplified if we neglect 7:*_1 and ri;l in the expression for I'y, FS, and Fg, which are assumed
to be smaller due to their dependence on carrier concentration. Then, we have

(t<;1 + 2rs}l)(1:¢j1 + 21:;1)

S

=—|In

gnh
(2

o, (o, + 2 + 2t )

1582

—1
_41n<—l Tl _l)i|;
[ A
v ! s (20)
B B?

Ap(B) €
p2  wh

where we have expanded all the F (z) functions to the lowest
order excepting the first term and B, = h/(4et, D). Note
that in this regime, intravalley spin-flip processes do not lead

F(Z ¢ + 4
B,) ~ 9%mh | (B, + ByR | B2

— .
BS, :|
(

immediately to WAL. This happens because the fourth term in
the first line of Eq. (1b) looks like intravalley magnetic disor-
der which suppresses WAL effect coming from intravalley
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TABLE IV. Relation between cooperon relaxation gaps and scattering rates in regimes B and C.

Relaxation gaps

Relaxation rates

ry=0

M=r=r'+2t, '+, =7+, + 1
I = 2'(?]» +2‘(”

rg:r’ +T*;l+rrf—|—r’l+f’l+r

r;:r;—FX—ry—r-1+r—‘+rAf + 1
==+ +1; —1_1+1:_'+1'
=2t 427"
M=Ti=r'+2t;' +1,' -
r:=2"! +2‘[S}1

-1 -1 -1
T + Tsf + T

-1 _ -1 -1 -1 -1 -1
=T T, T+ T

2
771 = ZPEOs
gz h

spin-flip scattering, similarly to how trigonal warping and
Berry curvature [accounted by 7.~ !in Egs. (11) and (12)]
suppress WL in the transport regime A.

C. Regime C: e > A (conduction band)

In this case, the crossover between WL and WAL be-
havior of magnetoresistance takes the most complicated
form, especially when At < A, since one has to take into
account all 16 cooperons built using valley-spin quartet
(K, K-yl Kyl K-,1). The intrinsic SO splitting acts
as an effective Zeeman coupling making the electron spin
precess around the axis perpendicular to the crystal plane
in the opposite direction for electrons in the opposite val-
leys. SO splitting and spin-dependent disorder determine the
rate
T 4nvQ,

T, = T + P 201
at which the eight ‘cooperon modes that we neglected previ-
ously, C% % and C ¥, decay. The SO splitting also couples
them by precessmn Wlth the rate w; = A/h, similarly to how
real Zeeman coupling mixes singlet/triplet cooperon modes in

J

se— < () 1 2 1
=—in|— nf———]—-In
8= T T, ! T, '+ T

a simple disordered metal [53]. These modes satisfy the matrix
equations (for the former)

T+ '@ —w (00(zz) COzy(zO)
' . 0 ~x30 - o)=L (22
; M+ Ff,( ) C;){( ) C;i( )

where we have written IT = D |Q|* — iw for simplicity. After
matrix inversion, we have

. I+ 150

* (M + 1Y) (1 + 1) + 2 23
) I + %) @3)
¢ — x

y (H+F§(O))(H+FS(Z))+CO%.

For C0 Y we obtain the same swapping the spin and valley
indices. Then, by introducing the coefficients
~1 ~1
— Tl’v _ TySf
Yo = TS Vsf = T
7,7 — 0 — Wy

where the rates ‘L’V T, I are defined in the second column of
Table IV, the WL correction to conductivity and MR can be
written as

77! 77! 7!
T, + I? 7, + Iy T, + rx

‘L’le-l-‘f_l]/u ty_vl—'_
prnens ol Il e
'L'yly -7 ]/v T]/v —

(z,' +T5/2+T5/2)y,

(t, ' +T92+T:/2) y,
(t, '+ T2+ T5/2) v

-1 -1
+T T, .+
Vst Vst
+2vy [ln (ﬁ) —ln (t i
Ysf S Ysf

(q/, '+ T5/2+T%/2)

alif

Ap(B) €2 B B B B B
=—|F|—=)+F|——|-F|———|-F|——— ) —4F | —
02 wh B, B, + B B, + B B, + B; B, + Bf
oG —B 1B o 6 B vsr B 24)
Vi ) Vsf TR )
R P P R VR
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where B , and

=_h
Yosf T 4eDrV”/

G(zl,zQ)EZ[:i:w( +L - 1>¢1n<lil>]

T 21 22

We analyze the quantum transport behavior in TMDCs
deduced from these formulas in two extreme situations
depending on their crystalline quality: (i) material where
scattering is dominated by lattice defects and (ii) defect-free
TMDC.

