PHYSICAL REVIEW B 109, 174204 (2024)

Surface quantum critical phenomena in disordered Dirac semimetals
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We study a non-Anderson disorder driven quantum phase transition in a semi-infinite Dirac semimetal with
a flat boundary. The conformally invariant boundary conditions, which include those that are time-reversal
invariant, lead to nodal-like surface states on the boundary. In this case the boundary becomes metallic at a critical
disorder that is weaker than that for the semimetal-diffusive metal transition in the bulk. The latter transition
takes place in the presence of a metallic surface; in the language of surface critical phenomena this corresponds
to the so-called extraordinary transition. The lines of the surface and the extraordinary transitions meet at the
special transition point. To elucidate universal properties at different transitions on the phase diagram, we employ
renormalization group methods and compute the corresponding surface critical exponents using & expansion.
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I. INTRODUCTION

Nodal semimetals such as Weyl and Dirac semimetals
have garnered substantial attention since their recent dis-
covery owing to their remarkable electronic properties and
potential applications in various fields. They represent a class
of three-dimensional materials characterized by gapless elec-
tronic excitations appearing when linear band crossings occur
at isolated points in the Brillouin zone and thus they can
be viewed as higher dimensional analogs of the celebrated
graphene [1]. In crystals where either the inversion or the time
reversal symmetry is broken, bands are generally nondegen-
erate so that the crossing gives rise to Weyl nodes without
fine-tuning [2,3]. If the symmetry under simultaneous inver-
sion and time reversal holds, the bands are twofold degenerate
so that the crossing leads to Dirac nodes [4-6]. The nodal
semimetals exhibit peculiar properties arising from their rela-
tivistic low-energy excitations. These include novel responses
to applied electric and magnetic fields, e.g., due to the chiral
anomaly, the appearance of unusual surface states which could
be topologically protected [7-9], and non-Anderson phase
transitions in the presence of disorder.

In a semi-infinite semimetal, scattering from the bound-
ary creates surface modes with energies near the bulk band
crossing. While the general properties of these emergent sur-
face states are dictated by the topology and symmetries, their
precise form is determined by the microscopic boundary con-
ditions (BCs), which describe how the different wave function
components mix upon reflection of the excitation from the
boundary [10-13]. In Weyl semimetals, topologically pro-
tected surface-bound states appear in the form of Fermi arcs
that connect the surface projections of Weyl nodes with oppo-
site chirality [2,3]. In Dirac semimetals, the surface sates may
consist of doubled arcs that bridge the surface projections of
Dirac nodes [14]. However, in this case, for some BCs, the
surface Fermi line can shrink down to a point producing a
Dirac cone in the surface spectrum [12,13,15].

The presence of quenched disorder can strongly mod-
ify the behavior of clean materials and lead to Anderson
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localization [16] and continuous Anderson transitions, which
include metal-insulator transitions as well as transitions
between different topological phases such as the integer quan-
tum Hall plateau transitions [17]. Anderson transitions lack
a conventional order parameter: the average local density of
states (LDOS) is nonsingular across the transitions. Instead,
critical behavior at Anderson transitions is exhibited by trans-
port coefficients and the whole distribution of the LDOS.
Different moments of the LDOS have independent scaling
behavior reflecting the multifractal nature of critical wave
functions described by a continuum of critical exponents, the
so-called multifractal spectrum.

A different type of disorder-induced quantum phase tran-
sition was identified in nodal semimetals [18], wherein a
strong enough disorder drives the semimetal from the clean
(ballistic) behavior towards a diffusive metal. This transition
is described by the Gross-Neveu model in the replica limit
N — 0 [19,20] or its supersymmetric variant [21]. The av-
erage LDOS at the nodal point plays the role of an order
parameter, since it becomes nonzero above a critical dis-
order strength [22-31]. This transition has been intensively
studied using both numerical simulations [32-37] and an-
alytical methods [38—42]. Similar to Anderson transitions,
critical wave functions (at zero energy) are multifractal, but
the distributions of non-self-averaging quantities, such as the
LDOS, are much more narrow compared to those at Ander-
son transitions. Another difference is that the average LDOS
is smooth across many Anderson transitions contrary to the
typical LDOS, which vanishes in the localized phase [43]. At
the semimetal-diffusive metal transition, both the typical and
the average LDOS at the nodal point vanish in the semimetal
phase but grow in the metallic phase with different exponents
[44]. Effects of rare events have been also discussed and
the possibility for an avoided quantum criticality was much
debated [45-55].

The disorder-driven quantum phase transitions in a semi-
infinite geometry are less well studied. In the theory of
conventional continuous phase transitions in semi-infinite spin
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systems one distinguishes three boundary universality classes:
the ordinary, the extraordinary, and the special [56]. For the
ordinary transition the bulk and the boundary order simultane-
ously, while at the extraordinary transition the bulk orders in
the presence of already ordered boundary. The special transi-
tion corresponds to a multicritical point where the lines of the
ordinary, the extraordinary, and the surface transitions meet
[57-59]. Anderson transitions in the presence of boundaries
were studied in Refs. [60-67], with the focus on multifractal-
ity of critical wave functions. Multifractal spectra were found
to be modified near boundaries. We note that this modification
was studied only at the ordinary boundary critical point. The
possibility of extraordinary and special boundary Anderson
transitions is an open issue that is interesting to consider and
study.

How disorder modifies surface states and affects the bulk
criticality in nodal semimetals is much less known. Numerical
simulations show that while Fermi arcs in Weyl semimetals
are robust against weak bulk disorder, they hybridize with
nonperturbative bulk rare states as the strength of disorder
gradually increases and completely dissolve into the emerg-
ing metallic bath at the bulk transition [68,69]. Perturbative
calculations also show that the surface states in generic Dirac
materials are protected from surface disorder due to a slow
decay of the states from the surface [12].

In Ref. [13] two of us studied effects of weak disorder on
the surface states produced by generic boundary conditions in
nodal semimetals using a local version of the self-consistent
Born approximation (SCBA) [42]. We investigated the full
phase diagram in the presence of a surface and found that for
the BCs leading to the Fermi arcs on the surface of Weyl and
Dirac semimetals the disorder driven transition belongs to the
extraordinary class, i.e., the bulk becomes metallic when the
surface is already metallic, with a finite LDOS at the Fermi
energy. However, contrary to the bulk criticality where in the
replica limit A — 0 there is no difference between Weyl and
Dirac fermions, the surface criticality can be different for
Weyl and Dirac fermions. In particular, for Dirac fermions
there is a class of time-reversal invariant BCs, which can be
parametrized by the angle 6, where the Fermi surface shrinks
to a point on the boundary which hosts single-cone Dirac
surface states. It turns into a metallic state at a finite strength
of disorder which is lower than the critical strength of disorder
in the bulk. This leads to a much richer phase diagram shown
in Fig. 1 which exhibits the special transition where the lines
of extraordinary transition and surface transition meet.

In the present paper we study universal properties at var-
ious transitions in this phase diagram using renormalization
group (RG) methods. Recently the surface critical behavior of
interacting fermions in the Gross-Neveu universality class has
been studied using conformal field theory methods in [70,71].
However, as we will show, unlike the bulk case, the critical
theory describing the behavior of disordered Dirac fermions
in the presence of a surface is not the Gross-Neveu model in
the replica limit N” — 0. Thus the critical exponents obtained
in Refs. [70,71] are different from those found by us below
and given in Eqgs. (98)—(101).

The paper is organized as follows. In Sec. II we introduce
the model of a semi-infinite Dirac semimetal, discuss the
BCs satisfying different symmetries, and compute the Green’s
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FIG. 1. Phase diagram in the (A, 6) plane of a semi-infinite
Dirac semimetal, where A is the dimensionless strength of disorder
and 0 is the angle parametrizing the time reversal boundary condi-
tions (see Sec. II). The surface transition line and the extraordinary
transition line are given by Ag = cos’6 and A, = 1, respectively.
For A < Ag both the surface and the bulk are in the semimetal phase,
for A¢ < A < A, metallic eigenstates populate the surface, and for
A > A, the bulk becomes a diffusive metal as well. The lines of
surface and extraordinary transitions meet at the multicritical point
of the special transition.

function and the LDOS profile in a clean system. Section III
summarizes the phase diagram of a disordered semi-infinite
Dirac semimetal for time-reversal invariant BCs computed
using the SCBA and RG methods. In Sec. IV we construct the
corresponding replicated effective field theory averaged over
different disorder distributions and discuss its renormalization
and define the surface critical exponents. In Secs. V-VIII we
study the bulk, special, extraordinary, and surface transitions.
Section IX summarizes our results. Some technical details are
presented in the Appendixes.

