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We illuminate the intriguing role played by spatial anisotropy in three-dimensional Luttinger semimetals
featuring quadratic band touching and long-range Coulomb interactions. We observe the anisotropy to be subject
to an exceptionally slow renormalization group (RG) evolution so that it can be considered approximately constant
when computing the impact of quantum fluctuations on the remaining couplings of the system. Using perturbative
RG, we then study the competition of all local short-range interactions that are generated from the long-range
interactions for fixed anisotropy. Two main effects come to light for sufficiently strong anisotropy. First, the
three-dimensional system features an Abrikosov non-Fermi-liquid ground state. Second, there appear qualitatively
new fixed points, which describe quantum phase transitions into phases with nemagnetic orders—higher-rank
tensor orders that break time-reversal symmetry, and thus have both nematic and magnetic character. In real
materials, these phases may be realized through sufficiently strong microscopic short-range interactions. On the
pyrochlore lattice, the anisotropy-induced fixed points determine the onset of all-in-all-out or spin ice ordering

of local magnetic moments of the electrons.
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I. INTRODUCTION

Understanding Fermi points at high-symmetry band cross-
ings in semimetallic materials constitutes a promising portal
towards designing exotic states of matter [1]. The intriguing
properties of systems with linear band touching described by
a low-energy effective Dirac Hamiltonian have been studied
extensively in graphene both theoretically and experimentally
[2—4]. The recent advance in realizing three-dimensional Weyl
semimetals and the subsequent experimental verification of
their peculiar properties marks another milestone on this road
[5,6]. A quadratic band touching (QBT) point is realized in
bilayer graphene and three-dimensional Luttinger semimetals,
the latter being described by the Luttinger Hamiltonian [7],
which includes GaAs, HgTe, @-Sn, or the recently actively
studied class of pyrochlore iridates [8—10].

Systems with QBT become particularly interesting when
strong spin-orbit coupling leads to a band inversion such that
both positive and negative energy states meet at the Fermi
point. Furthermore, whereas the short-range part of Coulomb
interactions is screened in three dimensions, its long-range part
substantially influences the many-body electron correlations. It
has been pointed out by Abrikosov [11,12] and reinvestigated
more recently [9] that the interplay between an inverted
QBT point and long-range Coulomb repulsion leads to a
non-Fermi-liquid (NFL) ground state of the system. Both
requirements for Abrikosov’s scenario are realized in the
pyrochlore iridates [13-21], which therefore constitutes an
ideal experimental platform to test its predictions. It is found
that for most members of the material class the ground state
is a magnet with spins ordered in all-in-all-out (AIAO) states
on the tetrahedra of the pyrochlore lattice. An exception is
given by PryIr,O;, which remains a bad metal for the lowest
temperatures explored in experiment [10].

Although the density of states is proportional to the square
root of energy at a QBT point in three dimensions so that
the short-range part of the Coulomb repulsion is technically
irrelevant, short-range interactions can still influence the phase
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structure of the model in two ways. First, if the corresponding
coupling constant exceeds a certain critical value, they can
lead to qualitatively different ordered states, represented in the
renormalization group (RG) by arunaway flow. Second, even if
initially absent, short-range interactions are generated during
the RG flow. The feedback of those short-range couplings
onto each other leads to the appearance of further fixed
points, which may collide with Abrikosov’s infrared fixed
point and annihilate it. In fact, within an e-expansion around
four dimensions extrapolated to three dimensions, this does
indeed happen for the isotropic system, and the Abrikosov
fixed point is removed through precisely this mechanism [22].
The system is left with a runaway flow towards an ordered
nematic state [23,24].

In this work we extend the analysis of the influence of short-
range interactions on Abrikosov’s scenario by incorporating
the effect of spatial anisotropy of the band structure at the QBT
point. In fact, most real materials are not fully rotationally
symmetric, but rather feature only cubic rotation invariance
even in the low-energy description encoded in the Luttinger
Hamiltonian. Whereas Abrikosov points out that a stable
fixed point can only be isotropic [12], Savary, Moon, and
Balents [25] find a stable quantum critical point towards AIAO
order at (maximally) strong anisotropy within a controlled
1/N expansion. Here we investigate within the ¢ expansion
whether (i) anisotropy can lead to a stable NFL fixed point in
three dimension, and (ii) whether it can yield further unstable
directions, such as towards the AIAO state. A key finding is
that the RG flow of the anisotropy parameter is negligibly slow
so that the anisotropy can simply be considered constant for all
practical purposes; i.e., an approximately marginal coupling.
Within this approximation both (i) and (ii) will be found to be
answered in the affirmative.

This work is organized as follows. In Sec. II, we introduce
the field theoretic framework describing the anisotropic Lut-
tinger semimetal together with the RG flow of the anisotropy
parameter and Abrikosov’s NFL scenario. In Sec. III, we
study the RG fixed point structure and influence of short-
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range interactions in the anisotropic system. We close with a
discussion of our results in Sec. IV. Extensive appendices
are devoted to deriving the full set of RG equations (A),
constructing irreducible spin tensors (B), Fierz identities (C),
and computing the functions f;(§) used throughout the text
D).

II. FIELD THEORETIC FRAMEWORK
A. Lagrangian

The physics of three-dimensional Luttinger fermions with
long-range Coulomb repulsion is captured by the Lagrangian

L=v'0; +H +ia)y + %(va)z, 1))

where ¢ is a four-component Grassmann field, a is the
real electrostatic photon field, t denotes imaginary time, e
is electric charge, and H is the Luttinger Hamiltonian [7].
The chemical potential is tuned to be at © = 0. We assume
time-reversal invariance at the single-particle level, no external
magnetic field shall be applied. Under these conditions, each
of the two bands touching quadratically is doubly degenerate,
and Luttinger showed that the most general single-particle
Hamiltonian is given by

r? 5 2 = 7\2
H= ar + zon | pily — 203(p - J)
2m* 2
3
+ 23 — 012)219,-211-2:|, )
i=1

with Luttinger parameters o3, effective electron mass
m*, and momentum operator p = —iV. The 4 x 4 matrices
J = (Jy,Jy,J)" represent the spin-3/2 angular momentum
operators. We set i = 2m* =1 in the following. We have
written the Lagrangian (1) in a manner such that the dynamic
critical exponent z = 2 at the noninteracting Gaussian fixed
point. Further, 1, denotes the L x L unit matrix.

The Luttinger Hamiltonian can be written in the computa-
tionally more advantageous form [8,9,22,26]

5
H=aip’ls— (02 +a3) Y da(P)a

a=1

5
+ (2 = 3) Y Sada(P)Vas 3)

a=1

with five 4 x 4 Hermitean matrices {y,}qs=1
Clifford algebra,

5 satisfying the

.....

{Var Vo) = 28ap14, 4

the functions d, being given by d; = ‘? (p? — pf),
dy = 3(2p? — p2 — p2). ds = /3p.ps. ds = 3pyp;. ds =
ﬁpxpy, and we have sy, = —1 and 5345 = +1. We define
the matrices {y,} below in a more general context. The
functions d, constitute the real £ = 2 spherical harmonics on
a sphere of radius p.

