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Tight-binding theory of NMR shifts in topological insulators Bi,Se; and Bi,Te;

Samuel Boutin,"" Jorge Ramirez-Ruiz,"> and Ion Garate'
' Département de Physique and Regroupement Québécois sur les Matériaux de Pointe,
Université de Sherbrooke, Sherbrooke, Québec, Canada JIK 2R1
2 Instituto de Fisica, Universidad Nacional Auténoma de México, Apartado Postal 20-364, 01000 México D.F., México
(Received 8 February 2016; revised manuscript received 3 August 2016; published 14 September 2016)

Motivated by recent nuclear magnetic resonance (NMR) experiments, we present a microscopic sp* tight-
binding model calculation of the NMR shifts in bulk Bi,Se; and Bi,Te;. We compute the contact, dipolar, orbital
and core polarization contributions to the carrier-density-dependent part of the NMR shifts in 2’Bi, '*Te, and
7Se. The spin-orbit coupling and the layered crystal structure result in a contact Knight shift with strong uniaxial
anisotropy. Likewise, because of spin-orbit coupling, dipolar interactions make a significant contribution to the
isotropic part of the NMR shift. The contact interaction dominates the isotropic Knight shift in 2Bi NMR, even
though the electronic states at the Fermi level have a rather weak s-orbital character. In contrast, the contribution
from the contact hyperfine interaction to the NMR shift of ”’Se and '*Te is weak compared to the dipolar and
orbital shifts therein. In all cases, the orbital shift is at least comparable to the contact and dipolar shifts, while the
shift due to core polarization is subdominant (except for Te nuclei located at the inversion centers). By artificially
varying the strength of spin-orbit coupling, we evaluate the evolution of the NMR shift across a band inversion

but find no clear signature of the topological transition.
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I. INTRODUCTION

Nuclear magnetic resonance (NMR) constitutes a powerful
experimental technique to study a wide array of chemical
and electronic properties of materials [1]. For decades, NMR
experiments have provided important information on ordered
phases of matter such as superconductivity and magnetism.

In the last five years, NMR has been applied to the study
of topological phases of matter [2], which are characterized
by topological invariants that result in peculiar surface states.
A priori, NMR is not the best tool to characterize topological
phases of matter. On one hand, NMR is a local probe, while
topological invariants are nonlocal. On the other hand, NMR
is a bulk probe, while the main manifestations of topological
invariants occur at the boundaries/surfaces of the material.

Yet, the aforementioned difficulties have not dissuaded
numerous experimental attempts [3—17] aiming at direct or
indirect signatures of topological invariants in NMR. Most
of these experiments have focused on BiSe; and Bi,Tes,
which are model topological insulators. To mention but a few,
Koumoulis ef al. [6,14] and Podorozhkin et al. [13] searched
for NMR signals of topological surface states. Nowak et al. [8]
measured a positive 2?Bi NMR shift for topologically trivial
YPdBI, and a strongly negative shift for topologically nontriv-
ial YPtBi. They considered this difference to be a “possibly
universal fingerprint” of a change in the strong topological
invariant. This idea was echoed by Shi ez al. [9], who proposed
that it is possible to detect electronic band inversions through
NMR shifts. Koumoulis et al. [15] used NMR to address the
band inversion in certain topological crystalline insulators.
Mukhopadhyay et al. [12] reported a large isotropic Knight
shift for 2*Bi in n-doped BiySes, which they attributed to
the contact hyperfine coupling, with an estimated contact
hyperfine coupling “comparable to or higher than the values
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determined for GaAs electron systems exhibiting pure s-like
wave functions.” These authors suggested that the orbital shift
is negligible. In contrast, MacFarlane et al. [10] noted that
the diamagnetic orbital response of the free carriers may
be important in topological materials where diamagnetism
is particularly strong. More recently, Georgieva et al. [17]
ascribed the large magnetic-field-independent NMR linewidth
observed by various groups to an unusually strong indirect
nuclear coupling mediated by bulk electrons. It was argued
that the reason behind this observation could be an unusually
strong Bloembergen-Rowland coupling between nuclear spins
in BiZSe3.

On the theoretical front, aside from early work on lead
salts [18-22] predating the discovery of topological phases
of matter, there has been a lack of detailed calculations
concerning NMR shifts in doped topological crystals. To our
knowledge, the only theoretical activities along this direction
consist of just a few continuum model calculations, mainly
concerned with the topological surface state contribution to the
Knight shift [23,24]. Both of these works consider the contact
interaction between the nuclei and the itinerant electrons as the
only source of the Knight shift. In addition, neither Ref. [23]
nor [24] make an attempt to incorporate the variation of the
shift from one nucleus to another, or to calculate the hyperfine
coupling (instead leaving it as a phenomenological parameter).

Partly due to the lack of theoretical guidance, some of
the aforementioned experiments appear to offer conflicting
responses to a number of basic questions. Is the contact
hyperfine interaction dominant or not in the observed Knight
shifts? Is the orbital shift significant or negligible? Does core
polarization play a major or a secondary role? What is the
influence of spin-orbit interactions and band inversions in
NMR? To quote Ref. [12], “a better understanding (- - - ) would
require new theoretical studies.” The objective of this paper is
to present a theory that addresses these questions by predicting
the carrier-density-dependent portion of the contact, dipolar,
core polarization, and orbital contributions to the NMR shift.
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The rest of this work is organized as follows. In Sec. II,
we review the microscopic sp’ tight-binding theory of bulk
Bi,Se; and Bi,Te;, which is our method of choice for
the calculation of NMR shifts. Compared to earlier k - p
model calculations in lead salts [18-22], the tight-binding
approach is more powerful in that it allows to compute the
NMR contributions from more electronic bands and from the
entire Brillouin zone. This advantage is especially important in
heavily doped semiconductors, as well as in systems (such as
Bi;Se; and Bi,Tes) where the bottom of the conduction band
and the top of the valence band are not at the same point in
the Brillouin zone. Indeed, the popular k - p model proposed
in [25] would not be a good starting point for the calculation
of the NMR shift in p-doped Bi,Te; because the top of the
valence band is away from the I" point (in fact, it is not located
in a high-symmetry point of the Brillouin zone). The tight-
binding theory we present has no such problem. In addition,
our calculation has the advantage of yielding the g factors and
hyperfine couplings without resorting to experiment. The main
limitation of the sp? tight-binding theory, which is shared by
the k - p theory, is that it is conceived to accurately reproduce
the electronic bands in the vicinity of the Fermi level, but not
those far from it. Consequently, it can reliably describe the
carrier-density-dependent part of the NMR shift, but not the
density-independent part that originates from core electrons
(also known as the chemical shift). Density-functional theory
(DFT) calculations, commonly used for chemical shifts [26],
do not suffer from this limitation. However, a DFT calculation
of NMR shifts in conducting and strongly spin-orbit coupled
crystals remains a computationally difficult task [27], not
undertaken thus far. In view of this, the tight-binding approach
strikes a useful compromise which allows us to predict
the dependence of NMR shifts on the carrier density. This
dependence is experimentally accessible [5,19] by measuring
the variation of the resonance field with carrier concentration
and subtracting the reference field, i.e., the field at which
resonance would occur in absence of carriers.

In Sec. IlI, we compute the contact, dipolar, and core
polarization contributions to the Knight shift, which emerge
from a magnetic-field-induced spin polarization of the itinerant
carriers. Contrary to what is occasionally assumed, we find that
the contribution from the contact interaction to the Knight shift
is strongly anisotropic, and that the dipolar interaction does
contribute to the isotropic part of the Knight shift. These two
observations are direct consequences of the strong spin-orbit
interactions in Bi,Se; and Bi,Te;. We demonstrate that the
2Bi NMR shift in n-doped Bi>Se; is dominated by the
contact interaction; however, for other shifts, the dipolar and
orbital parts are often considerable and at times dominant.
With the exception of the '>Te NMR shift, core polarization
is not a major factor. In comparing Bi,Se; with BiyTes, we
find that the hyperfine coupling for Te nuclei located at the
inversion centers is much larger than the hyperfine coupling
for Se nuclei located at the same place. As a by-product of our
calculation, we evaluate the contact hyperfine fields for Bi, Te,
and Se, as well as the g factors for Bi,Se; (at the I' point),
and find a rather good agreement with experiment.

In Sec. IV, we evaluate the contribution of the valence
electrons to the orbital shift, which emerges from magnetic-
field-induced orbital currents. The density-dependent part of
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this shift is comparable to that of the Knight shift. As a result,
contact, dipolar, and orbital mechanisms can all be comparably
important for the NMR shifts in Bi;Se; and Bi, Tes.

Section V summarizes the main results and draws the
conclusions. Besides, we discuss the effect of a band inversion
in the carrier-density-dependent part of the NMR shifts, and
show that the latter do not contain generic signatures of
topological invariants. The technical aspects of the theory are
relegated to Appendixes A, B, and C.