II. SEMI-INFINITE DIRAC SEMIMETAL

A. Hamiltonian and boundary conditions

The low-energy Hamiltonian which describes noninter-
acting electrons in a clean three-dimensional (3D) Dirac
semimetal can be written as

ﬁo = —ihUF Olia,', (1)

where the 4 x 4 Dirac matrices «; satisfy the anticommutation
relations: oot + ojo; = 28;5 [i, j = 1,2, 3 and (x', x%, %) =
(x, v, 2)]. In what follows we set the Fermi velocity fivp = 1,
choose the Weyl representation «; = 73 ® o, where 7; and
o are Pauli matrices, and use 7y, o¢ for the identity matrix or
leave it implicit.

In the case of a semi-infinite semimetal filling the half
space z > 0 the Hamiltonian (1) has to be supplemented with
a boundary condition (BC) for spinor wave functions v at the
surface z = 0. In the general case it can be written as [12]

Myl = V=0, @)
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where M is a unitary Hermitian matrix, i.e., M?* =1, con-
strained by the condition that Hamiltonian (1) is Hermitian
in a semi-infinite space z > 0, i.e., (Y |Hoyn) = (Hoy1 )
for arbitrary v, and v, satisfying the BC (2). This gives that
o3 anticommutes with M,

{az, M} = asM + Moz = 0. 3)

The condition (3) implies that the z component of the current
J; = ¥ a3y (normal to the boundary) vanishes at z = 0. As
we demonstrate in Appendix A, the most general matrix satis-
fying Eq. (3) can be parametrized by four angles 6 € [-7, 7],
y €10, 7], and ¢, ¥ € [—x, ) as follows:

Menera = cos 6 cosy 19 ® (cos Y o1 + siny 02)
—sinf cosy 13 Q (sin Y o] — cos ¥ 07)
—sinf siny (sing 11 — cos ¢ 72) ® oy
4 cos 6 siny (cos¢ 11 +sin¢g 1) Q 03. )

This can be considered as a generalization to three dimensions
of the BCs derived for graphene in Refs. [72,73]. Here we
limit our consideration to the case of BCs which are rotation-
ally invariant in plane (x, y). As shown in Appendix B, such
BCs are also conformally invariant and are given by Eq. (4)
with y = 7, which reduces to a two-parameter family (after
the shift ¢ — ¢ + )

M3p cont = sinf (sing t; — cos ¢ 72) ® 0y
—cosf (cosp 1) +sing 1) Q 03. (®)]

The BCs (2) with Mgeperas and y # % lead to the emergence of
surface states forming the so-called Fermi rays which connect
the projection of the Dirac point on the surface with infinity
similar to the Fermi arcs in Weyl semimetals, where they
connect the projection of the two Weyl points on the surface.

The family of conformally invariant BCs with matrices
M given by Eq. (5) contains the time-reversal invariant BCs
which satisfy [T, M] = 0. They can be obtained by setting
¢ = +m /2 and without loss of generality written as

My =sinf 11 ® og — cosb 12 ® 03. (6)

The matrix (6) can be rotated to (5) by M3p cont = UsMpU, ¢_ !
with the unitary matrix

Uy = |:cos <% — %)‘L’o + i sin (% — %)rg] ®og. (7)

Since this leaves the Hamiltonian unchanged, all the results
which we will derive for the matrix (6) can also be applied to
BCs with matrix (5), e.g., the DOS profiles and the critical
exponents in both cases are the same. Note that the only
conformal invariant BCs which satisfy the charge-conjugation
symmetry, [C, M] = 0, are My—¢ which, as we will see later,
corresponds to the special transition.

B. Dirac surface states

We now solve the time-independent, massless Dirac equa-
tion Hyy = ey with Hamiltonian (1) and BC (6). We can
use the translational invariance along the boundary to perform
the Fourier transform in the directions parallel to the surface,

F=(x,y) —> k= (k1, k»), and look for solutions in the form

Y (r) = Y (2)e. ®)

Introducing & = («, ap), we get
(—iasds + @ - K)p(2) = e (2), )
Mo r;(0) = ¥;(0). (10)

We look for solutions that are localized on the surface z =0
and, therefore, substitute the ansatz

Vi(2) = xge . (11)

Rotation invariance in the x — y plane ensures that the eigen-
values ¢, and the inverse decay lengths of the surface states

Ux = 0 depend only on k = |7€|. The Fourier transformed
equation and the boundary condition become a system of
algebraic equations:

(ipras +k cospar +k sinpay —€)xz =0, (12)
Mg — 1)xz; =0, (13)

where we denoted by ¢ the angle specifying the direction of
the vectors k in the x — y plane:
ky =k cosep, ky=ksing. (14)

Then the eigenstates of the Dirac equation (9) with BC (6)
which are localized on the surface read

X = %(1, T —ie, Fie)T, (15)

Their energy and inverse penetration length are
€, = Fk cos6, (16)
i = £k sin6. a7

Notice that the solutions are confined to the surface only when
Wi > 0 and thus the eigenstates with the upper sign exist
only for 0 < 6 < % and have only negative energy, while the
solutions with the lower sign exist only for —% < 6 < 0 and
have only positive energy. Thus these surface states form a
single cone with the Fermi velocity vy cosf (smaller than
the Fermi velocity in the bulk vy) that extends in either the
electron or hole side for negative and positive values of 0,
respectively. These surface cones are schematically depicted
in Fig. 1 for negative and positive 6 together with the bulk
Dirac cone.

The surface states completely dissolve in the bulk Dirac
continuum and disappear for § = 0 that is a 3D general-
ization of the armchair edge of graphene. On the contrary,
for & = £7, the surface states form nondispersing flat bands
with €, = 0 but a finite penetration length u;l = k~'. This
can be viewed as a generalization of a flat band of spin-
polarized states localized at zigzag edges of graphene [74]. In
Appendix C we show that these surface states survive in a slab
geometry of thickness L once kL sin6 > 1.

C. Green’s function

The boundary breaks translational invariance along the
perpendicular direction. Consequently, the retarded Green’s
function Gy(x, x’, € + i0") depends not only on the distance
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x —x’ between the points but also on the distances of the
points to the surface, i.e., z and 7. Performing the Fourier
transform in the directions parallel to the surface and keeping
the real space coordinates in z direction we define the Green’s
function as

(Hy — €)Go(k, 2,7, €) =8(z — 7)) (18)

J

and impose the BC
MpGo(k, 0, z,€) = Gy(k, 0, z, €). (19)

Notice that in Eq. (18) we change the sign of G with respect
to the standard notation to match our definition of the Green’s
function in the field theory. The Green’s function can be split
into bulk and surface parts,

Go = Gy + Gy, (20)

where

Gyk, 2,7, €)= (
261/{,6

Gyk,z,7, €)= —

e“[k.e(z-&-z’) [ k2 <
_ +
2(gx.e cotO + €) | Gr.e ke

and we introduced g = vk* — €2. For k < |€| we need to
distinguish the retarded and advanced GFs by shifting the
energy € off the real axis. If we denote by s = %1 the sign
in the shift of the energy: € — ¢ + is0", then the appropriate
analytic continuation of the GFs (21) and (22) is achieved by
the replacement

t=V1-k/e2e[0,1]. (23)

The surface part of the Green’s function (22) can be ex-
pressed in terms of the bulk part (21) in two limiting cases:
(1) in the limit of zero energy € = 0; (ii) in the limit of 6 = 0
when there are no surface states. In both cases the Green’s
function reduces to

qk.e —> —Iset,

Go(k, 2,7, €) = Gp(k, 2,2, €) + UsGp(k, =2, 7, €),  (24)

where we introduce

Up = —

T, ®o3 —itanb 13 Q 03, (25)
cos @

such that Uy_g = My—y. Note that the Green’s function at zero
energy € = 0 can be expressed in the real space as

oj(x —x'); aj(x —x);

Golx.x') = i[ + U,

lx —x'|4 |x —x/|4

where we defined x=(#,2), ¥x=((#,—z) and S;=
24/2 /[T'(d /2)] is the area of the unit sphere in d dimensions.
The Green’s function similar to Eq. (26) was derived in [75]
for the BC of the form (2) with a Hermitian M such that
M? =1 and M commutes with «;, », and anticommutes
with a3.