For the field theoretic treatment, we rescale the Hamiltonian
by Ay = —(as + a3), normalize the field v such that A, =
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1, and introduce the particle-hole asymmetry and anisotropy
parameters, x and 8, via
(03] 0y — O3

x=— L s=_T% (5)
o) + a3 o) + a3

In the following, we set x = 0, corresponding to particle-hole
symmetry, which will be shown to emerge dynamically during
the renormalization group flow. With the normalization in
Eq. (5), the parameter § lies within the real interval [—1,1].
We eventually arrive at

5
H =" "(1+ 85)da(})a- 6)

a=1

Squaring the Hamiltonian yields

H> = | (1=87p* +126 ) pip; |14 7

i<j

due to 320_dZ = p* and 3,5, 5d; =33, pp]. The
roots of this expression determine the doubly degenerate
spectrum of the Hamiltonian. We observe the spectrum to be
rotation symmetric (a function of p*> = p} + p} 4 p? alone)
only for § = 0.

The latter observation is a key element of this work. Under
a spatial rotation of coordinates x; — R;;x; with R € SO(3),

R'R = 13, the operators p and J transform as vectors, i.c.,
in the same manner as X. Obviously, the first line in Eq. (2)
is rotation invariant. The same is true for the first line in the
representation of Eq. (3) although less obviously so at this
point. It will become apparent once we define the y-matrices
as components of the second-rank tensor S;; below: the term
Za d,ya 1s then seen to be proportional to S;; p; p;, which is
clearly rotation invariant.

Rotation invariance of the Hamiltonian is broken for § o
(ap — a3) # 0. However, rotations with certain fixed angles
still leave the expression invariant, namely those which rotate
the individual coordinate axes onto each other. Roughly, those
transformations permute the coordinate labels x, y, and z.
If this symmetry is present, we say that the system has
cubic symmetry. The Luttinger Hamiltonian exhausts all cubic
invariant terms to order p?, so that three Luttinger parameters
suffice to parametrize a quadratic band touching point. The
full rotation and cubic rotation groups are SO(3) and Oy,
respectively.

B. RG flow of the anisotropy

Performing the usual Wilson’s integration of the fermionic
modes within the momentum shell [A/b,A] and with all
frequencies, we derive a flow equation for the anisotropy pa-
rameter § from the renormalization of the fermion self-energy.
The computation is presented in detail in Appendix A. For
this, angular integrations are performed in three dimensions,
but the qualitative results remain invariant when performing
the angular integration in four dimensions, which constitutes
the upper critical dimension.

The RG flow equations presented in this work are valid for
arbitrary values of §. Except for some special values, such as
8 = 0, the B function can only be determined numerically. To
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FIG. 1. RG flow of the anisotropy 6. We observe an attractive
fixed point at §, =0 (negative slope), and two repulsive ones at
=+1. This, however, is hardly of practical relevance since the prefactor
multiplying e? in Eq. (9) is exceptionally small so that § can effectively
be treated as a constant parameter with § ~ 0 during the running of
couplings. Put differently, the tiny value of the beta function also
implies very small gradients d5/d$ and thus an anomalously slow
RG flow. As a consequence, §(b) is approximately constant for those
momentum rescale factors b where renormalizations of the charge
and of the generated short-range interactions are important.

make them more accessible, however, we introduce functions
fi(8) with the following properties: We have f;(0) =1 for
8 = 0, and for general § € [—1,1], f;() is nonzero, positive,
and of order unity. In this way, the qualitative and mostly
quantitative aspects of the RG flow can be understood by
setting

fid) =1 ®)

in the B functions. The functions f;(§) are computed in
Appendix D and shown in Fig. 8.

The RG flow for the anisotropy parameter § to leading order
in e? reads

. dé
8 = =
dlnb
Since f;(0) = 1, we immediately discern three fixed points
at 8, = 0,41. The coefficient multiplying e, however, is

exceptionally small. Close to the attractive fixed point é, = O,
for example, the linearized flow reads

2
— 51 =@ = fu@le’. )

§~ —-3.0%5. (10)

This signals an extremely slow flow towards the fixed point.
In fact, the entire prefactor multiplying e in Eq. (9) remains
below 3% in magnitude for all values of §, see Fig. 1. Conse-
quently, the parameter § can approximately be considered to
be marginal—in contrast to a running coupling.

C. Abrikosov’s NFL fixed point

The loop corrections to the fermion self-energy determine
the RG flow of the couplings x and §, the fermion anomalous
dimension 1, and the dynamic critical exponent z. The photon
self-energy leads to a renormalization of the charge e?.
The diagrammatic one-loop contributions to the fermion and
photon self-energies are displayed in Fig. 2. The flow of §
has been discussed in the previous section. It is easy to see
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FIG. 2. One-loop self-energy contributions to the RG flow.
Diagrams (a) and (b) show the fermion and photon self-energy,
respectively. A straight line represents a fermion propagator, a wiggly
line a photon propagator. Contribution (a) generates the anomalous
fermion scaling, expressed by 1 and z, as well as the exceptionally
weak running of the anisotropy 8. Diagram (b) results in the charge
renormalization. Both diagrams taken together yield Abrikosov’s
NFL fixed point scenario.

(Appendix A) that the coupling x, which is marginal at the
Gaussian fixed point, only receives corrections according to

X = —nx. (11

At an interacting fixed point with n > 0 the coupling is then
attracted towards x, = 0. This justifies setting x = 01in Eq. (6).
In contrast to Eq. (10), 1 is not exceptionally small so that a
nonzero x diminishes quickly.

The existence of a nontrivial fixed point close to d = 4
dimensions with anomalous fermion scaling and charge renor-
malization for a three-dimensional quadratic band touching
system has first been pointed out by Abrikosov [12]. This
approach to an NFL is ingenious in its simplicity, as it basically
relies on the “chirality” of the band dispersion, i.e., the
presence of positive and negative eigenenergies (which implies
e? > 0 and n ~ ¢? > 0), and the frequency independence of
the photon propagator (which implies z =2 — n < 2.) This
has to be contrasted with an otherwise similar system of
ultracold atoms at resonance with . = 0, where the lower band
is missing, and the dimer propagator is Galilean invariant,
implying anomalous boson scaling, but n =0 and z =2
[27-29]. Abrikosov further points out that a stable fixed point
of § can only be at §, = 0, and thus sets § = 0. As we have
seen above, this statement is true, but it is still reasonable to
consider the modifications of the Abrikosov NFL fixed point
when taking into account a nonzero value of é.

The fermion anomalous dimension is given by

n=Z[(1 =) f1e(8) + (1 + 8) fi(8)le’. (12)
Close to §, = 0, it reads

225, (13)

~ 4,2 _
n=r1s¢ 105

The numerical coefficient 4/15 should be compared with
the one in Eq. (10). Equations (10) and (13) are consistent
with the results of Ref. [26], which have been obtained in a
perturbative expansion in §. The comparison is facilitated by
setting y = 0 in the reference, and adjusting some couplings
and prefactors, which leads to identical loop contributions to
obtain the fermion self-energy. The dynamic critical exponent
is given by

z=2-n. (14)
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FIG. 3. Fixed point of the charge. The (effective) attractive
infrared fixed point of e? close to four dimensions, divided here
by ¢ =4 — d, survives for all fixed |§| < 1. The solid red line shows
the result from Eq. (16) and the dashed blue line is %(1 — 8?), which
amounts to setting f,(6) & 1 and yields an excellent approximation.
For strong anisotropy the theory becomes weakly coupled.

The flow equation for the charge is then given by
L de f2(5)
e” =
dInb 1-—62
The function f,2(§) is bounded from below by f,2(0.13) =

0.987. We find the Abrikosov fixed point of the charge for
small e =4 — d to be

=@ —d—ne— et (15)

el = (1= 8% f.(d)e. (16)

*

Again, f,(8) is positive and of order unity for all §, with
f+(0) = 1. We thus conclude that the Abrikosov fixed point
persists for all values of |§| < 1. However, as |6| — 1, the fixed
point becomes weakly coupled. This behavior is visualized in
Fig. 3.