II. TIGHT-BINDING MODEL

The crystal structure of Bi;Ses consists of an ABC stacking
of monoatomic triangular lattices normal to the ¢ axis. These
layers are grouped into quintuple layers (QL) of strongly
bounded planes, while neighboring QL interact mainly through
van der Waals forces. Each QL contains two equivalent “outer”
Se planes (Seqy ), two equivalent Bi planes, and another “inner”
Se plane (Sej,) located at the center of inversion [25]. Due to
the ABC stacking, the primitive rhombohedral unit cell spans
three QL and contains five atoms: two Se,,, one Se;,, and
two Bi. An identical crystal structure applies to Bi,Tes, upon
replacing Se by Te. For all atoms, the valence electrons are in
p-type orbitals.

In this work, we adopt a sp® tight-binding description of
the single-electron Hamiltonian with spin-orbit interactions,

p
H=_—+V(+

m 2 vV xp o, ey
where V(r) = V(r + R) is the lattice potential, R are the
Bravais vectors giving the positions of the unit cells, m is the
bare electron mass, p = —i AV is the canonical momentum, c is
the speed of light in vacuum, and o is a vector of Pauli matrices
denoting the spin degree of freedom. The electronic velocity
operator, which plays a central role in the theory of NMR shifts,
is given by v = (i /R)[H,r] = p/m + (h/4mc*)o x VV.

In the tight-binding description of the electronic structure,
each lattice site is ascribed a localized electronic state
IRjuo) = |Rju)|lo), j labels the five atoms inside the
primitive unit cell, u = {s,px,p,,p;} denotes the atomic
orbitals considered in the sp® model [30], and o is the
spin index. The states |Rjuo) are Lowdin orbitals, obeying
<Rj:u*O—|R/j/M,OJ> = SRR/Bjj’S/L/,L/S(TU/'

At first thought, one may be tempted to approximate |Rj )
by free hydrogenlike atomic orbitals with atomic numbers
Z; that correspond to Bi, Se, or Te. However, this approxi-
mation ignores screening effects and thus overestimates the
probability of finding an electron at the nucleus by roughly
an order of magnitude. More so, such an error propagates
onto the calculation of NMR shifts and gives, for example,
effective hyperfine fields that are ~10 times larger than the
values known from experiment. Therefore, we calculate the
atomic orbitals’ wave functions using the DFT implementation
of the first-principles quantum chemistry package Psi4 [31].
Our calculation incorporates intra-atomic electron-electron
interactions as well as scalar relativistic effects. As we show
below, this approach gives effective hyperfine fields in good
agreement with experiment. Although the calculated orbitals
centered in different atoms are not completely orthogonal, the
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overlaps fd3r(r|Rju)(R’j/,u’|r) for j # j' are small enough
that neglecting them does not result in a significant error.

In the basis of Lowdin orbitals, the Hamiltonian from
Eq. (1) can be recasted in the second quantized form as

H= Z Z Hj;w;j’u’a’(R’R/)CI{juaCR’j’M’U" 2

Rjuo R'j'w'o’

where c; juo 18 an operator that creates an electron in

state [Rjuo), and Hj o jrwe (R R) = (Rjuc|H|R j'1'c’).
In Bi,Se; and Bi,Te;, the numerical values of
(Rjuo|H|R'j'w'a’) have been tabulated for up to third-
nearest-neighboring sites by fitting to results from DFT [30].
Spin-orbit interactions, crucial in these materials, are incorpo-
rated through onsite terms. Fourier transforming Eq. (2), we
have

H= ZZ Z Hjua;j’;ua'(k)Cleckjw(,,, (3)

k juo ju'c’
where Kk is the crystal momentum (within the first Brillouin

Zone), clﬁ ino is an operator that creates an electron in a Bloch
spinor,

1 .
[Vkjuo) = —= y R Rjuo), )
J \/N ;

t; is the position of a given atom in the unit cell (so that R + t;
is its actual position in the lattice), and N is the number of unit
cells in the crystal. The eigenstates and eigenvalues of H are
|Y¥x,) and Ey,, respectively, where n denotes the band index.
In particular, |y, ) are Bloch spinors that obey (r + R|v,) =
exp(ik - R)(r|Yk,) and (Vi | Ykn') = Skk dnn - The set of states
{I¥kjuc)} defined in Eq. (4) form an orthonormal basis. As
such, we may write

Vi) = D Crnkjuo ¥k juor)- ()
juo
where Ciukjuo = (Vkjuo|¥kn). The matrix elements of the
Hamiltonian H (k) are
Hj/ur;j’u’(r’(k) = <wkjua|H|wkj’/4’a’)

1 i _Ri—t,
- Z elk'(R+t/ R'—t; )Hjﬂg;j’ﬂ’g’(R,R/). (6)

N
RR'

To avoid confusion, we remark that H(k) # e T He*T. A
numerical diagonalization of H(k) yields the eigenvalues Ey,
and the coefficients Cy,x .o (n = 1, ...,40). Figure 1 displays
Ex, along the high-symmetry directions in the first Brillouin
zone [30]. Each energy level is doubly degenerate due to
the combined time-reversal symmetry and spatial inversion
symmetry.

In the remainder of this paper, we make use of Ej, and
| ¥k, ) to estimate the NMR shifts in Bi;Se; and Bi,Tes. These
shifts are induced by a spatially uniform external magnetic
field B that modifies Eq. (1) through a Zeeman term ugzo - B
and through the minimal coupling p — p + ¢A, where A =
B x r/2 is the vector potential in the symmetric gauge and e
is the absolute value of the bare electronic charge. This results
in’ H — H + 6H, where

§H=—p-B+(?/8m)B x r|?, (7)
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FIG. 1. Bulk tight-binding bands for Bi,Se; and Bi,Tes.

= —pupg(o +mr x v/h) is the magnetic moment of the
itinerant electrons and wp = eh/(2m) is the Bohr magneton.
Below, we evaluate the NMR shifts to first order in the applied
field. For the Knight shift, this implies that the O(B?) term
in Eq. (7) can be ignored. However, both terms in Eq. (7) are
required for the orbital shift.

III. KNIGHT SHIFT
A. General considerations

The Knight shift originates from a magnetic-field-induced
spin polarization of the itinerant carriers. NMR shifts due to
the orbital motion of electrons will be discussed in the next
section. Let n, be the bulk electronic density measured from
the neutrality point (at zero temperature, n, > 0 when the
Fermi level intersects the conduction bands, n, < 0 when the
Fermi level intersects the valence bands, and n, = 0 when
the Fermi level lies within the gap). Throughout this work,
we assume that n, is spatially uniform. This assumption
allows to take into account the average influence of defects
and dopants on the NMR shift. Spatial inhomogeneities of
the carrier concentration in real samples will produce a
distribution (linewidth) of Knight shifts around the mean value
we calculate. The details of NMR linewidths are beyond the
scope of this work.

The external magnetic field B couples to the magnetic
moment g of the itinerant electrons [cf. Eq. (7)] and induces
a spin polarization. Then, this spin polarization acts on the
nuclear spins through contact and dipolar interactions as well
as through core polarization effects, thereby producing an extra
carrier-density-dependent magnetic field

(SBKnighl(I’Q,ne) = ZaBA(rO,ne)v ®)
A

where A € {cont, dip, core} labels the different contributions
to the Knight shift, to be defined momentarily. This additional
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magnetic field shifts the resonance frequency of a particular
nuclear spin j located at position ry = Rg + t;,. Explicitly,
the contribution due to the contact interaction is given by [1]

cont 2
SB™(ro,n,) = —gﬂogsﬂﬂs(l‘o)), )
whereas the contribution due to the dipolar interaction reads
as

. S(r
SBYP(ro,n,) = ﬂgsm;/fr SO
47 Ir — o3
3(r—rp)
———=(8m) - r—ro)|. (10
[r — 1o
Here, 1 is the magnetic permeability in vacuum, g, = 2 is
the bare electronic g factor [20], and (S(r)) is the expec-
tation value of the local electronic spin-density operator at
position r:

S(r) = o|r)(r|/2. (11)

The reason why g, = 2 in Eq. (9), regardless of the strength
of spin-orbit interactions, is that the contact interaction acts on
atomically short length scales. On the other hand, the effective
g factor of the band eigenstates (which departs from 2 in
presence of spin-orbit interactions) is reflected in (S(r)). As
a result, the Knight shift scales linearly with the effective g
factor of the band eigenstates [20].

The third mechanism for the Knight shift is the core
polarization, which originates from a Coulomb-interaction-
induced spin polarization of the core s electrons. Because the
valence electrons of Bi;Se; and Bi,Te; are predominantly
of p type, core polarization effects could in principle be at
least as important as the contact interaction. The effective
magnetic field felt by the nucleus due to core polarization can
be expressed as [32]

B (rg,n,) = — B (o) (s,(X0)), a2

where BZE°(jo) is the effective core hyperfine field per p
electron in an open shell and s,(rg) is the spin operator
projected onto the p orbitals at nucleus j,. The effective
core hyperfine fields (in kOe) are experimentally known [33]
to be —300, — 150, and —50 for Bi (6p), Te (5p), and Se
(4p), respectively; we will adopt these values in our theory.
Similarly, we note that the contact term of Eq. (9) can be
rewritten in a way that is formally identical to Eq. (12) [33]:

OB (xo.ne) = = B (jo) {8 (X0)) (13)

atom | 2

where BZ" (jo) = (2g5/3)momsl{ro|Rojos) |- is the effective
contact hyperfine field per s electron and s,(ry) is the spin
operator projected onto the s orbitals at nucleus jy. We evaluate
ng’m( Jjo) through atomic DFT calculations [31] and compare
the results to available experimental values in Table I.