1. Lattice-disordered TMDCs

We take into account only such disorder that leads to finite
scattering rates T, ,} sf for electrons at the edge of conduction
band, leading to

In this case, MR has a distinct WAL form, extrapolated from
the WAL behavior in the regime B:

Ap(B) € F B
02 mh B,

&2 15B2 + B2 + B2
967h | (B, + Byyr)? BY

N Z 32B,(B; + B, + Bys)B?
2
a=v sf B + (BA + Bsf + Bv)2 - B(%]

. (25

where we have expanded~F (z) and G(z) to the lowest order in
zand B, = h/(4et, D), B, = L/(4eD).

2. TMDC:s free of atomic defects

In a defect-free 2D crystal with scattering produced by
remote charges in the substrate or smooth lattice deformations,
electrons diffuse conserving their valley state (t,;s — 00).
Then, spin-diffusion lengths

h
Lo~ Pr Ve (26)

L 2K

axX | —, | —— | x

|: [2(h?) \ K T]
are assumed to be limited by either the characteristic height
/ (h?) of static wrinkles of lateral size £, or temperature in the
case of flexural vibration modes, where « is bending stiffness
of the 2D crystal [43,54].

As to the quantum transport, spurious time-inversion
asymmetry for the intravalley electron propagation caused
by SO coupling, Berry phase, and pseudomagnetic field due

to the deformations suppress the interference correction to
conductivity. As aresult, MR in such high-quality 2D material

PHYSICAL REVIEW B 90, 235429 (2014)

would have a form of a suppressed WL effect

Ap(B 262 B 1
o( ) i Py
02 T nh By, + By 1—

2
“Tr
hZ

B B

/ 2.2
B +BA+BJf vi 1_)‘_

IV. DISCUSSION

@7

For n-doped TMDC:s (regime C), it is interesting to discuss
the extreme of samples free of atomic defects, where the
expression for the MR adopts its easiest form (27). We
see that the suppression of WL is governed by the ratio
between the spin-relaxation rate ts_l and the characteristic
precession frequency defined by the SO splitting w; . Taking
MoS, as a reference, we have 7, ~ 1 ns [43,54], which
is compatible with optical experiments [55], whereas the
precession frequencies are of the order of THzs, leading
0 Torw) ~ 103. Thus, WL behavior is expected, eventually
suppressed by warping or Berry phase effects. Hence, if
an experiment on n-doped MoS, displayed WAL behavior,
this would immediately point at the presence of short-range
disorder (such as vacancies in the chalcogen atoms layer, which
break the z — —z symmetry of the system) which scatters
between valleys simultaneously flipping spins.

For p-doped TMDCs, spin relaxation has a rate linear in
the carrier density for g (nj,) < A, which leads to a density-
independent spin-diffusion length, and that their MR displays
a crossover from WL to WAL behavior upon the increase in
the concentration of holes. At the threshold density n. of the
population of minority-spin states in each valley er(n.) = A,
resistivity and spin relaxation rate of holes undergo a steplike
increase, whereas the quantum correction to conductivity
remains of a WAL type.

To complete this discussion, we also consider a generally
ignored but possible occurrence of the I'-point band edge in
some TMDCs. To the lowest orders in momentum, the k - p
Hamiltonian, including SO terms, reads as

H_ Ipl

(px _3pxp})sz (28)

The SO parameter can be roughly estimated as o ~

A (FPKLPP) = ( = h)g)» For a finite concentration of holes
around I', nr, we have

3 3
apE 3 2 (0r
—= ~ta’n’ | — 1.
h/t @ <n6) <

Hence, the spin splitting of electron states near the I'" point
plays no role, whereas z — —z symmetry-breaking flexural
deformations and substrate-induced asymmetry would lead
to the typical Bychkov-Rashba SO effects [56], Dyakonov-
Perel [57,58] spin relaxation, and WL-WAL crossover, as
in GaAs/AlGaAs heterostructures [51,59,60]. This should be
contrasted with suppressed WL behavior in high-quality, low-
to-medium p-doped samples characteristic for K points band
edges. With the references to Eqgs. (11) and (12), we suggest
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that if fitting of experimentally measured magnetoresistance
returned 7, such that T < 7, < 7, this would give a distinct
quantitative proof for the multivalley nature of the valence
band edge.
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APPENDIX A: k - p THEORY FOR ELECTRONS
AND HOLES IN TMDCS

In this Appendix, we deduce the band Hamiltonian of
Eq. (1a) from a k - p theory describing lowest conduction and
valence bands [22,25]. These are dominated by d orbitals from
the M atoms ds,>_,> and (d,2_,> & id,,), respectively. Instead
of dealing with degenerate states at K1 points one can triple
the unit cell in such a way that the old K1 points are now
equivalent to the I" point of the folded Brillouin zone. From
the point of view of the lattice symmetries, this means that
the two elementary translations (t,,, t,,) are factorized out of
the translation group and added to the point group Ds;, which
becomes DY, = D3, + ta, x D3, 4+ t3, x D3;. The character
table of this group is shown in Table V. Dj, contains 24 new
elements and 6 additional conjugacy classes, which leads to 6
new two-dimensional irreducible representations (denoted by
E},5and EY , ;), the valley off-diagonal representations.