The presence of the prefactor (1 —4§2) in the fixed
point charge e? renders the problem perturbative for strong
anisotropy, even when working with & = 1. A similar observa-
tion has been made in Ref. [25] at the anisotropic fixed point
with 8§, = —1. In contrast to the ¢ expansion applied here, the
fixed point in the reference is controlled by a 1/ N expansion in
three dimensions. The findings of the two investigations differ
in that we do not find the anisotropic fixed point to be stable.
This will be discussed further in Sec. IV.

III. SHORT-RANGE INTERACTIONS

We restrict the discussion of short-range interactions to
those that can be expressed in terms of local four-fermion
terms. Every such term can be written as a contribution

L~ g'My)WINy) (17)

to the Lagrangian, with coupling g and some matrices M, N €
X, where X is the set of complex Hermitean 4 x 4 matrices.
In particular, even the terms of the form wim Y)W 'NY) can
be brought into the form of Eq. (17) by a Fierz transformation
[26].

In order to cover all possible terms of the form (17), it is
sufficient to restrict to contributions g4z (¥ ZA4y)(W T Ey),
where {£4}4=1__ 16 is an R-basis of X. Furthermore, rotation

.....
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or cubic symmetry impose severe constraints on the possible
values of gsp. One possible choice of basis consists in
¥4 — I'* with

(T} = {14, Var Vab), (18)

where Y., = iyY.yp, a,b=1,...,5, and we require a < b.
(There are ten such matrices.) This choice is particularly
convenient due to the computational simplifications arising
from the Clifford algebra. However, the matrices y,; do not
have definite transformation properties under rotations of the
cubic symmetry group. For our purposes it is convenient to
introduce a basis which is manifestly cubic invariant. We
denote it by

(=4 = {14, Tis Vs W) (19

withi =1,2,and3and © = 1, ...,7. Note that, indeed, both
{T'4} and {£*} consist of 16 elements each.

In this section, we first construct irreducible spin tensors to
derive the basis { X4}, then study the fixed point structure of the
RG flow including these couplings, and eventually investigate
the instabilities associated with these fixed points (expressed
through a divergent susceptibility at the transition).

A. Irreducible spin tensors

To obtain the basis (19) we construct all possible 4 x 4
operators that transform as tensors under SO(3). For this let
R e SO(3) be arotation matrix, R'R = 15. We define a tensor
T of rank ¢ as any object labeled by indices (iy, ...,i,) that
transforms as

Tiio > Rigjy - Riji T, (20)

under a change of coordinates x; — R;;x;. In particular, we
will be interested in the case that T is a 4 x 4 matrix. Recall
that the rank of a tensor can be reduced by one or two units,
respectively, by contracting it with ¢;; or §;; according to

Ty iy = €ijk Tijis.ois (21
T . =08;Tjis. iy- (22)

i3...0¢
If such a contraction yields zero we say that the tensor is
irreducible. From Eqs. (21) and (22) it is then clear that
irreducible tensors are precisely the symmetric and traceless
tensors [30]. Here, we say that a tensor is traceless if all its
partial traces yield zero, i.e., it vanishes whenever two indices
are contracted.

In order to construct the basis {4} with definite trans-
formation properties under rotations we apply the following
recipe: the j = 3/2 spin matrices J; transform as a vector
under SO(3), and the product J;, - - - J;, transforms as a tensor
of rank £. The corresponding irreducible tensors of rank £ can
be computed from these products through symmetrization and
the subtraction of suitable traces. One may wonder whether
this procedure yields irreducible tensors of arbitrary rank.
However, by means of the Cayley-Hamilton theorem it is easy
to show that there are no irreducible spin tensors with rank
£ > 2j, see Appendix B 3. Hence, in our case, we obtain
irreducible tensors of rank £ = 0,1,2,3, which can be used to
build the basis {Z4} introduced above.
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Due to the noncommutativity of the spin matrices, [J;,J;] =
ig;jk Ji, products of the type J;, - - - J;, are not symmetric. We
define the symmetrized rank £ = 2,3 tensors

S =JiJ;+J;J;, (23)

Bijx = J;J;Ji + permutations of i jk. 24)

Next, irreducible tensors S and B are constructed from the

quantities with overbar by subtracting the partial traces such

that §;; S;; = 8;; Bijx = 0. With a suitable ansatz and by making
use of J; JiJ; = %Jk, we arrive at

Si;=Sij — %5:'/'114, (25)
Bijk = Biji — (81 Jx + S Jj + 8k ). (26)

These are the irreducible spin tensors of rank £ = 2,3 for spin
j=3/2.

In Appendix B, we show in detail that the irreducible tensors
S;; and B;j can be expressed as

Sij = SaAf‘j, 27)
Bjjix = BMEI.“;,( (28)
witha=1,...,5, 0 =1,...,7, and orthogonal basis tensors

Afj and El’jk Since the spin tensors are matrix-valued, the
components S, and B, are matrices as well. The desired basis
{X4}in Eq. (19) is now constructed fromthe 1 +3 +5+7 =
16 elements 14, J;, S,, and B,, after a proper normalization to

satisfy

tr(TAEB) = 4548, (29)
We define

Ji= (30)

NG
Ya = LSa, (31)

V3
W, = iB,L. (32)

3V3

In particular, the five components y, of the second-rank tensor
are the y matrices introduced in the context of the Luttinger
Hamiltonian in Eq. (3). We explicitly have

n= %(Jj — ) =0®l, (33)
p=1-l=0e0, (34)
ys = %{JX,JZ} — 0y ®a, (35)
yi= %{Jy,m — @0, (36)
ys = %{Jm} —n ol 37)

Note that since J,, is purely imaginary, the matrices y; » 3 are
real, whereas y; 5 are imaginary. The seven components W,
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of the third-rank tensor are given by

W, = %5(13 %1) (38)
W, = 2‘Tf5<15 5% (39)
3 = 23£(]Z3 — %JZ) (40)
Wa= [ (7 - 7)) @
Ws = =02 = 72)), @)
Wo= = {0 (22 = 1)} 3
W; = %(Jx JyJo + T JyJy). (44)

The operators 1 and y, are even under time-reversal trans-
formations [26], whereas J; and W, are odd. All operators
feature inversion invariance. A nonzero expectation value of
p = (), m = (Y Jiy),and ¢, = (¥ 'y.¥) corresponds
to a nonzero density, magnetization, and nematic order,
respectively. The order parameter x, = ("W, 1) constitutes
a tensorial magnetization that does not point in a particular
direction. We therefore suggest to refer to it as “nemagnetic
order.” These observations are summarized in Table I.