The Knight shift depends on n, because (S(r)) and (s, (o))
depend on n,. Given that (S(r)) and (s,(ro)) are linear in the
external magnetic field (for weak fields), it is customary to
rewrite Eq. (8) as

8B} (ro.ne) =Y Kl:(jome)B;  (i.j=x.y.2). (14)
J
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atom

TABLE I. Comparison between the atomic hyperfine fields B
[cf. Eq. (13)] calculated in this work and the reference experimental
values from Ref. [33].

BX™ (kOe) Calculated Experimental value
Bi 49100 49000

Se 12580

Te 20850 17200

Here, K"(jo,n.), K%(jy,n.), and K°(jy,n,) are the di-
mensionless Knight shift tensors for the contact, dipolar,
and core polarization at carrier density n, and at a nucleus
Jo, respectively. Due to the axial symmetry of the problem,
K}, oc8;jand K = K} # K2,

As discussed in the Introduction, we focus on the carrier-
density-dependent part of the shifts, i.e.,

AK(josne) = Kfi(josne) — K3 (jo,0). s)

Then, the zero of the Knight shift corresponds to the situation
where there are no free carriers in the system (i.e., at a
temperature low compared to the bulk gap and with the
Fermi energy inside the bulk band gap). Equation (15) can
be experimentally accessed by measuring the NMR shifts
as a function of carrier concentration (cf. Sec. V) [34]. The
chemical shift, independent of the carrier density, is canceled
out in Eq. (15). Since the chemical shift is independent of
temperature as well, it can also be separated out through
temperature-dependent measurements of the NMR shift.

B. Perturbation theory expression for the itinerant spin density

Assuming a pristine crystal and recalling that the nuclear
resonance frequency is negligible compared to electronic
energy scales, the average local spin density to first order in B
is given by standard perturbation theory (cf. Appendix A)

(SI) 2= >~ (WSO View ) (Yiew |8 Ykn) fom (K,

kk'nn’
(16)

where 6’H includes only the first term in the right-hand side of
Eq. (7), k and Kk’ are within the first Brillouin zone,

fnn’(kak/) = (fkn - fk’n’)/(Ekn - Ek/n’)v (17)

and fk, is the Fermi-Dirac occupation number for a Bloch
state with energy Ey,. The calculation of (s,(rp)), relevant
for the core polarization, follows an identical derivation.
Equation (16) contains a noninteracting expression for the
local spin susceptibility. The exchange enhancement of the
spin susceptibility can be ignored because the static dielectric
constant of Bi;Ses and Bi,Te; is large (~100).

In Eq. (16), it is illustrative to separate the sums over
the band indices into intraband (Ek, = Ex,) and interband
(Exn # Exy) parts, which are associated with Pauli and Van
Vleck susceptibilities, respectively. When k = K/, intraband
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transitions give a contribution to the NMR shift that scales
as the density of states at the Fermi energy [35], while
the contribution from interband transitions depends relatively
weakly on the carrier density and remains nonzero even when
the Fermi energy lies within the bulk gap. In experiments [5],
it is customary to identify the Knight shift with the part
of the NMR shift that depends on carrier density (i.e.,
largely the intraband part). The density-independent part of
the shift, frequently believed to have an orbital origin, is
customarily lumped together with the chemical shift. However,
in strongly spin-orbit coupled materials such as Bi;Se; and
Bi, Tes, the Van Vleck term makes a large density-independent
contribution to the itinerant spin density.

The numerical evaluation of Eq. (16) requires calculating
the matrix elements of 6 to first order in B. This task

J
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is somewhat delicate because 8H contains the unbounded
operator r. There exist various approaches to treat this
issue [28,36]; here, we follow the method of Ref. [37],
according to which the matrix elements of the po-
sition operator in the Bloch states can be written
as  (Vww X)) = =1 Vi{(Wiow |¥in) + 10k (Ukn | Viltkn ) cells
where |uy,) = JNe™ KT yn,) is the lattice-periodic part of
the Bloch spinor, and the subscript “cell” means that the spatial
integral is carried out within a unit cell. Using this, and saving
the details of the derivation for Appendix A, Eq. (16) becomes

4
(S(r)) = Z S(r)), (18)

where

(SN = 15 Y D Vil S0 Vi) (Vi |0 Bl fm (KK,

k nn

(Si(r))s = muBImZ Z Vi SO W) frm (G K) Y (Y

myp

(Si(n)3 =

k nn’

mup

(Si(r))a

kk’ nn'

The terms (S(r))1, (S(r))», and (S(r))3 only involve transitions
that are diagonal in the crystal momentum, unlike (S(r))4.
In the expression for (S(r))4, one must take the derivative
with respect to k before applying Kronecker’s dxx. The
expression (S(r)) is invariant under gauge transformations
of the form |Yy,) = Ukn|¥kn), Where Uy, is any unitary
matrix, differentiable with respect to k, acting on the twofold-
degenerate subspace of band n at momentum k. It is worth
noting that (S(r)); and (S(r)), are separately gauge invari-
ant, while only the sum of (S(r)); and (S(r))s is gauge
invariant.

In absence of spin-orbit interactions, we find (S(r)), =
(S(r))3 = (S(r))4 =0, and the interband part of (S(r)),
vanishes as well. What is left in this case is the textbook
expression for the Knight shift in simple metals [1], which
scales like the Pauli spin susceptibility with an electronic
g factor of 2. Nevertheless, since Bi;Se; and Bi,Te; are
strongly spin-orbit coupled narrow-gap semiconductors, it is
insufficient to consider solely the intraband part of (S(r)) ;. For
one thing, in presence of spin-orbit interactions, the effective
g factor of the electronic bands departs strongly from 2. The
intraband part of (S(r)), quantifies how such a departure
affects the Knight shift. Thus, the intraband part of (S(r)); +
(S(r)), has been used repeatedly in calculations of the
Knight shift in spin-orbit coupled semiconductors (see, e.g.,
Ref. [22]).

The meaning of (S(r)); and (S(r))4 is less intuitive. These
terms originate from spin-orbit interactions and, in that sense,
appear to be related to the “spin-orbit contribution” discussed

AVIYnr) X (Y VYK ) - B
Ekn’ - Ekn”

’l// E !
- (19)

MY > (Yl Si O W) o KK Y (Victtior liticnr)eett X (P V1Y) - B,

E,i=E,

M) "> S Vie X [l Si ©Yien) S 6K (Yo [V]Yaa) 1} - B.

(

from a different viewpoint in Ref. [22]. Insofar as we restrict
our attention to the intraband transitions (Ey, = Ek,), and
insofar as the temperature is low and the Fermi level lies
close to a band extremum at ky (a circumstance that is
common in self-doped semiconductors such as Bi;Se; and
Bi,Tes), then (S(r)); + (S(r))s4 is small. This is because
<¢k0n|v|wk0n’> = 5nn’8Ekn/(h8k)|k=k0 =0 for Ekun = Ekon’~
Yet, when a semiconductor is moderately doped, the intraband
parts of (S(r)); and (S(r))4 can make a sizable impact. Our
expression for the intraband part of (S(r)); can be directly
connected to early theoretical attempts [38,39] to determine
how the g factor changes away from a band extremum.
These theories were nonetheless aware of the lack of gauge
invariance of this term. This is where the importance of (S(r))4
becomes manifest in our theory, as it restores the overall
gauge invariance. We stress that in order to obtain (S(r))4,
it is essential to allow for k # kK’ in Eq. (16).

Equation (19) is applicable to any single-particle electronic
structure, be it based on k - p, tight-binding, or DFT methods.
In the tight-binding formalism that concerns us here, the vari-
ous matrix elements appearing in Eq. (19), are straightforward
to compute. For example,

V|0 1Vin) = D Crryrjuo Chnjuor (o l0l0”), (20)

jnoao’
where we have used (Rjuc|o|R'j'u'c’) = 6rrid;jduw
(olo|o’). Likewise, the matrix elements of the velocity
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operator are

Wi, V1Y) = D D Cl o Chnajior’

juo j'u'c’
X [VkHjua,j/u’a’(k)/h+ia)knl;knzdjua,j’u’a’]a
2D
where Oknyikn, = (Exny — Ekny)/ R and djpo jwo =

865:87(0jlr|0ju’) is the intra-atomic dipole matrix
element [40]. In the derivation of Eq. (21), we have
used v=i[H,r]/h and rIRjuoc)=R+t)|Rjuc)+
> w A IR u'o). Incorporating d into the theory ensures
nonzero matrix elements of v in the limit where the atoms
are infinitely far apart from one another. However, we find
that d has a minor quantitative impact in the Knight shift
of BiSe; and Bi,Tes; hence, it will be ignored hereafter.
Finally, the matrix elements of the local spin density operator
read as

(Yian |S(O) [0} = % Y ololeh Y >

oo’ Rj puw
x (RjIIE) (IR 1) G Coonk o
(22)

where we have neglected the overlaps between wave functions
localized at different atoms. Moreover, because |Rju) are
localized, the main contribution to the sum over R and j
in Eq. (22) comes from the nucleus nearest to the point
r. Additional details concerning the numerical evaluation of
Eq. (19) can be found in Appendixes A and B.