The symmetry properties of Bloch wave functions at the
Brillouin zone corners are summarized in Table VI, which
gives the suitable combination of atomic orbitals and the
associated irreducible representation of Dj,. In the case of
X atoms, both bonding (b) and antibonding (ab) combinations
of orbitals from the bottom and top layers are considered.
The second and third columns contain the phases picked up
by the wave function at each valley when a 27 /3 rotation
or a mirror reflection is performed. We consider the space of
4-vectors ~(E’, E}) whose entries represent the projection of
the Bloch wave function at conduction and valence states at
the Brillouin zone corners. In order to construct the effective
k - p Hamiltonian acting on this subspace, we must consider
the possible 16 Hermitian operators, whose reduction in terms
of irreducible representations of D5, is inferred from

(E5EY) x (E3,E}) ~2A) +2A, + 2E' + E| + E} + 2Ej.

This space of electronic operators can be constructed from
two commutating Pauli algebras X;, A;. The definitions are
summarized in Table VII. The basis is (Ve , Yyt Yy, —We—),
where . ,1 represents the wave function of the conduction
or valence state at K points, in such a way that time-reversal
operation (including spin) reads as is, A, %, K. The operators
A;, X; and all their combinations are 4 x 4 matrices, which in
this basis can be written as

Ex,y,z =7® Ox.,y.z»

Ay yz = Ty, ® 00,

PHYSICAL REVIEW B 90, 235429 (2014)
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0.05 0.05
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Px 2n/a) Px 2n/a)

FIG. 5. (Color online) Isoenergy contours around K. points de-
duced from Eq. (A1) for conduction (left) and valence (right) bands.
We take y =3.82eVA, o =1.72eVA?, 8 =-0.13eVA?, and
k = —1.02eV A? [25]. The spin-orbit splitting is neglected.

where 7; and o; are Pauli matrices that act in valley and
conduction/valence subspaces.
The Hamiltonian up to second order in p reads as [61]
A oa+ B oa—p
H=yp T+ AT+ ——Tlpl + ——A:Z:[pl’

+x[(P; = P}) A:Zi — 2papy AL Sy ], (A1)

which corresponds to the Hamiltonian in Egs. (2a)—(2d) of
Ref. [25]. Microscopically, the linear term in p comes from
the strong hybridization between conduction and valence band
states away from K. points, both dominated by orbitals local-
ized in the metal transition-metal atoms. Such hybridization is
responsible for the nonzero Berry curvature of the bands [62]

2ty*[A — (@ = B)Ipl]
(A + (a = B)*[PID) + 4y2[pl21/?

Q. PM~F (A2)

The different orbital composition of conduction and valence
bands introduces certain electron-hole asymmetry, and it is
also responsible for the distinct strengths of the intrinsic spin-
orbit splitting of the bands. We also include trigonal warping
effects in the bands through the last term of the Hamiltonian.
The isoenergy contours around K points deduced from this
model are shown in Fig. 5.

We project the Hamiltonian of Eq. (A1) onto a single band
by a Schrieffer-Wolf transformation [63]. The Hamiltonian can
be written in the block form as

HO v

We take the Green’s function G = (¢ — H)_l, then evaluate
the block G, , associated to the conduction/valence band, and
use it in order to identify the effective Hamiltonian near the
band edge. If we define G°) = (¢ — H®))~", then we can write

G Gu)_[((6™" v |
gvc gv o VT (g,@)il
For the conduction band, we obtain G. = [(gg‘”)—l -

VGOVl so e — G- = H, + VGOVI. At the bottom of
the band (¢ ~ %), the effective Hamiltonian to the lowest order

(A3)

(A4)
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TABLE V. Character table of D5),.

Dy, E 27 o 2Ta, 2G5 27C; 27C3 285 2T 27583 9TC} 9Ta,
Al 1 1 1 1 1 1 1 1 1 1 1 1
A} 1 1 1 1 1 1 1 1 1 1 -1 -1
Al 1 1 -1 —1 1 1 1 —1 -1 —1 1 -1
Af 1 1 -1 —1 1 1 1 —1 —1 —1 -1 1
E’' 2 2 2 2 -1 -1 -1 -1 -1 -1 0 0
E” 2 2 -2 -2 -1 -1 -1 1 1 1 0 0
E; 2 —1 2 -1 2 —1 -1 2 -1 -1 0 0
EY 2 -1 —2 1 2 -1 -1 —2 1 1 0 0
E} 2 —1 2 -1 —1 2 —1 -1 2 -1 0 0
Ej 2 -1 -2 1 -1 2 —1 1 -2 1 0 0
E; 2 -1 2 -1 -1 -1 2 -1 -1 2 0 0
E} 2 —1 -2 1 -1 —1 2 1 1 -2 0 0
in A~! reads as When we project these terms onto a single band by the same
procedure as before we obtain
4 (8 ?) vi 14