B. Local four-fermion couplings
The most general local four-fermion interaction term in the
rotation (6 = 0), inversion, and time-reversal invariant case is
given by
Lin =510 "y)* + g, Tip)?
+ oWy +ew@ W) @45)

The individual terms transform as scalar, vector, second-
and third-rank tensors under SO(3), respectively. For the
latter two this becomes particularly transparent when writing
(T yva¥)? o< (Y1 S;9)? and (YT W, 9)* oc (W1 Bijir)*. There
are two Fierz identities:

0=5w") + @' T¥) + @lva) + @ W),

0= 30T — 3 W9, (46)
which reveal that the expression (45) contains a certain degree
of redundancy that can be removed by eliminating two of the
terms. Due to Eq. (46), one of them needs to be either (v 7;v)?

or (Y 'W,¥)%. Here we choose to eliminate both of them and
thus arrive at the Fierz complete interaction term

Lin = e1(0 ) + e2(¥ T yay). (47)

Together with the Lagrangian from Eq. (1), this constitutes the
field theoretic setup considered in Ref. [22].
To study the cubic symmetric case, we introduce

. y . V3 . Wi . W,
E=<yl), T=|n| W=|W]., W=|Ws
2 Vs W3 We
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TABLEI. Overview of local fermion bilinears that feature full or cubic rotation invariance. We display the tensor rank with respect to SO(3)
and the number of independents components (No.) of these tensors. The scalar, vector, and rank-2 tensor order parameters (i £41/) constitute
density, and the usual magnetic and nematic orders. We refer to a nonzero expectation value of x, = (YW, 1) as nemagnetic ordering. In
particular, x7 is the continuum version of the AIAO order on the pyrochlore lattice. We further indicate the behavior of these orders with respect

to inversion (Z) and time reversal (7)), where +/—
upon restricting rotations to the cubic group.

indicates even/odd transformation properties, and how the tensors split up into subgroups

>4 order rank No. A T cubic case
density
1 , 1 1
p=(w'ly) 0 * *
magnetic . T
Ji = Wiy : 3 + - I=\
: T3
()
nematic v2
Yo bo = Wya¥) g : * * . (n
T = Ya
Vs
- Wl
W=|W
W
nemagnetic
W, . 3 7 + -
’ = (YW, ) (M
W = Ws
Ws
W5 (AIAO)

The most general cubic, inversion, and time-reversal symmet-
ric local four-fermion term is given by

Lin = 28: giLi, (49)

with -
L =@y, (50)
Ly = Eyy, (51)
3= Ty, (52)
Ly= @ Ty, (53)
Ls = (y "Wy ), (54)
6= WIWy)?, (55)
Ly =@'Wiy ), (56)

and

=wiTy) - wiwy). (57)

Each of the terms L; transforms as a singlet under the action
of the cubic group. There are also five Fierz identities among
the L; (Appendix C), allowing us to eliminate five couplings.
We are thus left with three independent couplings, which we
choose to be g 2.3. Hence

Lin = e (W) + 22 Ev)? + &30 Ty)? (58)

constitutes a Fierz complete interaction term. For g, = g3,
it reduces to the expression in Eq. (47). The short-range
interaction terms L; can also be evoked for the study of other
systems with four-component fermions, for instance having
linear dispersion, such as Weyl semimetals [31] or quantum
critical antiperovskites [32,33].
Apart from the eight fermionic vertices that appear
in Eq. (49) one may wonder whether the combinations
=Ty - WITY), Lo =@'Ty) @' Wy), Ly =
(WW) WHW), Lo =@l Jv) - @Wy), and Ly =
(pf Wlp) (1/fTW Y¥) can also be generated during the RG
flow. This, however, is forbidden by cubic and tlme reversal
symmetry (7° ), as can be seen as follows: Since T is even
under 7, but j W and W' are odd, the terms Lg_; explicitly
break 7. Due to the original Lagrangian in Eq. (1) being time-
reversal symmetric, no such term can be generated during the
RG flow. The terms L5 13 are forbidden by cubic symmetry.
For this consider, a rotation around the z axis by 7 /2. The
coordinate vector X = (x,y,z)" transforms as X — (y,—x,2)".
In the same way, J and W transform as (J;,75,73)" —
(T2, =1, J3)" and (W1, W2, W3)' — (Wo,—W;, W3)", respec-
tively. Accordingly, the term Lg = (wTJI//) (1//TW1ﬂ) is both
time-reversal and cubic symmetric, and indeed emerges in
the present RG analysis. On the other hand, W’ transforms
under the same rotation as (Wy, W5, Wg) — (— W5, Wy, — W),
sothat L1, 13 — —Lj2,13. Again, since the original Lagrangian
is cubic symmetric, the term L, ;3 cannot be generated during
the RG evolution.
In the isotropic case, the four fermionic vertices appearing
in Eq. (45) are chosen such that they have distinct transforma-
tion properties under SO(3). Accordingly, no mixing between

075149-6



ANISOTROPY INDUCES NON-FERMI-LIQUID BEHAVIOR ...

these terms is possible due to symmetry. This changes in the
cubic Op-invariant case, where we observe the term Lg in
Eq. (57) to couple ¢! 7y and Wi, In fact, for § # 0 the
tensors J; and W; have exactly the same symmetries and are
thus physically equivalent. Furthermore, every orthogonal pair
of linear combinations of J; and W; may also be chosen for a
basis. Here we define

1

Uy=—=QJ — W), 59
ﬁ(j ) (59)
1

Vi = —(T +2W)). 60
ﬁ(j+ ) (60)

In Ref. [33], these tensors are labeled U = s and V= Vd»
respectively. As further pointed out in the latter reference, the
V; satisfy the three-dimensional Clifford algebra

{(Vi,V;} = 26;;14. (61)

They are also generators of an SU(2) algebra. Due to this
extra symmetry, the linear combination V x j +2W is
distinguished for § # 0. The second linear combination, U
Zj — W, then follows as the orthogonal partner, but does
not possess any further symmetries. Note that in terms of the
original J;, we have

(137; — 477), (62)
Vi = (=74 +477). (63)

The pseudospin variable [ introduced in Eq. (10) of Ref. [25]
coincides with (/T V ) up to a prefactor. Further note that in
the parametrization of Ref. [34], where the magnetic channel
is written as ¥/ (cos @J; + sin@J>)y, V; corresponds to & =
arctan(—4/7) + m = 2.62, which unfortunately falls outside
the range & € [0,7/2] considered in the reference.

The Luttinger semimetal considered in this work may be
understood as the low-energy effective field theory describing
itinerant electrons on a pyrochlore lattice such as in Pyrochlore
Iridates. The nemagnetic orders x = (Y W) and v; =
(¥1V;r) can then be associated to particular orders of the local
magnetic moments of electrons on the four corners of the tetra-
hedra forming the pyrochlore lattice. As shown in Ref. [35],
a nonzero expectation value of x or one component of ¥
corresponds to an all-in-all-out (ATAO) or spin ice (SI) order-
ing, respectively. (The reference uses the notation x — ¢ and
v; = M;.) The correspondence is facilitated by observing that

WIWoy)? = W Tyny)?, (64)
WV = @y + @lyssv)? + @lysy)? (65)

from Egs. (B60) and (A120). For this reason, we will refer to
the tensor orders corresponding to W5 and V; as AIAO and SI
ordering, although, of course, these notions only make sense
on the pyrochlore lattice.

C. Renormalization group flow

During the RG flow, short-range interactions are generated
from long-range interactions by the diagram to the leftin Fig. 4.
More explicitly, we have a nonvanishing term proportional to
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FIG. 4. Schematic loop contributions to the short-range interac-
tions. The assignment of lines is as in Fig. 2, i.e., a straight (wiggly)
line represents a fermion (photon) propagator. The box diagram to the
left is proportional to ¢* and generates local short-range interactions
even if they are initially absent. Once present, they contribute to the
flow of the short-range couplings {g;} via the diagrams shown in
the middle and to the right, which are proportional to e’g; and g;g B
respectively.

e* in Eqgs. (68) and (69) below for the flow of g, and gs.
This generates g, and g3, and they eventually also generate g;.
Once the {g;} are present, they couple via the remaining two
diagrams in the figure, and thereby lead to a sufficiently rich
fixed point structure of the flow.