C. Estimates of the g factors

As a partial reality check of our theory, we determine the
electronic g factors at band extrema, g,,(Ko), where n is the
band label and ¢ = 1,2,3 denotes the principal values. In order
to do so, let |Yk,n+) and |Yk,,—) be the two Bloch states of
energy Ey,, in absence of a field, related to one another by
the product of time-reversal and spatial inversion operations.
Following Ref. [38], [gn«(Ko)]* are given by the eigenvalues
of the real symmetric tensor G;; = Y, G;;G;;, where

—Gix = 2Re(Yignt | 1i|¥ron—),
—upGiy = =2Im{Yigni i [ Vion—) (23)
_/'LBGiz = 2(¢k0n+|ﬂi|wk0n+>v

and the indices (i, j,/) run over (x,y,z). Here, x and y are
the crystallographic axes in the plane of the quintuple layers,
while z is the axis perpendicular to them. The matrix elements
needed to obtain G are computed according to

(Vaow [ [ Yion) = = (Vi |0 [Yion) + im

Z (1/fk0n'|V|1/fk0n”) X (wkon”|v|wk0n>
Ek(]n - Ekon”

’

En#E,
(24)

where Ey,, = Ex,» and the sum is over n”. In absence
of spin-orbit interactions, we have verified that g,,(kK) = 2
for all k. From the point of view of the Knight shift,
the most relevant g factors are those at the bottom of the
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conduction band (for n-doped samples) and at the top of
the valence band (for p-doped samples). In Bi,Se;, we
find (|g1(0)],1812(0)],18,3(0)]) = (16,16,20) when n is the
lowest conduction band, and (|g,;(0)|,|g.2(0)|,]g.3(0)]) =
(17,17,35) when n is the highest valence band. At k =0,
the principal axes 1, 2, and 3 coincide with x, y, and z,
respectively; such correspondence no longer applies away
from the I' point. Although the signs of individual g,
can vary depending on convention, the sign of g,18.28n3
is invariant and physically measurable [41]. In Bi,Ses,
sgn(g,10)2,2(0)g,3(0)] = —1 (+1) for the top of the valence
band (bottom of the conduction band) [42]. Consequently,
as we show below, the Knight shift can change sign if
Bi,Se; transitions from being electron doped to being hole
doped.

In absolute value, our calculated g factors fall slightly
short from the early experimental estimates [43] in BiySes
((23,23,32) for the bottom of the conduction band at the I"
point), but lie within the expected range from recent experi-
ments [44]. On the other hand, our results differ significantly
from those predicted theoretically by the k - p method [25],
where a much larger XXZ anisotropy was found in the g
factors. While our work was being finalized, first-principles
results for the g factor of Bi;Se; have appeared in the
literature [45]; the local density approximation (LDA) and
generalized gradient approximation (GGA) methods therein
give g factors that are in good quantitative agreement with
ours.

D. Results

Let us return to the Knight shift. For the contact interaction
contribution to the NMR shift [Eq. (9)], we are interested
in (S(rg)), where ro = R + t; is the position of a particular
nucleus jy. Then, within the tight-binding approximation, only
R =Ry and j = jj contribute to the sum in Eq. (22). In
addition, we set u = ¢’ = s in Eq. (22) because p orbitals
have vanishing wave functions at the nucleus. Consequently,
the contact shift becomes sensitive to factors of the type
[(ro|Rg j()S>|2|Ckn;kjos(7 |2, which provides a quantitative mea-
sure of the contact hyperfine coupling associated to the band
eigenstate [1,) at the nuclear site j,. There are two aspects
that influence this coupling. First, > |Ck o5 |> depends on
how “s like” |x,) is when projected onto the site of atom
Jjo. Figure 2 shows > [Cinxk joSU|2 for the highest valence
band and lowest conduction band. The orbital character of
these bands is predominantly of p type both in Bi,Se; and
Bi,Te;, which suppresses the contact hyperfine coupling.
Between different atoms, ) |Ciukjyso 12 is by far largest for
Bi, followed by Te and Se. Second, |(ro|Rojos)|> depends
on the atomic number and the principal quantum number of
the s orbital centered in the atom jy. Heavier atoms enhance
|(ro|Rojos)|?, which is hence largest for Bi, followed by Te
and Se. Consequently, we anticipate (and corroborate below)
that the contact Knight shift is much larger in **Bi than in
either 7’Se or ' Te.

Figures 3-5 display the Knight shift tensors in Bi,Se; and
Bi,Tes, and illustrate two qualitative points that have been
either missed or at least not emphasized in recent experi-
ments on topological materials. First, the contact interaction
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FIG. 2. The s-orbital projection of the tight-binding wave functions Y |Ci.ss|* as a function of k for the different atoms j in the unit
cell, where n is either the lowest conduction band or the highest valence band. For Bi,Se; [panels (a) and (b)], our results at I agree with
those of Ref. [46]. Parity is a good quantum number at the time-reversal-invariant momenta (I", Z, F, L). In those points, the full wave function
of an odd-parity band has a vanishing projection onto the centers of inversion (Se;, and Te;, for Bi,Se; and Bi,Tes, respectively). Recalling
that ) o | Crnsjuo |2 = 1, this figure confirms that the low-energy bands have a weak s-type character (of the order of 1% for Bi, and markedly
less for the other atoms). Relative to Bi,Ses, the lowest conduction band and the highest valence band of Bi,Te; have a significantly higher
s-orbital character on the Te;, site [panels (c) and (d)]. This, together with the fact that (ry|R¢Te ,s) > (ro|RoSe,s), explains why the contact

Knight shift is larger in '>Te than in 7’ Se.

contribution to the NMR shift has a strong XXZ anisotropy,
which originates from combined crystalline anisotropy and
spin-orbit interactions. This anisotropy is most prominent
in Se and Te, where AK®™ and AKS™ can even have
opposite signs. Second, the trace of AKYP does not vanish
(i.e., K& £ — K %P /2) again as a consequence of spin-orbit
interactions. Accordingly, dipolar interactions do contribute
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to the isotropic part of the Knight shift (K, + 2K,,)/3. On
a separate note, we remark that the product AKZ™AK™
changes sign for Bi, Se,, and Te,y, but not for Sej, and
Tei,, when transitioning from electron-doped to hole-doped
samples. This result is a consequence of spin-orbit interactions,
in absence of which the signs of AK®™ and AKYP are
independent of n,.
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FIG. 3. Room-temperature contribution of the contact interaction to the Knight shift of Bi;Se; and Bi,Tes, in parts per million (p.p.m.), as
a function of carrier density n, [cf. Eq. (15)]. For illustration, we include panels where the spin-orbit coupling is turned off by hand, for which

cont __ cont
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FIG. 4. Room-temperature contribution of the dipolar interaction to the Knight shift of Bi;Se; and Bi,Tes, in parts per million, as a
function of carrier density n, [cf. Eq. (15)]. For illustration, we include panels where the spin-orbit coupling is turned off by hand, for which

Kdp = —Kd /2,

From a quantitative standpoint, AK°"(Bi,n,) is positive
for n-doped samples and is of the order of ~0.2% for
n. ~ 5 x 10" cm™3. Notably, in spite of the dominant p-type
character of the low-energy states in Bi;Se; and Bi,Tes,
|AK"(Bi,n,)| is of the same order as |AK%P(Bi,n,)|. In
contrast, when it comes to Te and (especially) Se nuclei,
the dipolar shift is much larger than the contact shift. While
comparing Bi,Se; and Bi,Tes;, the most salient feature is
that |AK™(Tey,)| > |AK"(Se;,)|. The underlying reason
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for this, explained in Fig. 2, is that the hyperfine coupling
for Te;, is much larger than the hyperfine coupling for Sej,.
This result is consistent with the experimental findings of
Ref. [4], where it was observed that the isotropic Knight shifts
and the spin-lattice relaxation rates are much larger for '*>Te
(in BiTe;) than for 77Se (in BiySes). Concerning the core
polarization, AK™(Bi) is at least one order of magnitude
smaller than AK"™(Bi). The reason for this result may
be that B4P™ ~ 100BSy® [cf. Table I and Eq. (12)], while the
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FIG. 5. Room-temperature contribution of the core polarization to the Knight shift of Bi,Se; and Bi, Tes, in parts per million, as a function of
carrier density n, [cf. Eq. (15)]. For illustration, we include panels where the spin-orbit coupling is turned off by hand, for which K" = K.

2z
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s-orbital projection at low-energy bands is only ~10 smaller
than the p-orbital projection. Similarly, the core polarization
shift in Se is small compared to the contact and dipolar shifts.
However, core polarization plays a larger role in the case
of Te.