D. Profile of the density of states

We are now in the position to compute the LDOS profile
using the standard relation between the LDOS and the re-
tarded Green’s function which reads

1 d’k > , .
0o(z,€) = —Im lim Tr Go(k, z,Z', € +i07). (27)
e (@24 )2 7=z

G-k+e

i , o st
+ Esgn(z—z)aa)e rele=2l, 21
. o3\, - eT1 Q@00+ €12 ® 07
¥ ias + 2803 (a.k)_i_lel 0 2 3. 22)
sin 0 sin 0

[
Substituting the Green’s function (20) we obtain

&%k [ € S

Gre  Gr.e(Gr.e COt0+€)}e~>E+i0+.
(28)

2
= —1
po(z, €) ~m an?

We can split the LDOS into the bulk and surface parts result-
ing from the states delocalized and localized at the surface,
respectively:

00(z, €) = pE(z, €) + p5 (z, €). (29)

The first term under the integral on the right-hand side (RHS)
of (28) gives the z-independent LDOS in the bulk far from the
surface:

5 N 2 /'6' kdk €] e? 30)
— 00,€) = — _—— = —,
Po ' mJo 2w Je2—k2 w?
The second term under the integral on the RHS of (28) can
be split into two parts. The integration over 0 < k < |e| gives
the correction to the bulk LDOS resulting from the distor-
tions of the bulk states near the surface, i.e., the so-called
Friedel oscillatizons. Then the full bulk LDOS can be written
€

as pf(z.€) = S fP(e2) with

2

1 _ 42N\ 2itZ
f(f(z):1+1mf gL re 31)
0

tcoth +i’

The integration over k > |e| yields the surface states
contribution to the LDOS and can be evaluated using the
Sokhotski-Plemelj theorem. The pole on the integration con-
tour exists only if € tan6 < 0 and the corresponding residue

yields o3 (z, €) = & f5 (ez) with

7| tan(6)|

v [1 — Oy(Z tan )] ™ (32)
COS

fi@=

where ®y(x) is the Heaviside step function. Restoring the
physical units we obtain

o= M), a=Bs. (33
Po 2 ~ (whvp)? ? \ g ) o
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FIG. 2. Dimensionless LDOS as a function of 7 = ETZF and 6 for € > 0. (Left panel) f(f (%) is the contribution from the extended states

I

which exhibit the Friedel oscillations decaying for Z — oo so that ng(oo) = 1. (Right panel) fgs (Z) is the contribution from the surface states
localized at z = 0 whose energy is positive for § < 0 and negative for 6 > 0.

The typical value of the Fermi velocity in Dirac semimetals is
ivp >~ 1-10 eV A. The bulk and surface contributions to the
LDOS profile for different 6 and € > 0 are shown in Fig. 2.
The time reversal symmetry implies that f(;‘x %)= fi‘g (-2).

III. EFFECT OF DISORDER IN SELF-CONSISTENT
BORN APPROXIMATION

The presence of disorder creates a random time-
independent potential V (x), which is a scalar in the simplest
case, so that the low energy Hamiltonian becomes

H=—iwd; +V(x). (34)

We assume that the distribution of disorder potential is transla-
tionally invariant, isotropic, and Gaussian with the mean value
and variance given by

V(x) =0,

VEOVE) = As(x —x'), (35)

where the overbar indicates the disorder average.

The self-consistent Born approximation (SCBA) is the
simplest approximation which captures the effects of disorder
on the Dirac semimetal, at least qualitatively. We now briefly
summarize the results of SCBA obtained by two of us for the
disordered Dirac semimetal in Ref. [13]. The resulting phase
diagram in the plane (A, 6) is shown in Fig. 1.

Far from the surface, the semimetal bulk undergoes a phase
transition towards a diffusive metal at A, = 1, where A =
AA/(4m) is the dimensionless disorder strength and A is a
UV cutoff. In the diffusive metal phase the LDOS at zero en-
ergy grows with disorder strength A as p(z — 00, € = 0) =
(A — A,)P, where the exponent 8 = 1 is independent of #. In
the semimetal phase the bulk LDOS at zero energy vanishes;
however, depending on 6 it can be finite on the surface for
Ag(0) < A < A,. In the later case the LDOS decays away
from surface exponentially, p(z, € = 0) ~ e=¥/¢ for Ag(0) <
A < A, and algebraically, p(z, € = 0) ~ (zA)™!, at critical-
ity A = A,. Here the correlation length & ~ |A — A.|™" can
be associated with the mean free path and the SCBA predicts
v = 1. For weaker disorder A < Ag(8), the LDOS at zero
energy vanishes identically in the whole system and thus both
bulk and surface remain in the semimetal phase.

Using the local SCBA it was shown in Ref. [13] that
Ags = (cos0)2. Indeed, at 6 = 0 there are no surface states
in the clean sample (see the previous section) and as a result
the surface becomes metallic simultaneously with the bulk. At
6 = £7 there is a flat band at zero energy on the surface so
that it has nonzero LDOS even in the clean limit. Thus the line
of the surface transition, if it exists, has to pass through these
points.

In terms of surface critical phenomena the semimetal
exhibits the so-called extraordinary transition at A = 1 for
6 € [—%,0)U (0, Z]. The line of the extraordinary transition
meets the line of the surface transition at the multicritical point
(A = 1,60 = 0) which corresponds to the special transition.
Note that the surface transition can only exist on the bound-
ary of a disordered three-dimensional semimetal, where the
surface states have a small overlap with impurities in the bulk
and the electrons can bypass them in three dimensions. This
is not the case for strictly two-dimensional disordered Dirac
materials where there is no such freedom and even weak dis-
order becomes relevant [76-78]. Below we will recover this
phase diagram and study the corresponding critical properties
using RG methods.

IV. EFFECTIVE FIELD THEORY AND RG EQUATIONS

A. Effective action

Disordered Dirac fermions in a semi-infinite space are
described by the Hamiltonian (34) with the BCs (2). This
boundary condition may also be incorporated into the Hamil-
tonian of the problem by adding a boundary term of the form
MS5(z). Then the Schrodinger equation

[—ia-V +V(x)+ M@V = id ¥ (36)

can be integrated across the boundary and assuming ¥ = 0
for z < 0 this gives

[—ias + M1y .0 = 0. (37

Thus including the surface term is equivalent to the explicitly
imposed boundary condition (2) if we identify

M = iozsM. (38)
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Let us construct the corresponding Euclidean action. Since we
are studying noninteracting fermions, the action can be written
at a fixed Matsubara frequency w as [10]

S = / PxJ O)[—iid; — ieo+ VO ()
z>0

+ / &P BT (), (39)

where v/ and v are spinor Grassmann fields. The last term in
the action (39) implies that the corresponding Green’s func-
tions satisfy the boundary condition (2). In particular, for the
BCs with matrix M given by Eq. (6) in the clean limitof V = 0
we recover the one particle Green’s function (20)—(22) with
€ =iw.

In what follows we will use a dimensional regularization
of integrals, so we need to generalize the action (39) to an
arbitrary dimension d. We introduce coordinates x = (7, z),
z > 0 in a semi-infinite d-dimensional space, where 7 lies
in the (d — 1)-dimensional surface z = 0. We keep the or-
bital Pauli matrices 7;, j = 1,2, 3, but generalize the spin
Pauli matrices o to a d-dimensional Clifford algebra o,
nw=1,...,dand call o, = o,. This generates o, = 73 ® 0,
uw=1,...,d.

We now apply the replica trick and introduce A copies
of the system denoted by indices a, b = 1, ..., N, which are

J

summed over when repeated. The effective replicated action
averaged over disorder reads

S = / A% Pa(6) (—i @y By, — i) (x)
z>0
+ / 4T P G (PN (F)

A T -
_ 3[ Oddxl/fa(x)ipu(x)lpb(x)%(x)_ (40)

The observables averaged over disorder can be computed us-
ing the action (40) in the limit of A" — 0.