The flow equations for the couplings g; » 3 are given by

& =@—dg + fi(d) - Ag (66)
with z =2 — n as in Egs. (12) and (14) and
P = R T P
81—5—812825+81283
2 2
— g, — 68283 — 3g3, (67)

rp= - tr (a1 2+1(5+3F) L2
82 = 50- 81 ) 3 +)| 81 5 &2

3
—3¢2 =301+ F)g83 — S5+ Fg,  (68)

Aga — 1F +62 2+2(5 F.) +6‘2
83—5+g12 5 +81283

1
-6+ 2F)gs —2(4 — F1)g283

2
— 55— F. — Fygs. (69)

The anisotropy parameter § enters through the functions f;
and F,. We define the latter by

(1 =8 f2.(8)

F =F ()= —-—-—"—"", 70
©)) 70 (70)

(1 +8) fu(8)
F.=F ()= ———. 71
+ +(8) 70) (71)

We have Fy = F_ = 1for § = 0 and
2F_(8)+3F+(8) =5 (72)
for all 8. In particular, this implies
F(-1)=3, Fi(+)=3 (73)

in the limits of strong anisotropy, since obviously F_(41) =
F,(—1) = 0 from the very definition.
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The flow of the couplings g; is supplemented by the flow
equation for e? given in Eq. (15), namely,

fe©) 4

.2 2
= 2—d —
e (z+ e -

(714)
Since the flow equation for e is not altered by the short-
range interactions, any possible fixed point in the space of
couplings (g1,g2.g3.€) necessarily has either e = 0 or e?> =
e? with e? from Eq. (16). Note that the 8 functions (67)—(69)
depend on g; and ¢? only through the combination g; + % In
Appendix A, we show that this behavior results from the fact
that the frequency integral of the squared fermion propagator
vanishes.

In the isotropic limit (§ = 0 and g, = g3), we recover the
flow equations of Ref. [22] given by

. e?
g1 =(—dg — 2(g1 + E)& —10g3,

ey — | +e2 2+8 +e2 63 ,
82 =\Z 82 581 ) 581 282 582,

P =(z+2—de* —é. (75)

Here we use a different convention for defining the
renormalized couplings g; and e? than in the reference, see the
comment below Eq. (A4) for a mapping. The flow equations
(75) only support the Abrikosov fixed point ford > d. = 3.26.
In d. dimensions it annihilates with a quantum critical point,
and consequently is absent for lower dimensions.

As the anisotropy ¢ is varied within the interval § € [—1,1],
various new fixed points in the space {G;} = (g1,£2,83.€%)
appear as solutions of the RG flow equations. These fixed
points typically have several relevant directions and their
impact on the phase structure will be discussed below. In order
to uniquely identify, the Abrikosov fixed point in this zoo of
fixed points we define it as the one having only irrelevant
directions. (In the four-dimensional coupling space {G;}, this
corresponds to four negative eigenvalues of the stability matrix
M;j = 3B;/9G l. at the fixed point.) The fixed point defined
in this manner indeed satisfies > = ¢ > 0 and thus leads to
NFL behavior.

We find that the Abrikosov fixed point survives in three
spatial dimensions if the anisotropy is increased beyond a
critical value according to |§] > 8. = 0.59. Interestingly, this
value holds for both signs of §. We plot the result for the
critical dimension for survival of the Abrikosov fixed point
d.(8) in Fig. 5. The function d.(5) is found numerically to be
almost perfectly symmetric with respectto § — —3§. The slight
asymmetry might be real or due to the numerical determination
of the functions f;(8). The fact that the fixed point annihilation
takes place at a lower critical dimension d, can be understood
by recalling that the Abrikosov fixed point in the anisotropic
case is located at e? ~ (1 — 6*). Accordingly, a larger § is
analogous to a smaller ¢, and thus anisotropy assists the NFL
fixed point.

D. Instabilities and anisotropy-induced fixed points

So far, we have linked the Abrikosov fixed point to NFL
behavior of the system. In order to understand the phase
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FIG. 5. Critical dimension d, for survival of the Abrikosov fixed
point. The curve crosses three dimensions for |§| = §. = 0.59 (dashed
line). To get a qualitative understanding of why anisotropy supports
NFL behavior, observe that the charge fixed point is located at

15

e; ~ 13(1 — 8*)e. A large anisotropy thus acts like a small .

structure that is implied by the other fixed points in the space
of couplings we compute the order parameter susceptibilities
at the remaining fixed points.

For this note that a fixed point of the RG flow corresponds
to a (possibly fine-tuned) second order phase transition of
the system. At such a phase transition, fluctuations of the
order parameter become critical, which is indicated by a
divergent order parameter susceptibility. Given a certain fixed
point located at (g;,g2,83,€%),, it is nontrivial to deduce its
ordering tendency, especially in our case where the couplings
(g1,82,83) are obtained from eight couplings after applying
five Fierz transformations. However, upon computing the
susceptibility for each individual order parameter, we can
deduce the instability associated with every fixed point.

To compute the susceptibility of an order parameter of
interest @, which shall be parametrized by a matrix M through
& = (YT M), we add an additional source term,

Lo ~ AW My), (76)

to the Lagrangian, and study whether it is enhanced or
suppressed during the RG flow. In particular, a sufficiently
strong divergence of A signals an instability. To see this, note
that the scaling dimension of A, in the case that z =2 — n, is
given by [A] = z, see Appendix A 1. Let k be a momentum
scale such that the infrared fixed point is approached for
k — 0. (For instance, we may choose k ~ r" with critical
exponent v and mass of the order parameter r — O at the
transition.) The free energy density close to the fixed point
then has the scaling form
A
), (77

kztne

F = kd“H(

where H(-) is some scaling function, and 74 is obtained from
the RG flow of A via A = (z 4+ n¢)A. The susceptibility of &
close to the fixed point is then given by

_F

= a7 = k272 H' (00) as k — 0. (78)

X
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We observe that a divergent susceptibility requires a suffi-
ciently large ng given by

d—z
2

In the absence of a small parameter, more than one or none of
the order parameter susceptibilities may satisfy this criterion.
In this case, we will identify the one with the largest exponent
as the most likely to be the leading instability [36].

In order to study insulating order parameter susceptibilities,
we use the source terms

ne > (719)

L1 =AW'Y)., Lg, =AW E),

Ly, = AW'TY), Ly =AW Ty),

Ly, = AW'Wiy), Ly, =A@ U).

Ly, = AW'Viy)., Lw, = AW, ),

Ly, = AW W), (80)

We also study the susceptibilities with respect to supercon-
ducting order parameters by means of

Ly) = AW yisy™). LY, = AW vansy ™). 8D

They represent s-wave and d-wave superconducting orders
[26]. In general, coupling one of the terms (80) and (81)
to the Lagrangian only generates exactly the same term to
linear order in A. This is dictated by the behavior under
cubic, inversion, and time-reversal symmetry transformations
of the individual terms, see also the discussion below Eq. (58).
However, an exception is given by the magnetic vertices
labeled with i = 1,2,3. They are, in fact, fully equivalent in
the case of § # 0. Accordingly, introducing either L or Ly,
to the Lagrangian generates both L 7, and Ly, . In order to find
the most unstable direction, we therefore consider the general
term Ly, = A(YM;y) with

M; =aJ; + BW;, (82)

where a,8 € R are such that o®> + 2 = 1. We tune o and S
such that coupling Ly, only generates L. This yields two
possible solutions for (o, 8), the more strongly divergent one of
them being the leading instability. The corresponding analysis
is performed in Appendix A 6, where we show that the two
solutions for M; are precisely given by U; and V; defined in
Egs. (59) and (60). The fact that (wTVilﬂ) does not generate
(W U; ), and vice versa, can be understood from the enhanced
symmetry of the matrices V; as formulated in Eq. (61).