IV. ORBITAL SHIFT

Thus far, we have analyzed the NMR shift due to the
coupling between the nuclear spin and the spin density of
the itinerant electrons. It is well known [1] that there is an
additional NMR shift that originates from the orbital currents
of the itinerant electrons. Namely, an applied magnetic field
B induces an electric current density (J(r)), which in turn
produces a magnetic field

r

5B (rp) = L0 / & J@) x 21
4 |l'0 —

@

acting on the nuclear spin located at ry. This extra magnetic
field constitutes the orbital shift, and the associated dimension-
less Knight shift tensor K°® is defined much like in Eq. (14),

3B (ro.ne) = ) KiF(jo.ne) B, (26)
J

where i,j = x,y,z. Similarly to the case of the Knight shift,
we have K l."jrb o 8;j and KO = K ;’;b # K2 due to the axial
symmetry of the problem. The objective of this section is to
compute

AKGoone) = KGoone) — K(o,0),  (27)

the carrier-density-dependent part of the shift.
To do so, we separate the current density operator J(r) into
J(@xr) = Jp(r) + Jp(r), where

JP(r) = —e{v,|r) <I'|}/2 (28)
AKZ™®(jo,ne) [p.p.m.]
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is the paramagnetic current operator, {. .., ...} is an anticom-
mutator, and

Jp(r) = —(€*/m)A(®)|r)(r| (29)
is the diamagnetic current operator. Only the sum of the two

currents is gauge invariant. Standard linear response in A yields
(cf. Appendix A)

2
W) = ==AE) Y fun (1) x1101)
kn

+ D WralTp () Yrew) (Ve [SH )

kk'nn’

X S (KK). (30)
In Eq. (30), H includes the Zeeman term wpo - B, which
produces orbital currents in presence of spin-orbit interactions.
Although both terms in the right-hand side of Eq. (30)
diverge for » — oo, their sum converges [28]. As a result,
for the purposes of our estimates, we assume that the main
contribution to the spatial integral in Eq. (25) comes from the
current density in the vicinity of r = ry. Clearly, the second
term on the right-hand side of Eq. (30) is formally identical to
Eq. (16); therefore, we compute it using Egs. (18) and (19),
with Jp in place of S. However, some of the statements made
below Eq. (19), while valid for the local spin density, no longer
apply for the orbital current density. For example, (Jp(r))3
and (Jp(r))4 are no longer zero in absence of spin-orbit
interactions. Likewise, (J(r)) depends on the direction of the
magnetic field even in absence of spin-orbit coupling, while
(S(r)) does not. These differences have to do with the fact
that the XXZ anisotropy of the lattice is inherited by all orbital
observables (like the charge current), while it is communicated
to the spin response only in presence of spin-orbit interactions.
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FIG. 6. Room-temperature orbital shift of Bi,Se; and Bi,Te;, in parts per million, as a function of carrier density n, [cf. Eq. (27)]. For
illustration, we include panels where the spin-orbit coupling is turned off by hand.
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In the tight-binding model, we approximate the first term
of the right-hand side of Eq. (30) with

z 2 : knkjp,a

Rj up'o
X Ckn;kjpt’a (R]M|I‘><I‘|R]/J,/), (31)

where the main contribution to the sum over R and j comes
from the nucleus nearest to the point r. Similarly, a simple way
to estimate the matrix elements of the paramagnetic current
operator is

<wkn |I‘> r|wkn —

ieh
(Yl T p (Y ) = ——— (Yxnlr) V

. V). (32)

where f v g =(Vf)g— fVg and we have approximated
(r[v|Rju) ~ (—ih/m)V(r|Rju). This approximation, which
neglects the spin-orbit part of the velocity operator, is qual-
itatively valid if the most important values of r in Eq. (25)
are close to the nuclear position ry, where the electronic
wave function is approximately that of an isolated atom.
A more accurate but cumbersome treatment would involve
using (r|v|Rju) = @@/h)(r|[H,r]|Rju). Additional details
concerning the numerical calculation of Eq. (30) may be found
in Appendix C.

Figure 6 illustrates A K°™®(j,n,) as a function of n,.. We find
that the contribution from the diamagnetic current operator
to the density-dependent part of the Knight shift, AK°®, is
negligible. However, the paramagnetic current operator leads
to a A K °® that is of the same order of magnitude as A K “°™ and
AKYP_ Accordingly, orbital currents play an important role in
the density dependence of the NMR shifts in Bi;Se; and
Bi,Tes. This result is unexpected because the orbital shift is
frequently believed to have a much weaker dependence on the
carrier concentration than the contact and dipolar shifts. Also,
we find AKorb(jo,ne) > 0 for n, > 0 and AK"rb(jo,ne) <0
for n, < 0, which means that the orbital shift tends to become
more paramagnetic as the number of itinerant electrons
increases, even though the total shift K orb( Jo,ne) (not shown)
is often diamagnetic. In absence of spin-orbit interactions, the
orbital shift is significantly weakened but remains anisotropic
(AK™ £ AK Orb) because of the layered crystal structure.

V. DISCUSSION AND CONCLUSIONS

In summary, we have presented a sp> tight-binding the-
ory of NMR shifts in two model topological insulators
Bi,Se; and Bi,Tes. Specifically, we have focused on the
density-dependent parts of the contact, dipolar, core polariza-
tion, and orbital shifts, for which our theory is more reliable.
This part of the NMR shift can be accessed by doing measure-
ments on samples with different carrier concentrations. Along
the way, we have introduced gauge-invariant expressions for
the local spin and current densities [e.g., Eq. (19)], which
can also be used to evaluate NMR shifts in materials other
than BiySe; and Bi,Te;. The tight-binding approach has
enabled us to obtain the first theoretical estimates of the
hyperfine couplings for different nuclei in Bi;Se; and Bi,Tes,
as well as to evaluate the g factors. These results could not
have been attained with a minimal k - p model describing
the electronic structure in the vicinity of the I' point (cf. the

PHYSICAL REVIEW B 94, 115204 (2016)

Introduction). Granted, the tight-binding approach is not a full-
blown first-principles approach. Fully first-principles studies
of carrier density-dependent NMR shifts in strongly spin-orbit
coupled crystals with complex lattice structures have not
been yet completed. Thus, the tight-binding method strikes a
compromise allowing to obtain realistic estimates of the carrier
density-dependent portion of the NMR shifts in topological
materials with a modest computational effort. In addition, the
tight-binding formalism is versatile enough that it will enable
to calculate the topological surface state contributions to NMR
in thin films and nanowires [7]. Considering that the density-
independent chemical shift can be efficiently calculated from
first-principles [26,47,48], an interesting research direction
would be to combine the tight-binding approach to calculate
the density-dependent part of the NMR shift, with ab initio
methods to calculate the chemical shift contribution from the
core electrons.

The experimentally measured NMR shift is the sum of
all individual parts (contact, dipolar, core, orbital). Our
calculated values for the density-dependent part of the total
shift are shown in Fig. 7. In particular, this figure dis-
plays the isotropic and anisotropic components of the shift,
ie, AKijo = (AKX +2AK)/3 and AKyia = (AKY —
AK®)/3. Some thought is required when comparing our
theoretical results to experiment. At weak fields, the resonance
frequency for a nucleus j, measured in a sample with carrier
density n, can be written as

w(jo.ne) =y (o)1 + K(jo,ne)1B, (33)

where y(jo) is the nuclear magnetogyric ratio and B is the
external magnetic field and K is the total shift (we drop the
superscript “tot” for brevity). Nowak [49] has pointed out
that, in 2“Bi NMR, the experimentally reported values [3,5]
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FIG. 7. Total [sum of Egs. (15) and (27)] room-temperature NMR
shift for BipSe; and Bi,Tes, in parts per million, as a function of
carrier density n,. The “iso” curves show the trace of the total NMR
shift (AK' +2AK)/3. The “axial” curves show the anisotropic
part of the ‘shift (AKY — AKSH/3.
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of the absolute shifts K (jy,n,) may vary in magnitude and
even in sign depending on the chosen standard for y (j) and
the shift reference. While this problem affects largely the
chemical shift, it becomes much less severe for the relative
shift Aw(jo,n.) = w(jo,n.) — w(jo,0), whose sign will not
depend on the choice of the standard (the magnitude of the
shift will depend slightly on the standard). By construction,
our theoretical value for AK (jo,n.) is independent of y (jjy),
and is equivalent to the experimentally measurable quantity
Aw(jo,n.)/[y(jo)B]. Admittedly, in bulk crystals it is not
easy to control the carrier density, and thus it may be
a challenge to measure w(jo,0) directly. However, one is
often able to measure the shift at two or more different
carrier concentrations (e.g., n; and n,, not necessarily van-
ishing). Then, [w(jo,n1) — @w(jo,n2)]1/[y (jo)B] is identical to
AK (jo,n1) — AK(jo,n2) and can thus be compared to our
theory.

Overall, the picture drawn from Fig. 7 is rather complex:
Bi shifts are dominated by the contact interaction, Se,, and
Teoy shifts are dominated by orbital currents, the Se;, shift is
dominated by dipolar interactions, and the Te;, shift contains
a close competition between contact, dipolar, orbital, and core
polarization contributions. The dominant role played by the
contact interaction in 2’Bi corroborates the interpretation of
the experiments by Young et al. [3] and by Mukhopadhyay
et al. [12]. The reason why the contact interaction is relatively
more important in Bi has to do with the fact that it is heavier and
that the low-energy bands have a higher s-orbital projection
on Bi sites. The calculated A K, (Bi,n,) >~ 0.2% forn, >~ 5 x
10" cm™3 is also in quite good agreement with experiment [5]
(see also the Supplemental Material of Ref. [12]).