He ~ HY + — (AS5) Hew = Ue,y (r) & A {p. A}, (B2)

Similarly, for the valence band we have with Ue,, () = U (1) £ M (r) + % [V x A(r)]. This corre-
sponds to first and third terms of Eq. (1b) of the main text

t(1 0 with
H, ~HO _ M (A6) Y
v Iy, . uo(r)zU(r)iM(r)+Z[VxA(r)]z,

A

By this procedure we obtain the Hamiltonian in Eq. (1a) with

1
2.+ L)
2yk

Mev = :IZT

(A7)

APPENDIX B: k.- p THEORY FOR INTRAVALLEY
AND INTERVALLEY DISORDER

In this Appendix, we deduce the form of the disorder
potentials included in Eq. (1b). Within the two-bands k - p
theory, intravalley disorder enters as scalar, mass, and gauge
like potentials,

SH) =U@I+M@AS, +A,Z -Ax. (B

TABLE VI. Classification of the Bloch wave functions at K
according to the irreducible representations of Dj,. The sign +

. . . . 221
corresponds to combinations of orbitals at K points, and w = e'3 .

Irreps Cs oy M atom X atoms
1 .
—=(d.2_p tid,,),
i ﬁ xX<—y y 1 .
E| 1 1 L(peFipy) 7P ipy) (B)
E} -l 5. Fidy) 7 (P: £ipy) (ab)
E} w*! 1 dy2_,s %(px Fipy) (b)
1 .
S(de 2 Fidyy),
E; wF! V2 e ab), s (b
3 %(p,\:l:lpy) pz( ) ()
E} w o~ p: 7 (P: Fipy) (ab)
EY wT! -1 %(dxZ +id,;) p. (b), s (ab)

y (B3)
a, (r) = :tZA (r).

Intervalley disorder can be incorporated following the same
procedure. Within the two-bands model we have in general

Virtm = Y > V@ SiA

n=x,y,zl=x,y

(B4)

We can write the spin-dependent disorder potentials in
the same fashion, distinguishing even and odd terms

TABLE VII. Definitions of the electronic operators in the two
bands effective model at K points.

Irrep t — —t even t — —t odd
Al I, A%, As,, 2.5,
A§ X Az s
Al Ze8y + Xysy
A7 XSy — XySy
, —A Xy =Sy >,
£ () )
, NSy (28 (eSy + Dysy —Sy
E (Azsy)’ (Ezsy)’ (ZXSX - Eysy) ( Sy )
A+ A,
Ey (Z,XA). - ZyAX)
” Aysy — Ays,
E (Axs)C + Aysy)
/ YAy — XA,
E (—XJXA_v — XA,
, Aysy + Ays,
E; (Ays,. - Axsx)
, =X Ay S A, A
E; ( A, )’ ( s: A, ) (Ay)
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under the reflection symmetry z — —z defined by the layer of transition-metal atoms

Vi) =s,

n=x,y,z

Vi = Y s

j=x,y h=x,y,Z

R

Y UM+ Y VIOA |,

I=x,y,z

(BS)

M, + Y VimA,

I=x,y,z

Even terms conserve z spin, whereas odd terms induce spin flip. After projecting these terms onto a single band, we obtain for

intervalley disorder potentials [Eq. (B4)]

VINE) = Veu(0) - T,

x 4
Vi@ = Vyy F Vi — Z(ay Vex £ 0:Vzy),

with

(B6)

14
ch,v(r) =V FVy — Z(ay Viy F0: Vo).

Similarly, for even and odd spin-dependent disorder potentials [Eqs. (B5)] we arrive at

Ve = (VU T+

ve,m= > si{(Ve£Up) T + %[j: UG+ [V xUs] o+ (E{p V) = P Vi)

J=x.y

= ({peVit £ P Vi) o]}

Yo [ ) 41V 5t Lrc (& (Vi) — (Vi) v — (o) = {1V ]) )

B7)

7y

Equations (B6) and (B7) enable us to relate parameters in the phenomenological model for disorder in Eq. (1b) to their microscopic

counterparts as

w0 = VU LIV XU, ae = U, =V U+ [V <],
Y20 14 e e
W, = Xu"” u =V, Wo = © (Ve + Vy), (B8)
w :1(—1}“ FV) w =Z(—V0 +V)) w,=1(—V‘) FV5.)
zy A y? x) ax A ox’ ay) ay A ay? ax) *
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