For our purposes, we only need to focus on fixed points with
a small number of relevant directions, defined as the number
of positive eigenvalues of the stability matrix at the fixed point.
We refer to a fixed point as quantum critical or bicritical if it
has one or two relevant directions. To see why quantum critical
points (QCPs) can be important consider an RG trajectory
connecting a QCP (Q) to the fully infrared attractive Abrikosov
fixed point (A) along the relevant direction of (Q). In coupling
space, this line can be parametrized by some effective coupling
constant g, with (A) and (Q) locatedat g = 0and g = g. > 0,
respectively. For small § < g., the RG flow will be attracted
to (A), and the ground state is an NFL. However, if g exceeds
the critical value g., the RG flow is repelled from (Q) in the
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FIG. 6. Schematic fixed point structure of the Luttinger
semimetal for 0 < ¢ < 1 as a function of the (assumed constant)
anisotropy parameter 8 € [—1,1]. We only show the fixed points
with a small number of relevant directions, namely QCPs of the
neutral system (top) and QCPs of the charged system (bottom).
The Abrikosov fixed point is fully attractive. For sufficiently strong
anisotropy, new pairs of fixed points appear that are related to second
order phase transitions into a W5 or V; ordered state, respectively. On
the pyrochlore lattice, the latter two orders correspond to all-in-all-out
(AIAO) or spin ice (SI) configurations of local magnetic moments
of the electrons on the tetrahedra. We also indicate the emergent
fixed ratios of the couplings g; at the fixed points §, = 0,=£1 of the
anisotropy.

opposite direction. This runaway flow towards strong coupling
signals an instability of the system towards an ordered ground
state. The supercritical value of ¢ may be realized in actual
materials through strong on-site interactions. The relevance of
some bicritical points in our setup stems from the fact that
a bicritical point in the space (g;, 82, g3,e%) corresponds to a
QCP in the plane spanned by (g1,82,83) for e = 0, because
charge is always a relevant direction. Hence by setting e> = 0
we can in this way study QCPs of charge neutral systems.
The fixed points of the systems with one or two relevant
directions can be divided into two sets. The first set comprises
the Gaussian fixed point (G), an s-wave superconducting fixed
point of the neutral system (S), and the nematic (N) and
Abrikosov fixed points (A) which participate in the collision

[ s-wave superconducting (S) }

\” AIAO (W7) \

\ AIAO (W7e) \

t 5
-1 0 +1

FIG. 7. Extrapolation of the above picture to three dimensions
(e = 1). We observe the nematic and Abrikosov fixed points to
annihilate for |§| < §. = 0.59. Also the survival of the anisotropy-
induced fixed points is slightly influenced by a large value of ¢, but
they can always be induced through a sufficiently strong anisotropy.
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scenario. These fixed points are always present for small ¢ > 0,
irrespective of the value of § € [—1,1]. Whether they survive
the extrapolation to ¢ = 1 depends to some extent on the value
of §. The second set consists of qualitatively new fixed points
that show up for sufficiently strong anisotropy. They represent
critical points towards W5 order for § — —1 and V; order for
6 — 1. Their survival for ¢ = 1 also depends on the value of §,
but can always be enforced by a sufficiently strong anisotropy.
This behavior is visualized in Figs. 6 and 7.

A common feature of all fixed points independent of
their associated diverging channel is the following: at the
fixed points of the anisotropy, &, = 0,£1, the three cou-
plings (g1,82,83) are not independent. In fact, from the flow
Egs. (67)—(69) one easily sees that even if all three couplings
are different at some stage of the RG, they are attracted
towards go — g3 — 0 (for § = 0), g1 — g3 — 0 (for § = —1),
and gy — go — 0 (for § = 1) in the infrared. For example, the
superconducting fixed point (S) for § = 0 and d = 3 is located
at

($)s—o : (g1.82.83.€%), = (—0.10,—0.09,—0.09,0) (83)

and the linearized flow of g_ = (g, — g3) at the fixed point
reads g_ ~ —0.87g_. Accordingly, g_ diminishes in the
infrared. In contrast, in the anisotropic limits, the fixed point
(S) is located at

(S)s——1: (81.82.83.€%). = (—0.09,—0.07,—0.09,0),

($)s=+1

respectively. If § is only close to any of its three fixed points,
the corresponding g;’s are approximately equal.

After this remark, we begin by discussing the first set of
fixed points. Besides the Gaussian fixed point (G), the s-wave
superconducting fixed point (S) with ¢* = 0 is present for
all 6 and all 0 < & < 1. Since (S) is bicritical, it is mostly
of importance for charge neutral systems. The corresponding
critical behavior, including oscillatory corrections to scaling
and exceptionally slow flow towards isotropy, has been
discussed in Ref. [26] by the present authors. The quantum
critical nematic and fully attractive Abrikosov fixed points with
e? = ef > 0, (N) and (A), are present for small ¢ > 0, but they
annihilate each other above d > 3 for || < 0.59 as discussed
in the previous section. It is always (N) that collides with
(A). Further, as 6 # 0, (N) changes its divergence character:
whereas the leading instability is towards 7, for § < 0, it is
towards E, ford > 0. Of course, for § = 0 these two are related
by the full rotational symmetry.

The second set of fixed points only appears for sufficiently
strong anisotropy. To understand their nature, two important
things should be noted. For one, since the parameter space
spanned by (g1,g2,g3,€) is vast, the new fixed points do not
interfere with any of the ones of the first set. In particular, they
do not influence the fixed point collision scenario. Further,
since the charge fixed point value e? is small for large
anisotropy, it is natural to expect that a zero of the 8 functions
located at (g1, g2,g3,€°), implies another zero at approximately
(g1,82,83,0), with ¢ = 0. This is indeed true for the additional
fixed points found here. For most values of § (but not all), there
exist always two anisotropy-induced fixed points, a QCP with
e? > 0 describing a quantum phase transition of the charged

(84)
(g1.8.83.€%), = (—0.12,—0.12,—0.10,0),
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system, and a qualitatively similar bicritical point with > = 0,
which is a QCP for the neutral system. Since both fixed points
are even mostly quantitatively similar we can simplify the
discussion of their nature by considering the neutral charge
fixed point with > = 0.

For § < —0.30, a pair of fixed points with instability
towards W5 appears for small ¢ > 0. We name the fixed points
with €2 > 0 and ¢> = 0 (W7e) and (W7), respectively. When
extrapolated to ¢ = 1, (W7e) survives for § < —0.62, whereas
(W7) is more robust and survives for § < —0.30. In order
to analyze the properties of (W7) for d = 3, we set > =0
and § = —1 in the flow equations. In particular, this implies
fi(=1)=1.094, FL =0,and F_ = % The fixed point is then
located at

(WT)s—_1 : (g1,82.83.€%), = (0.16,—0.21,0.16,0).  (85)

We see that, indeed, this satisfies g; = g3. The only divergent
susceptibility corresponds to W7 and is given by

nw, = 2f1(2g1 — g2)» = 1.15. (86)

Note that the value of f; is not important for e = 0 since it
can be absorbed into the couplings by means of g; — fig;.
The fixed point values (g1,g2, g3,€%), of (W7e) approach those
of (W7) for § — —1, and coincide with the ones quoted in
Eq. (85) in the fully anisotropic limit.