With the exception of Se;, and Te;,, we find that
AKiso(jo,ne) is positive for n-doped samples and negative
for p-doped samples. This is consistent with the experiment
from Ref. [3], as well as with the statement [8] that “for
classical semiconductors, the sign of the Knight shift
measured relative to the resonance of a carrier-free sample
is negative for hole-doped materials and positive for
electron-doped materials.” At low carrier densities and at
room temperature, AKj, and AKyi, vary linearly with
|n.|, which is expected in a nondegenerate Fermi gas [50].
At higher |n.|, AKjs, and AK,s, become nonmonotonic,
a result that is reminiscent to the one measured [19] in
Pb,Sn;_, Te. In electron-doped Bi,Ses, at carrier densities not
exceeding ~5 x 10" em™, |AKisol /| A K axial| grows with
ne, in apparent agreement with the experimental observation
in the Supplemental Material of Ref. [12]. Another result
from our theory, worth stressing because it has been generally
overlooked in the experiments, is that dipolar interactions can
make a large contribution to the isotropic NMR shift, while
the contact interaction can make a large contribution to the
anisotropic shift. This is a consequence of strong spin-orbit
interactions in Bi»Se; and Bi,Tes.

Finally, motivated by recent suggestions [8,9,48] that the
NMR shift could contain systematic and possibly universal
differences between topological and trivial insulators, we
compute AK(jo,n.) for different values of the spin-orbit
coupling. As an example, Fig. 8 shows AKyx(Sein,n.)
for various scalings of the spin-orbit coupling by the
dimensionless factor AST . Analogous curves for other nuclei

soc*
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AK(Seiy, ne)

FIG. 8. The evolution of A K,,(Se;,,n.) across a band inversion.
The atomic spin-orbit parameters are scaled by hand in such a way
that the band gap closes at A% ~ 0.5, AT > 0.5 corresponds to a
topological insulator, and A%, < 0.5 corresponds to a trivial insulator.
The value AT = 1 corresponds to the actual spin-orbit parameters of

Bi,Ses, used in the previous figures.

are not shown. We observe a sign change of A Ky (Sein,n.) for
electron-doped systems close to the spin-orbit strength where
the gap closes A% ~ 0.5, i.e., close to the topological phase
transition. A similar sign change takes place for A Ky (Tejn,n.)
in the case of hole-doped Bi,Tes;. However, these trends are
neither universal nor correlated with a topological invariant;
instead, they simply evidence the major impact that spin-orbit
interaction has in the density dependence of the NMR shift.
Likewise, we believe that the difference observed in Refs. [8,9]
between the shifts of YPdBi and YPtBi is a reflection of the
particular orbital character of the low-energy bands in these
specific materials, as opposed to a universal feature associated
to topological invariants. At any rate, more theoretical
research is needed before generally ruling out genuine
topological signatures from bulk NMR. For instance, based
on Ref. [51], it might be that the carrier-density dependence
of bulk NMR linewidths will display fingerprints of band
inversions.

In conclusion, we have presented a theory of NMR shifts
in model topological insulators. This work has been motivated
by an array of recent NMR experiments in Bi;Se; and Bi, Tes,
and hopes to help the interpretation of upcoming ones in
related materials. Possible avenues for future research include
applying our formalism to thin films in order to calculate the
NMR shifts as a function of the film thickness (which would
incorporate both bulk and surface state contributions), search-
ing for possible band inversion effects in the 7; relaxation
time, reassessing the importance of the Bloembergen-Rowland
interactions in the large magnetic-field-independent NMR
linewidths [17], performing a theoretical modeling of the NMR
anomalies [52] in the superconducting phase of Cu-doped
Bi,Ses;, and applying the formalism presented here to other
topological materials.
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APPENDIX A: DERIVATION OF EQ. (19)

In this appendix, we use perturbation theory to derive Eq. (19) of the main text. This equation allows to calculate the
expectation values of local operators (O(r)) encountered in the calculation of NMR shifts, with O(r) = S(r) for the Knight shift
and O(r) = J(r) for the orbital shift. These expectation values can be expressed in the eigenbasis of the full Hamiltonian {|v;)}
via

(O() = Y (YilOWIyi) fi, (A1)

1

where f; is the Fermi occupation factor for the state |y;) with energy E;. In linear response, we expand O(r), |v;), and E; to
first order [53] in the perturbation §H = ug(o + mr x v/h) - B:

f;‘(O) _ f‘(O)
i i b

i ij
Here, the superscript “(0)” refers to the unperturbed case with §H = 0, and §O denotes the term linear in §H when expanding
0. In our case, §S(r) = 8J p(r) = 0 but §Jp(r) # 0. Also, Y, (I/fi(o)|0(0)(l‘)|l//i(0)) F£© = 0 for our cases of interest. Incidentally,

1
i =jtermsin) ; ; (which originate from the changes in the occupation numbers due to the perturbation) must be understood via

( fi(o) - f;o)) / (Efo) - E;O)) — afi(o)/ a El.(o). In addition, in this appendix we shall ignore §O(r), which is nonzero only for the
the diamagnetic current density (cf. Appendix C 2 for a discussion of this contribution). With this proviso, in the band eigenstate
basis where |1”) = [Y,), with |, the eigenstates of Eq. (1), Eq. (A2) reads as

(Om) = Y Wl O®) Yew) (Wicw [5H|Yir) frw (kK for Or) = S(1), I (1), (A3)

kk' nn’

where f,,,(k,k’) was defined in Eq. (17). For brevity of notation, we have omitted the superscript “(0)” for O in the right-hand
side of Eq. (A3). We will keep this omission for the remainder of the appendix.
Herein, we are interested in the matrix elements of §H:
myp
h

The first term on the right-hand side of Eq. (A4) is diagonal in crystal momentum and straightforward to compute. The second
term is more delicate. Starting from

(Yaew [t X V| Y} = Z(lﬁk'n/lrllﬂk//n'/) X (Y |V Yin) = Z(lﬂk/nfll‘ll//kn”) X (Vi [V Yen ) (AS5)

K'n" n"

(Yew [0H[Yin) = s (Vi |0 - Bl ) + (Yiew [(r X V) - Blhiy). (A4)

and using (cf. Ref. [37])
(Yiew ¥ Vi) = (1/N) f dr(=i)(Vie™ e ™  Tu, (Dt (r) = —i 8 VicBiw) + iSae (ttion' | Victtien el (A6)
we obtain
i i
(Yww It X V|[Yka) = _ﬁ(vk(skk’) X (g | (Vi HIO [t ) cell — ﬁ6kk’<vk”kn’| X (ViH1) [tk ) cell s (AT)
where Hy = e *T"He®T | |uy,) = VNe ®T|yy,), and ViHyx = he *Tve** In the derivation of Eq. (A7), we have used
" IV ) = (i [ (VieHIO i D cetts (Ui | Victtn)eetl = — (Vi [ttn ) cert> and Y~ [t ) (i | = 1. Also, (... | )cen means
that the spatial integral is carried out within a unit cell. Although not immediately obvious from Eq. (A7), it can be shown

explicitly that (Y, |r X V|Yk,)™ = (Yka|r X V|Yk, ). Taking advantage of this, it is convenient to rewrite Eq. (A7) in a more
symmetric form

(Yaew [* X V[ Yen)

1
E((lﬂk/n'll' X V| Yin) + (Yia T X V][ Yne,)")
i I
= _ﬁ(vkgkk’) X (Ui [(VieHiO) [ Ukn ) cett + %(Vk’ékk’) X {uwn |[(Vie Hie ) twn ) celt
i i
- ﬁakk’<vkukn’| X (ViHi) ukn)cen — ﬁakk’<ukn’|(kak) X | Vi) cell- (AB)
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Combining Egs. (A3), (A4), and (AS8), we arrive at

(0:0)) = 125y > (Va0 () V) (W [0~ B[ ) fw (. )

k nn'

+ M Y D i O o) o (K IOL Vit | X (VicHi) )] - B

k nn

P2 m > S St (Vi % ¥l OOl Wrn) fw K (Y V1)) - B (A9)

h
kk' nn’

m

where i = x,y,z and Im stands for the imaginary part. Both k and k' are within the first Brillouin zone. In the numerical
calculations, we use a Monkhorst-Pack mesh [54] with 100 x 100 x 100 k points. In the derivation of Eq. (A9) we have used

> ViGu) FK) = =) duc Vi F(k k), (A10)

kK’ kK’

where F(k,K') is a differentiable function of k and k', periodic in the reciprocal space. In the last term on the right-hand side of
Eq. (A9), one must take the derivative with respect to k before applying ki . It can be verified explicitly that (O(r)) is invariant
under gauge transformations.