B. Renormalization and RG equations

The correlation functions computed perturbatively in the
disorder strength A using the action (40) are UV divergent
in d = 2, which is the lower critical dimension of the model:
while any disorder is relevant for d < 2, weak disorder is irrel-
evant for d > 2. We will employ dimensional regularization
and compute correlation functions in d = 2 4 ¢ dimensions,
thereby converting UV divergences into poles in €. To renor-
malize the theory, we will use the minimal subtraction scheme
within the context of dimensional regularization and collect
all poles in ¢ in the Z factors Zy, Zy,, Z,, and Z, so that the
renormalized action reads

dd—lk (o) _ R R ) ) R dd—lk _ o R
se= [ /0 Az T D2y @ - F — i0:02) — Zuiwlralle 2) + / T e )
A [y G [ L L. L.
- MKd /i=1 W/o dzpa(ky, 2)Wa(ky, 2)p(ks, D) Yp(—ki — ky — k3, 2). (41)

Here we have introduced the renormalized bulk and surface fields w(%, z) and tps(l?, z) and the notation K; = S;/(2m)?. The
engineering (momentum) dimensions of the fields v (x) and v;(x) in real space are equal, as can be seen from the first line in
Eq. (40):

dg =13(d —1). (42)

The Fourier transforms in the d — 1 directions along the surface [between v (x) and 1//(1?, z), as well as between ¥, (r) and (l?)]
change the engineering dimensions of the fields and introduce delta functions that reflect the conservation of momentum in
correlators of the fields.

The renormalized fields and the dimensionless coupling constant A at the mass scale p are related to their bare values denoted
by circles as

o 12 . 12 . 1 e 22U Zn
V=2, =2y, 6=22'0, A="T_ZiA (43)
* K, Zl//
The renormalized correlation function with n bulk fields ¥ or ¥ and m surface fields ¥ or v, is given by
G (i, 23 @0, A) = 2y 2P G Ky 25 0, A, ), (44)

where 75,- stands for n 4+ m momenta of fields ¥, ¥, v, ¥, such that )P I?; = 0 and z; stands for n z coordinates of the bulk fields

¥, ¥. The z coordinates of m fields , ¥, are all 0. Using the fact that G™™ does not depend on the mass scale © we derive the
RG equations

LA+ Dy () + Z () = (Ao |G E 20, A ) = 0 (45)
Hou on 2™ g M T VAR, B A0 S =5
where we have introduced the scaling functions
aA olnzZ .
B(A) = R ni(A) = —p(A) =V, 0), y(A)=n,(A)—ny(A). (46)
A IA
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Dimensional analysis implies that for arbitrary rescaling factor A > 0

G (K, zjs, A, ) = A2 GO (M'c}, %’ Ao, A, w>. 47

0 . . . .
The factor A~2% = A~@=1 comes from the delta function expressing the conservation of momentum. Equation (47) can be
rewritten in the infinitesimal form as

ad - d d d -
[um + Zkiﬁ - sza—z t oot (1 m— 2)d3]G<"""><k,-, zjiw, A, 1) = 0. (48)
i j J

i

Subtracting Eq. (45) from Eq. (48) we arrive at
ﬁ(A)i + Z%‘i - Zz»i +[1+ y(A)]wi +nld) - 17; (A)) +m(d - 1;7 (A)) —2d9 |G™™ =0. (49)
N T do v v v '

The linear partial differential equation (49) can be solved using the method of characteristics in which the general solution is
written as

G (kiy 25 0, A) = A (E) fumlKi(8), 2 (€ ); 0(€), AE)], (0)

with an arbitrary function f;,,. The characteristics are the lines in the space of k;, z;, w, and A, along which the solution of
(49) propagates. These lines can be parametrized by an auxiliary parameter £ and are determined by the system of ordinary
differential equations

dAE) dki&) -
dnE BLAE)], Te ki(§), dInE

dz; d
GO _ da;(é)

= (1 +y[AE))w(®), (51)

with initial conditions E(l) = E, zj(1) =z, w(l) =w, and A(1) = A. The solution along the characteristics propagates
according to
d lnAnm(é)
dIné&

with initial condition A,,,(1) = 1.
We assume that the 8 function has an unstable fixed point (FP) such that

1 1
=2(n+m— dy — n<df,’, + Ew[A(E)]) - m(d,,e + Ens[A(s)]), (52)

B(A™) =0, p'(A") > 0. (53)
In the vicinity of the FP the solutions of the RG equation (49) can be written as
> > Zj
G (K, 2j, @) = g0 DT (kis, PR ) (54)
[
where we have introduced the critical exponents v, 3, dy,, dy,, on the surface
and § = A — A*. The scaling ansatz (54) implies
GOV ~ —mmrs =y (A, (59)

1
E~d", o= B'(A), (55
. . . . and in the direction z (perpendicular to the surface)
so that we can identify & with the correlation length. The
dynamical critical exponent is
GV () ~

1
At M= 5(7’1 +n))- (60)

3=14y(A") =nu(A") —ny (A7) (56)

and the (renormalized) scaling dimensions of the fields i and C. Renormalization of composite operators

Vs are
To calculate the LDOS we have to consider the renormal-
d; = df/), + %ﬂi(A*), =, Y. (57) ization of the composite operators O(x) := ¥ (x)¥(x) in the
bulk and O;(r) := (r)¥s(r) on the surface. We define the
Thus, for example, two-point functions at the transition be-  Z factors which make their insertions in the renormalized
have as follows: in the bulk Green’s function finite,
o -1 Qo —
GOy ~ T 1= gy (A%), (58) 0=2,2,'0, Os=207,'0,. (61)
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The functions with [ insertions of the composite operator O and p insertions of operator O, renormalize as
G 250, A) = 2P 2P ZLZD G (K, 2w, AL ). (62)
By analogy with Eq. (49) it is easy to obtain an RG equation for G""!»)_ Then we specialize to the LDOS in the bulk by setting

n=m = p =0,/ =1, and integrating over 75, which gives
0

-2

3 3
a2 T+ 7)o+ nu(8) =0y (A) - de;,}p(z, w, A) =0. (63)

The solution of Eq. (63) in the vicinity of the FP (53) gives the LDOS at the distance z from the surface

p(z, 0,8) = s“’f(; wE?, 851/“>, (64)

where we have used the relation (56). The LDOS at the Fermi energy far in the bulk (z — o0) is given by

p(8) ~ 87,

B =vd—5%). (65)

The RG equation for the LDOS on the surface is obtained by choosingn =m = [ =0, p = 1, and z = 0, which gives

d a
[ﬂ(A)ﬁ T4y (Moo + 1, (A) =y, (A) — 2dﬂps(w, A)=0, (66)

where we defined the scaling function

(a) = —pa) 2o (67)
A2 = oA
The solution of Eq. (66) in the vicinity of the FP (53) gives

the surface LDOS
ps(@, 8) = £ 2NN £, (g3, 5E1/), (68)
where

Np, = Np,(A%), Ny, =y, (A"). (69)

The surface LDOS at the Fermi energy is

ps(8) ~ 8%, Bo=vd—1—n,+ny),  (70)

where we defined a new surface exponent S;.

V. RENORMALIZATION IN THE BULK

The bulk critical exponents have been computed to two-
loop order in Refs. [19-21] using different RG schemes. Here
we repeat these calculations within our RG scheme to get the
renormalization constants which we will need to study the
surface properties.