For § > 0.91, a pair of fixed points towards ordering in V;
appears for small ¢ > 0. Again, it is comprised of a quantum
critical and a bicritical point, and we label them (Ve) and
(V) in analogy to the previous paragraph. When extrapolated
to e =1, (Ve) and (V) survive for § > 0.94 and 6 > 0.91,
respectively. To better understand (V) ind = 3, we set e = 0
and § = 1 in the flow equations. This implies f;(1) = 0.813,
F, = %, and F_ = 0. We obtain the fixed point at

(V)s=r1 : (81,82,83,€5), = (0.37,0.37,—0.28,0).  (87)

Also here, g| = g is satisfied in accordance with our previous
statements. The leading instability is towards V; with exponent

v, = 2 /1381 — g3). = 0.75. (88)

There is a subleading divergence in the 7, channel with
nr, = —%fl(gl + 5g3), = 0.56. For § — 1, the couplings
(g1.82.83.€%), of (Ve) approach those of (V), and coincide
with Eq. (87) for full anisotropy.

An interesting aspect of the limit |§| — 1 is that the fixed
points (S) and (N) approach each other. This is facilitated by
e? — 0 for |§| — 1. With the same substitutions as in the
previous paragraphs it is easy to see that

[(8) = (Ms=—1: 055) = nz, = =2/1(281 + g2). = 0.54,

[(S) = (N)]s=t1 : 02 =ng, = =3 /i(g1 + g3)« = 0.55,
(89)

for§ — F1,respectively. The coincidence of the two divergent
susceptibilities may hint at an enlarged symmetry group at the
fixed point. We leave that aspect for future investigations.

IV. DISCUSSION

In this work, we have investigated the RG fixed point struc-
ture of a three-dimensional Luttinger semimetal, where short-
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range interactions are generated from long-range Coulomb
forces. We found the anisotropy parameter 6 to be an excep-
tionally slow direction in the RG flow, which motivated us to
neglect the flow of § while considering the impact of quantum
fluctuations onto the remaining couplings of the theory. For
sufficiently strong anisotropy, Abrikosov’s NFL fixed point
survives in three dimensions, and new ‘“nemagnetic” fixed
points appear in parameter space. These fixed points are
associated to quantum phase transitions that are driven by
a sufficiently strong microscopic short-range interaction. The
new fixed points trigger ordering in channels that have a very
clear interpretation for electrons in Pyrochlore Iridates, namely
AIAO and SI order.

In this section, we first critically review the validity of our
results and the underlying approximations. We then relate our
findings to earlier theoretical investigations of similar systems
in the literature, mostly in the context of Pyrochlore Iridates.
Finally, we deduce the critical field theories that are related to
the anisotropic quantum critical points (W7¢) and (Ve).

The RG analysis presented here is based on an & expansion
close to four dimensions, which is the critical dimension of the
Coulomb coupling e for a system with quadratic dispersion.
In particular, for small 0 < ¢ « 1, this gives a controlled
perturbative handle on Abrikosov’s NFL fixed point. On
the other hand, the critical dimension for the short-range
interactions would be two (see, for instance, Refs. [37-41]
for studies of two-dimensional QBT systems), so obviously
some compromise needs to be made to study the generation
of short-range interactions in three dimensions and especially
the fixed point collision scenario. Furthermore, our analysis of
instabilities is based on formulas that are perturbative in the
couplings {g;} and thus cannot faithfully capture the flow to
strong coupling or additional competition effects between the
couplings that set in once one coupling gets large.

A rather strong point, however, can be made about the
fixed point collision scenario which determines the fate of
Abrikosov’s NFL ground state. Within the ¢ expansion the
collision happens for ¢ >~ 0.74 in the isotropic system and
consequently the ground state in three dimensions is an ordered
state [22]. The very same conclusion is found in a different
approach to the system using Dyson-Schwinger equations
in three dimensions for large fermion number. In fact, the
corresponding analysis in Ref. [24] finds the ground state
to be a topological excitonic insulator with nematic order in
the physical limit. Further evidence for the collision scenario
is provided in Ref. [36] from different RG approaches. To
understand what happens for § # 0 recall that Abrikosov’s
fixed point is always stable for sufficiently small ¢. For
sufficiently strong anisotropy, the charge fixed point e? is
attracted towards weak coupling, as can be seen from the
prefactor ~ﬁ on the right-hand side of Eq. (15). This
prefactor results from additional line nodes in the dispersion of
the fully anisotropic system that make the polarization diagram
[Fig. 2(b)] diverge for |§] — 1. Put differently, for small
0 < 1 — 82 « 1, the anisotropy acts as an infrared regulator
that can be used to perturbatively control the equations in three
dimensions. The resulting fixed point charge e? o (1 — §?)¢ is
small even when ¢ = 1. Hence a large anisotropy acts like
a small ¢ (or a large number of fermions) and thus aids the
survival of Abrikosov’s fixed point. This way it is a very natural
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finding that the NFL ground state is realized for sufficiently
strong anisotropy.

Concerning the question of reliability of our findings
on nemagnetic quantum phase transitions in the anisotropic
system we point out that they are in concord with the works
of Savary, Moon, Balents (SMB, Ref. [25]) and Goswami,
Roy, Das Sarma (GRDS, Ref. [35]) on anisotropic three-
dimensional Luttinger semimetals. We emphasize, however,
that in contrast to the mentioned references our analysis
treats all ordering patterns in an unbiased fashion, and it
is an outcome of the competition of long- and short-range
interactions that anisotropy induces instabilities towards AIAO
or SI order. It is appealing that these orders are also dictated
to some extent by experimental findings in the pyrochlore
iridates.

The analysis of SMB employs RG to study the long-range
interacting system in three dimensions, perturbatively control-
ling the equations with a large number of fermions N. Further,
it is based on a Yukawa theory involving both fermions and
bosons, where fluctuations of the AIAO-like order parameter
x = (YTWyy) are incorporated and the existence of the
corresponding quantum critical point is derived from the
self-consistency of the equations. The approach is thus distinct
from our ¢ expansion of the purely fermionic theory, but many
common observations on the intriguing role of anisotropy in
Luttinger semimetals can be made. A stable fixed point is found
by SMB for § = —1 and x = 0 (corresponding to c;/c; =
0 and co/c; =0 in the reference). Further, an additional
logarithmic divergence, e.g., in the anomalous dimension
n ~ 1/(N|Inc;/c;|?), results in an effectively weakly coupled
theory in terms of the charge. Remarkably, the possibility
of a stable fixed point with é, = —1 implies that the fully
anisotropic limit may arise in Luttinger semimetals as an
emergent phenomenon, even though realistic microscopic
Luttinger parameters are likely to yield |6] < 1. From our
results, the AIAO nature of the phase transition and the small
charge n ~ e? ~ (1 — §?)e are also visible. Although we find
the fixed point at § = —1 to be unstable, the discrepancy may
be attributed to the fact that SMB also take into account the
boson-fermion-loop contribution to the fermion self energy,
i.e., a second diagram besides the one in Fig. 2(a), which may
change the sign of the 8 function for § close to the fixed
point and thereby stabilize it. In our fermionic approach the
associated contribution would be a two-loop (sunset) diagram.
Still, the flow of the anisotropy derived by SMB is very slow
close to the fixed point. Since the philosophy of the present
work is to regard § as a constant anyway, the question of its
slight relevance or irrelevance becomes less important.