Equation (A9) is one of the main results of this appendix. It incorporates interband transitions (Ey, # Ek, ) and remains valid
when the Fermi energy is far from a band extremum. We use it to compute the Knight shift and the paramagnetic orbital shift
[the diamagnetic orbital shift may be evaluated directly from the §O(r) term in Eq. (A3), which is relatively easy to treat, cf.
Appendix C]. In the numerical evaluation of Eq. (A9), Vi x in the last term and (Vguy, | in the second term are evaluated by
discretizing, e.g.,

1
> bue Vi x Fk k) = lim
q—)

5o D D & X [Fk+ &) — (g — —g)], (A1)
kk’ q k o

where &, is a unit vector (0« = x,y,z) and F(k,K’) is a vector differentiable with respect to its arguments. Thereafter, we adopt
a smooth gauge, such that |Yyqe,n) — [¥ka) as ¢ — 0, which is possible to do in Bi;Se; and Bi,Te; because they have zero
Chern number. In this regard, it is useful to split the double degeneracy of each band by a very small Zeeman splitting. In addition,
we employ the relations ), |uk,) (uk,| = 1 and

(0w | (Vi ttn)eent = e |6 V) 2 DY Cae v Coonkjua VieH o o (). (A12)
jno jwo

where we have neglected the intra-atomic dipole matrix element in the last equality.
Finally, using the closure relation ), |uk,){uk,| = 1, as well as the relation

(Vistknlutxn et = (aon (VM) [ttaen ) cenn/ (Exn — Exnr) (when Ey, # Exy), (A13)

and upon replacing O by S, Eq. (A9) becomes Eq. (19) of the main text.

APPENDIX B: DETAILS CONCERNING THE CALCULATION OF THE DIPOLAR SHIFT

In this appendix, we present some details of the calculation of the dipolar Knight shift, which are important in order to obtain
Fig. 4. The objective is to evaluate

7

. 1 _
SBIP(r) = 20 11y / Pr——| s — 3110
47 Ir — 1o’ Ir —ro

(S()) - ——° } (B1)

| r —ro|

numerically. The expectation value (S(r)) can be calculated from Eq. (A9), which requires the matrix elements of the spin density
operator in the band eigenstate basis. Those are given by

1 (K —K)-(R+t; , . :
Wl i@ ew) = = 3 > e T o 1010”) (Yion [Wcjuo ) W 19w ) (IR ) (KR 1), (B2)
Rjpo w'o’
where we have exploited the fact that the atomic wave functions are real and exponentially localized. Because the integrand of

Eq. (B1) is peaked at r =~ ry, the main contribution to §B%P(ry) comes from the spin density in the vicinity of ry. Longer-range
contributions are neglected. This leads us to further approximate

1 .
Wl i (O Ye) = e ® 70 D> tololo”) (Y Vo) (Ve jowror [ ¥ien ) (IR jose) (K[ Ro josd ). (B3)

no o’
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where we have taken R + t; >~ rg. Consequently, the spatial integral that we need to compute is

1 r—r r—r
f d3r—3[<wkn|S(r)|wkfn/> — 3 (Y SO Y} - ]
Ir — ro| [r — ro| [r —ro|
1 ..
~ @ TN DY W Vo) (Vi oo [¥en)
up' oo’
3 1 , r—ry , TI'—Tp . .,
x [ d*r——|(ololo’) =3 (ololo’) - (r[Ro josz) (r|Ro jost'). (B4)
Ir — 1o [r — 1o Ir — 1o

In particular, let us concentrate on

Fr——[(ololo’) = 35" o100y - S ik iRy joss) (r{Rojosd)
TEEE Ir — 10| T At

) (B5)
= derrj[(GIGIG’) —3t(ololo’) - £r|0 o) (r0joss’),

where the transition from the first to the second line follows from the fact that (r|Rgjosu) is a function of r — Rg — tj; =r — 0.
By definition, (r|0jou) is the wave function corresponding to the orbital i of atom jj, the atomic center being at the origin of
the coordinate system.

The z component of Eq. (B5) can be written as

1
/ d'r=[(elotlo’) = 3% (@lalo’) - ] (xl0jos) (10 jost)
r- r

2

, 1 3z . . X . .
=Sy lolot|o )/a’3rr—3(1 - r—z)(FIOJoM)2 =38 up. 0w p, + 8w p.Oup)olo |0’>/d3rr—5(r|0Jopx)(r|010Pz)

L Z ) .
= 3up.wp, + Suwp.Spup, o lo” |0) / d3rr—§ (r|0jopy)(rl0jop:). (B6)
Combining Egs. (B1), (A9), (B4), and (B6), we arrive at

. 1 )
8 BYP(ro) =~ 7 D Wl M Go) [ Vicn) o (K. (Y [0 - Bk

knn’

M e M kk)[(V ViH B
— 53 Im e D WM o) W) fo (KON ttor | X (VicHo )]

knn'
m 1 z . /
+ ﬁImV Z S { Vie X [(Vin | M 1o Go) W) fam (KK (Y [V Yin) |} - B, (B7)
kk'nn’
where we have defined
My (o) = Z Z [ﬁ(j())(‘;up.ﬁu’m + 8up,8up, — 26upz5u’p:)<‘7|az|‘7,> - 3/3,(]0)(5#11:5#% + 5#17.r8u’p:)<‘7|0x o)
up' oo’
—3B'(0) (8up. 8 p, + 8up,up.) (0107 10" | ¥k jouo ) (Vi jogrro |- (B8)

Here, §;; is Kronecker’s delta, while 8(jp) and B'(jo) are numerical factors computed using the wave functions calculated using
atomic DFT [31]:

0.382eVA’  for jo = Biin BisSes,

2 2 °3 . .. .

) Mol 1 3z . 0.458eV A" for j, = Biin BiyTes,

Bjo) = Vea ——2 / d3r—3<1 - —2><r|ojopx>2 = o3 o= R (BY)
4 r r 0.222 eV A for jo = Se in Bi,Ses,

0.333 eV A3 for jo = Te in Bi,Tes,

2
X ) ) |
Mol / & rE e 0jop.) (10jop:) = 3G, (B10)

4
Note that 8(Bi) takes slightly different values in Bi;Ses and Bi,Te; because their unit-cell volumes are not identical. In the
derivation of Eq. (B7), we have used ug = eh/(2m) and N = V/ Ve, where Vi is the unit-cell volume. In addition, we have
setexpli(k’ — k) - rp] — 1.

Let us justify setting exp[i(k’ — K) - rg] — 1. In general, we have an expression of the type

B'(jo) = Veenn

oy 1 )
iK' —k)- N : a —igroq a _ _
k§k’ Vi x [ ¥ MRk k)] = §k Jim 5 §a & X [ F(k + g, k) — (¢ < —q), (B11)
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where o = x,y,z. When expanding the exponential, there is a term that depends on ry:
1
3 Z Z(ro - 8,)8, x F(k,k). (B12)
k «o

In a centrosymmetric crystal (like Bi,Se; or Bi,Tes), if we measure the position from the inversion center, for every nucleus at
1o there is another identical nucleus at —ry. Equation (B12) reverses sign under ro — —rg and, since the measured NMR signal
averages over all identical nuclei, Eq. (B12) is averaged out. In a noncentrosymmetric crystal, Eq. (B12) is not fully averaged
out, but the average remains finite.

The expression for 8B;hp (ro) is identical to Eq. (B7), provided that we replace Mﬁ’k,( Jjo) by

My (o) = Z Z /3(10) Sup S p, F 8up, Swp, F 8up Sp, )<G|GX|U/> - 35/(]'0)(5@,,5”% + ‘Supv‘su’px)w"’y'a/)

np' oo’
_3ﬁ (]0)( Mpx W p: + ‘S/Lpzap.’pxﬂa|UZ|O'/>]|¢kjgua><¢/k’jgu’a’|~ (B]3)
Together, Eqgs. (B7), (B8), and (B13) allow a numerical calculation o_f BBdip(ro): To do so, it is convenient to follow Appendix A
and to insert the relation Y, [t} (it | = 1 in the first line of § B{* and §BS™®.

APPENDIX C: DETAILS CONCERNING THE CALCULATION OF THE ORBITAL SHIFT

In this appendix, we present some details of the calculation of the orbital Knight shift, which are important in order to obtain
Fig. 6. We discuss the paramagnetic and the diamagnetic parts separately.