To renormalize the theory far from the surface we can
take the limit z, 77 — oo keeping z — 7' finite. This allows
us to perform the Fourier transform also with respect to z
and switch from the correlation functions G to irreducible
vertex functions I' [79]. In order to renormalize the theory
it is enough to consider only the one-particle vertex function
I'®(k) at a finite external momentum k and the two parti-
cle vertex function I'®(k; = 0) at zero external momenta.
The one- and two-loop diagrams contributing to these vertex
functions and the corresponding integrals computed using di-
mensional regularization within a minimal subtraction scheme
are shown in Appendix D. For the one-particle bare vertex

(

function we obtain

. K3 5052l
IOk, &) = aﬂkﬂ[l + Tdc‘zﬂmz-]
&

while the two-particle bare vertex function reads

, o Ki,,..(4
Uk =0,0)=A — 7‘1&)%2<— + 6)
&

K2  ..[16 54
+ —d(Z)ZEA3<— + —). (72)
&

4 g2
Using the minimal subtraction scheme we require
Zy 0Pk, &, A) = finite, (73)
Z;T Wk = 0,0, A) = finite, (74)

where the bare parameters & and A are expressed in terms of
the renormalized ones as in Eq. (43). To two-loop order we
obtain

AZ
Zy=1——, 75
v . (75)
2A  6A?
Za)=1+_+_27 (76)
e e
4A (16 2
Zan=14+—+A - +-) )
e e e

The corresponding bulk scaling functions can be computed
using Eqs. (46) which give

B(A) = —e A +4A% + 8A° + O(AY), (78)
ny(A) = —2A% + 0(A?), (79)
Nw(A) = 2A + O(A?), (80)

Y(A) =2A +2A% + O(AY). (81)
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Solving the FP equation (53) with the B function (78) we
get

2
*_E_g_ 3
A =7 A + O(¢e”). (82)

This gives the critical exponents to two-loop order as

2
L ) (83)

v 2

e & 3

3—1+§_§+0(8), (84)
ﬁ:v(d—g):v<l+§+0(82)>, (85)

82
n=-5+ 0(&?), (86)

1
=—(d—1+w) +§_B+O(8) 87)

which coincide with those found in Refs. [19-21].
J

GOVE0,0) = (1 + M)+
q

A(1+M) L3
24 P

VI. SPECIAL TRANSITION

In this section we focus on the special transition taking
place at & = 0, when both the bulk and the surface become
metallic at the same disorder strength A, whose dimension-
less value is given to two-loop order by Eq. (82).

To determine the renormalization factor Zy, one can con-
sider either the surface correlation function GO2(K, z; =
0,72 =0) or the mixed bulk-surface correlation function
GUD(K, z; =0,z =z). Here and afterward we explicitly
keep the coordinate z = 0 of the surface fields for trans-
parency. To check that the same Z factors make all correlation
functions finite simultaneously we renormalize both these
functions. The surface correlation function can be expressed
graphically to one loop order as

r F 7k Nk
—_ / N
0 = 5 0 20 200

GOI(E,0

where the arrow lines stand for the bare Green’s function (20)
and the dashed line for the disorder vertex A. Integrating out
the internal coordinate z; we arrive at

(Dl 2N[E -
- — w1l —— —,
q° 2¢° ) | Ji @

where ¢ = vk* + @? and g = ,/k? + ®?. The bulk-surface correlation function to one-loop order can be expressed as

which gives

a-k+io o, _
FETIO e

GEV(E,0,7) = (1 + M,
( 2)=(1+My) 2% 5

A - &2 B &? ,
+ (A +Mo)|a-k(1-2(1+q¢2)— | +io|3—-2(1+g2)— | —iga(1—
8q q q

k
/
z +20 2

26? 1
@ Z)]e—‘ﬂ —. (89
q k q1

The one-loop integral over internal momentum ky in Egs. (88) and (89) can be computed using dimensional regularization as

1 wf

/ / dd lkl
na ()=t

k2+w2

= Ky —. (90)
&

We renormalize the correlation functions by imposing the conditions

Z;'GOP(k,0,0:6, A) = finite,

2,7, 12600 E, 0,236, &) = finite, O

where the bare parameters ¢ and A are expressed in terms of the renormalized ones (43). Both conditions yield the same result:

2A 5
Zy, =12+ 00 92)

Thus, to one loop order, we get

Ny, = 1) =211 = —2A* + O(A*) =

—g T 0@, (93)

The fact that both correlation functions (88) and (89) can be made finite simultaneously at arbitrary arguments k and o with the
same Z factors is nontrivial and proves consistency of our calculations.
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To find the factor Z_ for the surface composite operator we can consider the surface correlation function G©2%D(k, z; =
0, z2 = 0, 0) with an insertion of O; at zero momentum ko, = 0, which to one-loop order reads

AN E 7k

TN

. i A
G(U’Q’”‘U(k,()./(),()) = (g N k3k k

N L’

/ 3 \ E
2 e man A e 2000,

Here wavy lines denote the insertions of the composite operator O;. Evaluating the Feynman diagrams we arrive at

s 1 - A . »? 5 & 1
GO2OD(k,0,0,0) = — (1 + Mo)lido(@ - K) — &°] + 5 (1 +M0)[ic2’)(& -k)<2 - ‘”—2) - &32(— - ‘”—)} — (%%
q q q

2 4 i 4

Similarly, the bulk-surface correlation function G0V (k, z; = 0, z, = z, 0) with an insertion of an O, composite operator can

be expressed graphically as

) B Pk AN AN PR TN R
1L1,0,)( 72 — H ik 1 ‘ 13k / N |
GOk, 0,2,0) = % + 25505 2t 2 P 2 s o0 2,
which gives
R - S fiod i 1 2 —20)?
G0N 0,2,0) = (1 +M0)|:(& : k)<—2 - — - —T ®00) + - +ébaz}eqz
9> 4q 4q

A @
+ = +Mo>[(&-k)<2z—(
8q q

»? »°
9-212+ C[Z)¥> — <5 21+ QZ)?)TX & O‘o)

@* oM . &? N 1
+gq 5—2(9+qz)? +4(2+qz)¥ + @ 7—2(1+qz)? a e | —. (95)
ki

To renormalize these correlation functions with insertions we
require

Z5 GO0 (k,0,0,0: 6, A)
~1/24 1/2
Z,

= finite,

1G(1 101)(k 0,z,0: ) finite, (96)

where the bare parameters @ and A are expressed in terms of
the renormalized ones (43). To lowest order in A, renormal-
ization of both correlation functions gives

6A )
Zo,=1——+0(A%). (97)

From Eqgs. (67) and (97) we find
Ny, = —6A% = =3¢ + O(e?). (98)

The surface dynamic exponent is
3s=1+40n, —ny =1—e+0(?). (99)

Thus to one loop order the surface states in three dimensions
(¢ = 1) have very weak dispersion w ~ k¥ with 3; & 0. The
critical behavior of the LDOS on the boundary is described by
the surface critical exponent

Bs = v(d — 35) = v[1 +2¢ + O(e?)].

The ratio of the surface and bulk exponent independent of v
reads

(100)

Bs _ 1+2e
Sa
/3 1 + 58
which can be helpful since numerical estimates of the ex-

ponent v usually have larger error bars than those for the
exponent 8 [20].

3
=1+ 76+ 0(&?), (101)

k 91

Let us make some remarks on the relation between disor-
dered Dirac semimetals and the Gross-Neveu model. It has
been shown [19-21] that the bulk critical behavior of disor-
dered Dirac and Weyl semimetals can be derived from the bulk
critical behavior of the Euclidean Gross-Neveu model

/ [Z V) (1

) Va(X)

g

l\) |

N
> x)xpa(x)m(x)wb(x)} (102)
a,b=1

in the limit of the numbe_r of fem_lion flavors N = 0. Indeed,
if we change variable ¥ — —iy in (40) and omit for the
moment the surface and mass terms we obtain

N
S = —fddx|:215a(x)(auau)wa(x)
a=1

A _
iy Z Wa(x)%(x)l//b(x)lﬂb(x):|- (103)

a,b=1

Since the Euclidean matrices y; satisfy the same anticom-
mutation relations as «,, both models (102) and (103) lead to
the same bulk critical behavior. Note that d in Eq. (102) is
not the space dimension as in Eq. (103) but the space-time
dimension and the positive sign of A in Eq. (103) corresponds
to attraction, while the positive sign of g in Eq. (102) corre-
sponds to repulsive interactions. The Gross-Neveu model has
been studied in the high energy physics up to four loop order
[80-82], so the bulk critical behavior of the disordered Dirac
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fermions can be obtained from previously known results to
order &*.

However, the imposition of the BCs at z =0 as My =
Y breaks the correspondence between the two models. In
semi-infinite systems z > 0, the same matrix M can give
different results for the disorder Dirac fermions and the
Gross-Neveu model since «,, and y, are different and M
introduces an explicit dependence of the results on their
form. Indeed, the boundary condition with My_, was recently
used in Refs. [70,71] to study the boundary critical behav-
ior of conformal field theories of interacting fermions in the
Gross-Neveu universality class. The surface critical exponents
derived in Refs. [70,71] in the limit of A/ = 0 are different
from those we obtained here.

VII. EXTRAORDINARY TRANSITION

Unlike the special and the ordinary transitions, the RG
description of the extraordinary transition encounters serious
obstacles even for spin systems [83]. Its current understanding
still relies on the mean-field approximation and exact results
for spherical spin models [84].

The case of a Dirac semimetal in a half space is even
more complicated than that of a spin system. In the latter,
the ordered surface and the extraordinary transition (the bulk

6020 = G (o 1) [ 4 /
S5 \ cos 29

5(2)@(0,2>(712)=_2A sin ¢ fdd I / dz (22)1- —aia

and

S3 cos® 6

transition in the presence of an ordered boundary) exist at the
mean-field level. On the other hand, the semimetal phase with
a metallic surface is nonperturbative in the disorder strength
and so the extraordinary transition cannot be studied in the
usual framework of perturbative RG. Indeed, repeating the
calculations which we have done in the previous section for
0 # 0 we find that the model is not renormalizable: new
divergences are generated by the RG flow. They cannot be
absorbed into the existing Z factors and can be attributed to the
presence of a nonperturbative nonzero surface LDOS at the
extraordinary transition. Nevertheless, we can extract some
predictions performing calculations in the real space.

The one-loop Green’s function on the surface (z; =z, =
0) at zero energy can be written in real space for arbitrary 6 as

(104)

é<0’2)(F17F2) - = -+ 2 >t A

Ao TRE) )

where the first term is the bare Green’s function given by
Eq. (26),

OGO (7, = L(] + Ue)a drlz (105)
Sa

ap)

where 71, = 7| — ¥, and rj; = |F2|. The one loop correction
can be split into the two integrals:

Q)4+ Upa - i
{[z2 + (F — 71?122 + (F — 72)?]}4/?

(106)

+ Upla - (F = )@ - (F = 72)] + 22°)(1 + Mp)

1
{[z2 + (F — F1)21[22 + (F — F2)?]}4/2 (107)

The integral in Eq. (106) is calculated in Appendix E. Expanding the numerical prefactor in small ¢ = d — 2 to lowest order we

get

3(])6;(0’2)(712) —

478, \ cos? 6

A ) 1 o -7 2
i) (- F oo o)

SV

(108)

Using that to lowest order in ¢ the bare disorder is A =2A /K4, we can combine the correction (108) with (105), expanding it

around the leading asymptotics @ - 712/r¢, as

GEOD(F) = —(1 + Up)
Sa

o -T2 2 2 )
1+ A -1 — —+1In(r;,) + 2y —21n2 ) |.
rld2 [ <cos2 0 )( & ( 12) Ve >]

(109)

The In term in Eq. (109) gives us the anomalous dimension of the surface scaling behavior. Exponentiating it in Eq. (109) we get

GRS

where, to one loop order,

=-2 2 1)A* +0(A%?) = ( 2
= cos? 6 — \cos?6

For 6 = 0 this exponent coincides with that at the special transition and grows with 6 diverging at 6 =

surface flat band.

—(1 +Us)—- T
12

o Fiz (110)

1>§+0(82). (111)

7 corresponding to the

In contrast with extraordinary transitions in spin systems where the critical exponents do not depend on the bare BC, here
the critical exponent 1 depends continuously on the BC parameter 6. As we show in Appendix B, the BC (2) is conformally
invariant for any parameter 6, while in spin systems a general mixed (Robin) BC involves a surface mass m; that describes
the modification of the surface coupling strength and breaks conformal invariance. As a result, the mass m, flows under RG
to its fixed-point values m; = £o00 at the ordinary and extraordinary transitions [85] and the surface critical exponents at the
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extraordinary transition do not depend on the bare values of m;. Instead, in the disordered Dirac systems we find a line of fixed
points corresponding to different values of parameter 6, which does not renormalize.
Let us now discuss the second contribution given by Eq. (107). As shown in Appendix E it can be simplified to

4A sin® T(d)

§POGO0Dp Y= =27
(F12) S3 cos® 6 T2(d/2)

For 7, # 0, the integral (112) converges for % <d <3 and
evaluates to
2w 3-d 3
5DEO ) = 2 Snd F(5)C(=3) 1+ M,
Sq cos®0 27d/2 rd=3
(113)

Naively, the correction (112) is subdominant with respect to
the leading scaling behavior (110) for d > 2. However, this
term has a different structure from the bare two-point function,
that is, renormalization of the model requires adding coun-
terterms of the form absent in the bare model. Therefore, the
model is not renormalizable for 6 # 0ind = 2.

If the correction (112) to the Green’s function had an imag-
inary part, it would give rise to a nonzero surface LDOS at the
extraordinary transition. The integral (112) diverges at small z
ford > 2 for 7, = 0. Introducing a UV cutoff z > 27 /A we
find that its trace is given by

AA2¢ ging 27—3d7.[3—2d1-(%)2
52 cos*0 (2d —3)rd-1) "
(114)

TrsPGO2(0) = —

The result is real and thus the surface LDOS vanishes at zero
energy in perturbation theory in the disorder strength A. A
nonzero surface LDOS is generated only at a finite disorder
strength A; at the surface transition and the semimetal phase
with metallic surface (see Fig. 1) is intrinsically nonperturba-
tive. Obtaining a nonzero surface LDOS requires either the
SCBA discussed in Sec. III or the RG approach to the surface
states developed in the next section.

Nevertheless the profile of the LDOS away from the sur-
face at the extraordinary transition can be found from the
solution of Eq. (64) and reads

1

p(z) = Zd__ﬁ’ (115)
where 3 is the bulk dynamical exponent.

We emphasize that the above calculations do not provide
a complete description of the extraordinary transition in dis-
ordered Dirac fermions since they do not take into account
nonperturbative effects for disorder strengths larger than the
surface critical disorder A > A;.

VIII. SURFACE TRANSITION

The critical exponents for the surface transition in spin sys-
tems coincide with the critical exponents of the corresponding
(d — 1)-dimensional system. Indeed, once we integrate out
the bulk degrees of freedom, the bare Green’s function in the
bulk 1/(t + k%), where T is the bulk reduced temperature and
k € R?, becomes 1/(z, + k?), where t, is the surface reduced

/ddlr/mdzfldﬂ 2)'™a +M9)[r2+12 — B _:B)r%z]
0 0

. (112)
[+ 22+ (1 — By, 1B(1 — B)1=4/2

(

temperature and k e R-! [84]. This is due to the fact that
the bulk remains massive when the surface is critical and thus
the bulk can be effectively decoupled from it. The situation is
completely different in the case of a Dirac semimetal, where
the bulk remains massless at the surface transition.
Using Eq. (24) or Eq. (26), the two-point Green’s function
on the surface at zero energy can be expressed as
GoF) = (1 + Uy =K. (116)
2k
We now construct an effective field theory of the surface tran-
sitions. Since the matrix (116) is not invertible, it is convenient
to switch from the four-component spinor field ¥ (¥) to the
two-component spinor field W(7) = {W,(¥), W,(¥)} such that
Y (7) = X W(¥) with

75 0
0 i
X=| V2 (117)
5 0
—if
0 -7

This matrix satisfies XX = oy and (My — 1)X =0, i.e., the
field W(7) satisfies the BCs (2) by construction. We can now
write the effective theory of the surface transition as

N
Sut = 3 [ 4 b (-0G et
a=1

A N
-3 3 /dd—lr\ija(ﬂ%(?)@b(?)%(?), (118)

a,b=1

where we have introduced the surface interaction term with
an effective strength A due to scattering of surface states by
impurities close to the surface. The Green’s function G (l_é) =
xt GO(IE)X has the following form:

-k
P
The dimensional analysis of the theory (118) shows that the
critical dimension is d = 1 and weak disorder is irrelevant for
d > 1. To investigate effects of strong disorder we apply the

Wilsonian RG method (shell integration in momentum space).
To one loop order this gives

Qi

G(k) = (1 — io, tan ) (119)

2
—mdpu Ay = —(d — 1) A + . AZ. (120)

cos?
This RG flow has a non-Gaussian fixed point

A= 1(d — 1)cos’ 0 (121)
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that is unstable and corresponds to the surface transition.
In the plane (#, A) shown for d = 3 in Fig. 1 the line of
these fixed points describing the surface transition connects
the special transition point and the point (6 = 7 /2, A =0)
corresponding to the surface flat band which becomes metallic
for arbitrary weak disorder similar to the strictly 2D Dirac
fermions, e.g., in the graphene. Linearizing around the sur-
face fixed point we calculate the in-plane correlation length
exponent at the surface transition for 0 < 6 < /2 as

(122)

which becomes v = 1/(d — 2) at the special transition for
6 = 0, while at & = 7 /2 one can expect an exponential be-
havior.