1. Paramagnetic term

The contribution from the paramagnetic current to the orbital shift is given by

ro—r

B (ry) = 42 / PIp) x 2, 1)

where Jp = (—e/2){v,|r)(r|} is the paramagnetic current operator and the integral is over entire volume of the crystal. To first
order in the applied field, the expectation value of the paramagnetic current is

Tp@) = YT ) [View) (Ve [8H ) fow (K, (€2)

kk' nn’

where §H = upo - B+ (upm/R)r x v, and f,,,(k,K’) has been defined in Eq. (17). From Eq. (A9) of Appendix A, we have

(Jpi(r) = g Z(Wkn|Jp,i(l’)llﬁknf)fnnf(k,k)Wkn'IG - BlYka)

knn'
R Y W (O ) o (RO V it | (VicHi) it ] - B
knn'
= TR m Y Sl Vie X Wil O Fon (kK Y V1Y) 1) - B, (C3)
kk'nn’

fori = x,y,z. Here, we have kept the term pz0o - B because it contributes to (Jp(r)) in presence of spin-orbit interaction.
The matrix elements of the paramagnetic current operator are
ieh
(Vin [T ()| Yaew) = %[(wknlr)v<r|wk’n’) — (VY [r))(r|Ynew) ]
ieh i —ik , . o
= DY Wl Vo) (Yo [V )™ ® e R REDR j o In)V (KR j'1'0”)

2mN
Rjuo R j'i's’

— (V(Rjuo[r)(r|R'j''o")]. (C4

In the first line, we have approximated (r|v|vg,) >~ —(ih/m)V (r|yx,). Because |[Rjuc) = |Rju)|o), we can write
(VIRjuo |e)(r|R'j'u'o’y = 85/ (r|R’j'i/)V(Rju|r). In addition, the atomic wave functions are real and exponentially
localized. Therefore, we can approximate

ieh
2mN

(Va1 T p (0 [Y10) = D SR (e o) (Yo [V UEIR )V (FR ') — (<> )], (CS)

Rjpupwo
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Next, we assume that the main contribution to the total orbital shift at ry comes from the current density in the vicinity of ry.
This allows us to estimate Eq. (C1) via

ieh
Wil p (2= 1) [P} = 2 0TS () (U [ Ve IR jor) V (I Ro jost') — (<> )l (C6)

" 2mN -
nu'o
Hence, the spatial integral that we need to compute is

1
/ d*r ————— (Vi |l p (0) [ Y0) X (9 — T)

Iro —rf3

(rIRo o) V(r[Ro o'y — (m <> )] x (xo — 1)

ieh o [
>~ ——e &—l)ro Z(wknlwkjouaﬂwk’jou’ahbk’n’)/dSr

—_rl3
2mN ot lro — 1|
ieh 4y [(r|0jou) V(r|0jou’) — (n < )l xr
=g e M§ﬂ/g<wkn|wkw><vfk/ jowe | View) / d’r — : (C7)

where we have exploited the fact that (r|Rgjou) is a function of r — Ry — t;; = r — rg. By definition, (r|0jou) is the wave
function corresponding to the orbital & of atom jy, the atomic center being at the origin of the coordinate system. Next, let us
concentrate on

[ @S t0jow v 0jon) = (u < w1 <, (8)

one component at a time. The z component reads as
[ 0o, w0y — 0o, (10 s — (> L ()
The angular integration leads to the following selection rule: i = p, and u’ = p,, or u = p, and u’ = p,. We can factorize

(r|0jopc) = Ry jo(r)x/r and (r|0jop,) = R, ;,(r)y/r, where R, ; is the radial part of the wave function (depending only on
[r|). Then, some simple algebra leads to

1o -, . .y : x?
/dSrr—3[(P|0J0M)3x(r|0JOM )y — (£l0jop)dy (r10jor ) x — (0 < )] = —2(8,p,80p, — Syup, Sy, ) / d3VRf;,jo(V)r—5v
(C10)

where we have used f d*r R, j,(r) X2/ = f d3r R, (1) y2/r>. Likewise, the x component of Eq. (C8) reads as

o , . .y , x?
/ dr—[(r10jor) (K10 jor )z = (10 jort) D= (x10jop'yy = (1 <> )] = =2(Syp,Brp. = 8up.Syep,) / dr R, ()=

(C11)
Combining Egs. (C1), (C3), (C7), (C10), and (C11), we obtain
ar i Y .
OBI(X0) = - D (W M (o) [¥kn) frm (KO (Y1 |0+ Bl )
knn’
m 1 ~
+ ﬁRev Z(Wku |Mk,k(J0)|wkﬂ)ﬁm’(ksk)(Vkukn’| X (Vka)lukn>cell -B
knn’
m 1 ~z . /
- ﬁReV Z S A Vie X [ (Wen | M, 1o o) [Wien) from (KK (Y |V |9k ) |} - B, (C12)
kk'nn’
where we have defined
M40 (G0) = 7o) D D (B8, = 8iep, 8 ) Wi (Vi (C13)
oy o
and
MOMZ 3. p2 x?
y (o) = Ve 52 / &r R, ,(r)~5 = 5BGjo). (Cl14)

In the derivation of Eq. (C12), we have used Im(iz) = Re(z), up = eh/(2m), and N = V/ V1, where Ve is the unit-cell
volume. In addition, we have set exp[i(k’ — k) - rg] — 1 (cf. Appendix B for a justification of this). The numerical values for
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y (jo) may be read off from Eq. (B9). Note that y (Bi) takes slightly different values in Bi;Se; and Bi, Te; because their unit-cell

volumes are not identical. The expression for § BY" (ry) is identical to Eq. (C12), provided that we replace M fw’ wor DY

M3 (Go) = v Go) DD (8upSurpe = 8upBip, ) Wkjonio ) Vicjouro | (C15)
up' o

Together, Egs. (C12) and (C14) allow a numerical calculation of §BP*(r(). To do so, it is convenient to follow Appendix A and
to insert the relation Y, |uky) (U] = 1 in the first line of §BY" and § BY™.

2. Diamagnetic term

The contribution from the paramagnetic current to the orbital shift is given by

5BY(ry) = K0 / Prdpm) x 2T (C16)
47 [rg — |3
where Jp(r) = —(e?/m)A(r)|r)(r| is the diamagnetic current operator and the integral is over entire volume of the crystal. To

first order in the applied field, the expectation value of the diamagnetic current is

2
Ip®) == =AM Y fun (Vi) (Fl¥1r)
kn

2 1 R
== ZAWM Y fin 2 2 Wil Vo) Wi i) 7 D € E RO Run R ). (€17)
kn

juo j'w RR’

where in the second line we have used the expansion of the states |yy,) in the localized atomic orbital basis, as well as
(Rjuo|r){r|R'j o’y = (Rju|r)(r|R j' 1’85, . Given that the atomic wave functions are localized, we approximate

2 1
(Jp(r) ~ —%A(r) D fin D Wal¥iuo) Wi V) 1 3 (RjuIr) (IR ). (C18)

kn jpp'o R

Once again, we assume that the main contribution to the total orbital shift at ry comes from the current density in the vicinity of
ro. This allows us to estimate Eq. (C16) via

2 1
(Jp(r)) =~ —%A(r)z Sin Z<wkn|1//kj0/w><1//kjowrr|1pkn>ﬁ(R0j0M|r> (r[Rojop'). (C19)
kn np'o

Then,

) 2
SBI(r0) = — 5™ i S Wi Vi) (Voo [ Vi) / &r [(B x 1) x (rg — 1)]{Ro jout|r) (r[Rojort’). (C20)
kn

8amN - Irg —r|?
up'o

Writing (B x r) X (rg —r) = [B x (r — rg 4+ rg)] x (ro — r), and recalling that (Rg jou|r)(r|Rgjout”) depends only on |r — ry],
we have

1
Z(Iﬂknlllfkjoﬂa)(I/ijoﬂfaliﬂkn)/d3rr—3[(B -o)r — Br2J(0joe[r) (r]0 jos), (C21)

2
8B () = LN
8mmN -

kn nu'c

where we have used (B x r) x r = (B - r)r — Br2. Here, we have ignored a term that is linear in ry, by virtue of the discussion
following Eq. (B12).
Then, the relevant spatial integral is

1
/ &= [(B - )r = Br2)(0jou|r)(r(0 o). (C22)

This integral yields the selection rules for the orbitals. For instance, the z component of Eq. (C22) is

1 ’
/ dr—51Boxz + Byyz = B(x* + y)(0jouIr) (rl0jou ). (C23)

Accordingly, an explicit evaluation of the angular integrals yields

. 1
CSBS]a(rO) = )"/pp(]())v Z fkn Z[(wkn |wkjopxa><wkjgpza kun) + (px <~ pz)]Bx
kn o
1
+)V/pp(]0)v Z fkn Z[(wkn|ij0pya><wkjopza|wkn> + (Pv <~ pz)]By
kn o
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1
= hss (o) 3y D fin D |Vl Viioso ) B
kn o

1 1
= 2ppljo); > fa ) [|<wkn|wk,-w>|2 + 1 kn [V jop,o) I + 5|<wkn|wk,-0pza>|2]Bz,

kn o

(C24)

where the angular integrals can be calculated analytically and the radial integrals estimated numerically leading to the numerical

factors
0.0043 A’ for j, = Bi in Bi»Se;,
2 2 2 °3 . .. .
. Hoe X" 4y 0.0051 A for j, = Biin Bi,Tes,
hss(o) = Veenroo— | & R2 ()5 = o Jo= 2T R e (C25)
8mm r 0.0057 A for jo = Se in Bi,Ses,
0.0058 A’ for jo = Te in BisTe,
0.0013 A>  for jo = Bi in BisSes,
2 2 2y,.2 ° 3 . .. .
. Hoe (x“+y9)x 0.0015 A" for j, = Biin Bi,Tes,
hopp(jo) = Veell o f &r R () ——— = -3 Jo= iR e (C26)
8rm r 0.0017 A for jo = Se in Bi,Ses,
0.0018 &> for jo = Te in BisTes,
2 2.2
;o Hoe 3 0 xzo 1 .
Kppli) = Veen g | dr R (== = ). (c27)

Similarly, § Bd(ry) is obtained under the exchange B, <> B, and p, <> p..
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