IX. CONCLUSIONS

In this paper, we have studied a non-Anderson, disorder-
driven quantum phase transition in a semi-infinite Dirac
semimetal with a flat boundary. We considered the most gen-
eral boundary conditions (BCs) and then narrowed them down
to the ones that respect time-reversal invariance and conformal
symmetry and can be parametrized by a single angle 6. In
clean systems, general BCs give rise to Fermi arcs on the sur-
face, while the conformally invariant BCs lead to rotationally
invariant surface states with linear dispersion and a pointlike
Fermi surface at zero energy.

Studying the large scale behavior of the semi-infinite dis-
ordered Dirac fermions as a function of the angle 6 and
the disorder strength, we obtained a rich phase diagram: the
surface of the system becomes metallic at a critical disorder
that is weaker than that for the semimetal-diffusive metal
transition in the bulk. The latter transition then takes place in
the presence of a metallic surface. In the language of surface
critical phenomena this corresponds to the so-called extraordi-
nary transition. The lines of the surface and the extraordinary
transitions meet at the special transition point.

To elucidate the universal properties across the phase di-
agram, we applied renormalization group (RG) methods and
computed the corresponding critical exponents. We showed
that, unlike the bulk case, the surface critical properties of
disordered Dirac fermions are not the same as the surface crit-
ical properties of the Gross-Neveu model in the zero replica
limit. While the special and the surface transitions can be
described perturbatively in disorder from the semimetal phase,
the extraordinary transition cannot be studied within the usual
framework of perturbative RG since the semimetal phase with
a metallic surface is intrinsically nonperturbative in the dis-
order strength. A complete description of the extraordinary
transition in disordered Dirac fermions remains a challenging
task.

It would be also interesting to study the nonperturbative
effects on the surface criticality and in particular on the sur-
face transition [45-55]. We hope that these studies can be
generalized to the more complicated case of nodal semimetals
with Fermi arcs on the surface and even to the disordered
semi-infinite nodal loop semimetals [86—88].

Furthermore, it is interesting to reconsider Anderson tran-
sitions in semi-infinite disordered electronic systems from the
perspective of surface critical phenomena.
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APPENDIX A: BOUNDARY CONDITIONS

Let us consider a semi-infinite system with the boundary
normal to the unit vector 7ig. Then the matrix M should satisfy
the following generalization of Eq. (3):

M, g - o} = {M, 13 ® (fip - 0)} = 0. (A1)

To find matrices M that satisfy this relation, we follow the
strategy of Ref. [72] and start by expanding an arbitrary Her-
mitian matrix M as

3
M= cut @0, (A2)

n,v=0

where the 16 coefficients c,,, are real. Substitution of this form
into Eq. (A1) gives conditions on the coefficients c,,, that can
be written as

coo=c3=0, ¢o-Aig=c3-7ip=0,

¢y = biiig, ¢ = by, (A3)
where we have introduced four 3-vectors
C, = (C/.L17 Cu2, CM3)' (A4)

Combining the so-far unconstrained coefficients into two vec-
tors in the x — y plane,

a = (ci0,¢20,0), b=(b1,b2,0), (AS)
the matrix M acquires the form
M=19Q(y-0)+13R(c3-0)+(a-1)Ro0)
+ (M- 1) (15 - 0). (A6)

Next we substitute Eq. (A6) into the condition M 2=1.
This gives several constraints. First of all, we get

cg+cit+a’+b’=1, ¢-c;=0, a-b=0. (A7)

Together with Eq. (A3) this means that the three vectors ¢y,
¢3, and 71 are mutually orthogonal and we can write

C3 = Ale X Cp. (A8)
Another constraint is

a=AxiExDb). (A9)
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Now the first equation in (A7) becomes
(14+23)(cj +b*) = L. (A10)
Solutions of this equation can be parametrized as

A =tan6f, |cg| =cosO cosy,

0el—n/2,%/2], y €l[0,m/2].

|b| = cos @ siny,
(A11)

Let us use the angle ¢ € [0, 27) to characterize the direction
of the vector b in the x — y plane. Then

b = cos 0 sin y (cos ¢, sin ¢, 0),
a =sin6 siny (—sing, cos @, 0). (A12)

Finally, let us use the unit vector 7i in the direction of ¢, so
that

cop =cosf cosy i, ¢3=-sinf cosy (fig X fip). (Al3)

We end up with four angles: 6, y, ¢, and the angle deter-
mining the direction of 7y in the plane normal to 7ig. Then
we can write the most general four-parameter family of M
matrices:

M =cosO cosy 19 ® (g - 0)
4 sinf cosy 13 Q (fig X fig) - o
—sinf siny (sin¢g Ty — cos ¢ 12) ® 0y
4 cosf siny (cos¢p T +sing 1) Q (7ig - ). (Al4)

Let us now simplify the matrix M for the case /i = Z that we
are dealing with. In this case the unit vector g lies in the x — y
plane and we can use another angle { € [0, 2) to write

fig = (cos ¥, sin yr, 0),
fip X fig = Z X fig = (— sin ¢, cos ¥, 0). (A15)
Then the matrix M becomes
M =cosf cosy 19 ® (cos ¥ o1 + siny 03)
—sinf cosy 13 Q (sin ¥ o1 — cos Y 07)
—sinf siny (sing 11 — cos ¢ 12) ® oy
+ cos 6 siny (cos¢ t1 + sin¢g 1) Q o3, (A16)

which is exactly Eq. (4).

APPENDIX B: SYMMETRY CONSTRAINTS
ON BOUNDARY CONDITIONS

The bulk Dirac Hamiltonian (1) in a clean system is
conformally invariant. The Euclidean conformal group in d
dimensions is generated by translations P*, rotations M"",
dilatation D, and special conformal generators K. These gen-
erate infinitesimal conformal transformations of Dirac spinors
that can be written as

[P", Y (x)] = 0"y (x),
(M, Y (x)] = (x"0" —x"0" + S*" ) (x),
[D, y(x)] = ("0, + Ay)¥(x),
(K™, ¥ (x)] = 2x"x"8, — x*" 4+ 2A 5" — 2x,8"" ) (x),

where the generators S* of internal rotations in the spinor
space are

for u # v. (B1)

In our setting the role of the Euclidean gamma matrices is
played by the alpha matrices «;.

When we consider a semi-infinite system with the bound-
ary at z = 0, we can only ask whether the system is invariant
under conformal transformations preserving the plane z = 0.
Thus we restrict the indices w, v above to values 1 and 2.
The boundary condition (2) is conformally invariant if the
matrix M commutes with D, P', P2, M'2, K', and K?. The
first three of these conditions are trivially satisfied for any
constant (spatially independent) matrix M. The last three con-
ditions all reduce to the requirement that M commutes with
S!2_ In other words, rotational invariance in the x — y plane
turns out equivalent to conformal invariance. Since in our case
S2 & jory o 79 @ 03, we need to check the condition

M, 10 ® 03] = 0. (B2)

S = gly" y' 1= gr"y”

It is easy to see that the last two terms in a general matrix
(4) satisfy Eq. (B2) for any value of the parametrizing angles,
but the first two terms do not. These symmetry-violating terms
both vanish when y = /2, in which case we get the two-
parameter family (5) (upon making an additional trivial shift
¢ — ¢ + 7 to flip the overall sign):

M3p conf = SInB (sin¢g 71 — cos P 72) ® oy

—cosf (cosgp 11 +sing 7p) ® 03. (B3)
If we also require invariance under time reversal 7 = 79 ®

02KC, we need to satisfy [T, M] =0 or
Mty ®or =19 Q@ 0o M™. (B4)
It is easy to check that the general matrices (4) satisfy Eq. (B4)
only when y = 7 /2 and ¢ = =+ /2, which gives two families

+M,, where

My =sinf 11 ® og — cosb 15  03. (BS)

These matrices are contained within the conformally invariant
family (5) and are unitary-equivalent to any matrix M3p conf:
Mip cont = FUM,U !, where
U =e%" ® oy = (cos g 7o + i sin P1. 73) @ 00,
~ T ¢
=+, -5 B6
$=%77"3 (B6)

These unitary transformations amount to rotations of t ma-
trices in the x — y plane and, therefore, do not change the
matrices «; and the massless Dirac Hamiltonian (1).

Finally, we may impose symmetry under charge conjuga-
tionC =1 ® 0o K: [C,M] =0or

Mt Q@o0r, =1 Q ooM™. (B7)
In the general case this gives two families
Mc1 = 13 ® (siny o1 — cos ¥ 02),
Mcy = (cos¢p 1) +sing 7o) ® 03. (BS)

Only the second of these two families is contained in the
conformally invariant family (5) when 6 = 0. As before, this
family can be unitarily rotated to My—.
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4
kL

FIG. 3. Spectrum of the Dirac Hamiltonian (1) in a slab ge-
ometry for symmetric BCs with 6 = —7. In the limit of kL > 1
the states with energies |€;|/k > 1 (blue lines) form the bulk Dirac
bands, while the two states (red lines) whose energy asymptoti-
cally approach €, /k = 1/+/2 (dashed black line) are localized at the
boundaries.

APPENDIX C: DIRAC SURFACE STATES
IN A SLAB GEOMETRY

Here we consider the time-independent, massless Dirac
equation Hyy = ey with Hamiltonian (1) in a slab geometry
where the system has two flat boundaries at z = 0 and z = L.
At each boundary we impose a BC of the form (10) with
0 =6, at z=0 and 6 = 6, at z = L. We can again use the
translational invariance along the two boundaries to perform
the Fourier transform in the directions parallel to them, 7 =
x,y) —> k= (k1, k»), and look for solutions in the form

Y(r) = Y. 1
Similarly to Egs. (9) and (10), we now have to solve
(—ie3ds + @ - DY) = Pz (2). (€2)
Mo, ¥(0) = ¥(0), (C3)
Mo, Yr(L) = Yz (L). (C4)

For simplicity, we consider the symmetric case with identi-
cal boundaries. Then the symmetry z — —z,6 — —6 implies
that the BC angles at the two boundaries are related as 6; =
—60, = 0. In this case the spectrum ¢; is determined by the
equation

tanh (L,/k*> — €7)(ex cos 0 £ k) = \[k? — €Zsinf,  (C5)

where the upper sign corresponds to positive 8 € (0, /2] and
the lower sign to negative 6 € [—x/2,0). This spectrum is
shown in Fig. 3 as a function of L for = —%.. For large slab
thickness (kL|sin6| > 1), Eq. (C5) has two solutions with

J

--—‘

kz

FIG. 4. Red dashed line: the lowest energy surface state in a slab
geometry for symmetric BCs with § = —7 and kL = 8. Blue solid
line: the surface state in a semi-infinite geometry given by Egs. (11)
and (15) for the same parameters.

lex| < k given by

€ ~ egr =2k sin” 6 exp(—kL|sin6]), (C6)

which are localized at the boundaries. In the limit of
kL|sin 6] — oo their energies asymptotically approach ey, =
Fk cos 6, which is the energy of the surface state in the semi-
infinite geometry; see Eq. (16).

For 6 = 0 there are no surface states, either in the slab
geometry or in a semi-infinite system. Otherwise (6 # 0), the
surface states on both boundaries, being infinitely separated
(L — 00), would have exactly the same energy due to the
choice of the BCs. For finite L the degeneracy is lifted, similar
to the problem of a symmetric double well in nonrelativistic
quantum mechanics. The density 11/ (z) for the lower energy
surface state in the slab geometry and the density for the
wave function in the semi-infinite geometry, normalized to
¥ (0) = 1, are shown in Fig. 4.

The solutions with |€;| > k describe the bulk Dirac bands
with energies €; ~ 4/k> + (nr +0)2/L2, n € N for || >
k. Here we considered the simplest case of a single Dirac cone.
Surface states in a slab geometry for Weyl semimetal with
several cones were discussed in Ref. [89].

APPENDIX D: VERTEX FUNCTIONS IN THE BULK

The one- and two-particle vertex functions in the bulk are
given to two-loop order by the diagrams shown in Fig. 5.
The corresponding integrals are computed using dimensional
regularization and are given in Table I.

APPENDIX E: CALCULATION OF THE ONE-LOOP
INTEGRALS IN REAL SPACE

The integral

2-d
(ED)

] = d—1 /oo <
/ T R G R + =R
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that appears in Eq. (106) can be computed using the Feynman parametrization. First we write

1 I'd)

1
= d .
[22 + (F = F)2)92[22 + (F = 72)* 12 T*(d/2) /o ¢ (Bl + (F = 7)1 + (1 = B2 + (F — 7)1
{

This expression will be integrated over 7. Therefore, we can
make a linear change of variables to remove the terms linear
in 7 in the denominator:

F— 7+ BF + (1 — B)h. (E3)
This gives
rd) (! d/2— o [~ _
I = d /2—1 1— d/2 1/ d 2—d
() @ _/(; BB (1=8) | 44
d-r
X / . (E4)
[r2 422+ B — B)r},
i e S S
(@) (ii) (iii) (iv)
v) (vi) (vii)
(viii) (ix) (x)
,/l/ ‘ . \“. +F/l/, - ’,.+\\\v g .\\ ,"
(xi) (xi) (i)
(xiv) (xv) ‘ (XVI)
evii) 7 (i) T xin
(xx) (xx1)

FIG. 5. Diagrams contributing to the one- and two-particle vertex
functions to two-loop order.

d2—171 _ pgyd/2—1
B (1-p5) (E2)

The subsequent integrals over 7 and z converge for 1 <
d < 3 and are easily reduced to the beta function with the
result

/ ditr
[+ 22+ 81— pyr,]”
r(4) !

=m @D d+D)/2°

00 Z2—d
/ dz 5 5 1d+D)2
0 [Z +:8(1_/3)r12]

_ r4)rd -1 1 (E5)

(5 [pa -]
Finally we do the § integral which converges for d < 2:
! r(1 - 4)
dpIp(l — P = ——2~. E6
/0 BIAUL - B)] fo—a (E6)

Combining all factors and using the Legendre duplication
formula for the gamma function

TABLE 1. Integrals corresponding to the diagrams shown in
Fig. 5 computed using dimensional regularization with their com-
binatorial factors.

Diagram Expression
(i) —%4 A2 1 6)
(iii) + (iv) 0
K] 026 & i i)
) waZsAz(_% _ %)
2 P .
(VI) Ide&)%AZ(? _ 2;7;;
2 o
(vii) + (x) oA +2)
(viii) + (ix) % &% A3( 176 )
(xi) + (xii) 0
2 o
(xiii) + (Xiv) %&)ZSAa(_;% . %)
K] o2¢ 33,8 16
(xv) waZSAz(:z + 1)
. K2 006 o
(xvi) waz A3(;iz + %)
2 o
(xvii) %&)ZSA3(_;% _ %
2 o
(XVlll) %é)28A3(5ﬁ2 4 1?6)
2 o
(Xix) % &% A3( g)
(xx) + (xxi) 0
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wegetforl <d <2

rd-nr{i-%) 1

[ = 2d-2,d/2
d 2d—2°
Fz(i) Y

(E8)

To derive Eq. (112) from Eq. (107) we use the Feyn-
man parametrization (E2) and then change variables 7 —
74 B7; + (1 — B)F>. Omitting the linear in 7 terms which
integrate out to zero we arrive at Eq. (112).
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