In the study of GRDS in the context of Pr;Ir,O7, the
tendencies towards AIAO and SI order have been addressed in
terms of the order parameter susceptibilities at the Gaussian
fixed point. (The comparison to our results is facilitated by
writing § = % with m , as introduced in the reference.)
Assuming a Yukawa coupling of both orders to the fermions
it is seen that a smaller critical coupling is required for AIAO
(SI) whenm, < m (m, > m). This agrees with our finding of
ATAO and SI fixed points appearing for§ — —1landé — +1,
respectively. Whereas GRDS focus on the charge neutral
system, we find that QCPs towards AIAO and SI order are
present both for zero or nonzero charge. It is remarkable that
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the ST order, which is a very natural and plausible configuration
of spins on a pyrochlore lattice, emerges in our continuum field
theoretic approach. Recall how the SI instability is obtained in
the present work: We investigate all possible susceptibilities,
in particular those towards a nonzero expectation value of
(Wid; + BW)y), where o> + 8% = 1. It turns out that the
strongest divergence is reached for this particular channel
when B = 2o, which precisely corresponds to SI order. In
particular, this value of (¢, 8) is independent of §, which is not
obvious from the general expressions for the susceptibilities
in Egs. (A124). In fact, the emergence of this particular
combination of («,f) is very likely rooted in an enhanced
symmetry of the underlying field theory, as we elaborate in the
next paragraph. Note eventually that the analysis in Ref. [34]
does not rule out a stable fixed point for § = +1, as it does not
explore this regime of anisotropy.

The fixed points (N), (S), (W7), (W7e), (V), and (Ve),
describe quantum phase transitions that can be driven by
sufficiently strong short-range interactions in real materials.
It is thus interesting to study their individual character by
also taking into account order parameter fluctuations. A
detailed study of (N) in terms of an & expansion is performed
in Ref. [23]. A remarkable feature of this theory is the
existence of an interaction term that is cubic in the order
parameter, leading to characteristic corrections to critical
exponents beyond mean-field theory. The superconducting
quantum critical point (S) is investigated in Ref. [26], where
non-Fermi-liquid behavior, oscillatory corrections to scaling,
and an exceptionally small flow towards isotropy are observed.
The field theory describing the fixed point (W7e) for § — —1
is given by

, . 1
L=vy'@, +diyi + dayr +ia)y + @(Vaf

1
+ gy XxWTyy) + 5(Vx>2 +1rx?, (90)

where y is a real scalar. The related quantum critical physics
is discussed in Ref. [25]. As pomted out in the same
reference, the pseudospin [ = i &Ex Uiyaa,y35. 145 is a
conserved quantity of this theory, representing an internal
SU(2) symmetry. In the opposite limit of strong anisotropy
6 — +1, the field theory for (Ve) reads

. 1
L =91@: +dsys +daya + dsys + i)y + 5—(Va)’

- . 1
+ g0 0 - (U yaa, s, vas1') + = (Vv>2 —rv2 1)

with real v;. A conserved quantity is given by [ dEx yiyny,
which is related to an internal U(1) symmetry. The symmetry
enhancement in the Lagrangian (91) may explain why the
particular combination (e, 8) for SI order emerges in the limit
8 — +1: the linear combmatlon V o J + 2W is dictated by
the fact that this is precisely V [v34,735,v45]' (up to signs),
see Eqgs. (A120). Similarly, W7 = y;» may be selected by
the same mechanism for § — —1. We are thus left with an
apparent intimate relation between the algebra of the Luttinger
Hamiltonian and typical spin configurations on the pyrochlore
lattice that deserves closer investigation in future work.
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APPENDIX A: RENORMALIZATION
GROUP EQUATIONS

1. Scaling dimensions

We determine the scaling dimensions of the couplings
involved in our analysis. The presentation is kept concise and
we suggest to consult Appendix B 1 of Ref. [26] for a more
comprehensive account.

The effective Lagrangian L entering the effective action
r=/ dzd’rL at a given RG time b, can be written as

L :&T(S’a, —XVi+ A, Zdaya + stadaya +ic‘z>1/7

1 o
+ 55 (V@) + @ M) (AD)
Here, M is a dimensionless 4 x 4 matrix such that the last
term symbolizes a generic short-range coupling. Our goal is
to bring the Lagrangian into the form of the main text by
means of rescalings that do not affect the physics. For this

map, ¥ — ¥ = Al/21/f anda - a=A, 1a. We then have
:17,*(53{ —xV2 4 Zday,l +6 Zsadaya + ia)l/A/

A2 -
g - A
+ -2 (Vay + > (F M)’ (A2)
2e Ay,

with § = S/Ay, x =%/Ay, and § =§/Ay. Next rescale
imaginary time according to T = St. The effective action re-
mains form-invariant, I’ = fd'[dd}’L, with y — ¢ = SV2
and

L =1ﬁ<8f —xV2 4+ Zdaya + SZsadaya + ia>w

L A8 a4 Bty (A3)
282 A?,,S ’

This motivates to introduce the rescaled couplings e* and g by
means of

. 22 S;AdH
n ALS (Qu)*

g 83 Ad—2

as e MY

g =
where S3; = 47 is the surface area of the unit sphere. By
redefining e? — %ez and g, — }1 gi, our results map to the
considerations in Ref. [22].

The canonical scaling dimensions of the (generalized)
running couplings A entering Eq. (A1) are given by

(A5)
(A6)
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[T]= -2, [dr]= —d, (A7)
[W1=d/2, [al=2, (A8)
[e*1=4—d, (A9)

(3] =2—d. (A10)

At a nontrivial fermionic fixed point we find that loop
contributions lead to the flow equations A",, =nAy and

= (z —2)S. This may formally be written as [Ay] =17
and [S] = z — 2. Equivalently, we can rescale all couplings
according to Eq. (A3), so that Ay, = § = 1 holds for all b, and
the scaling dimensions of the rescaled couplings are obtained
from

[A] = [RAY S2] = [X] + di[Ay] + da[S]. (A1)
In this way, we arrive at
[x]=1[8]=—n, (A12)
[t]=—z, (A13)
=412 (A14)
[al=2—n, (A15)
[’]=6—d—z—2n, (A16)
[gl=4—d—z-2n. (A17)

Under the assumption that z = 2 — n, which is valid for the
present work, these formulas simplify further.

Let us also consider the scaling of A considered in the
susceptibility analysis. For this, we couple a term

- L Ao

Lo =AW'M) = =@ MY) (A18)
1

to the Lagrangian. The canonical dimension of A is given by

[A] = 2. The effective action (or free energy) related to this

term is given by 'y = [ d‘rdfLe = [d?rdrLe with

A

Lo = AWMy), A= - (A19)

Hence the scaling dimension of A is given by [A] =2 — 7n,
which equals z in our case. We define the free energy density

Fbymeansof ' + I'p = [ drdtF sothat[F] =d + z. The
scaling form of F is thus given by
A
__ pd+z
= (A20)

as discussed further in Eq. (77).

2. Propagators

We write Q
Further define

3 dqo/ d'q
/Q(.“)_,/— Ap<g<n 2m)d 2y

= (qo,q) to collect frequencies and momenta.

(A21)
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where the momentum integration on the right-hand side is
restricted to a momentum shell.
The fermion propagator is given by

1
GY = — (—1q0]l4 + Z(l + (Ssa)daya) (A22)
with d, = d,(q) and
5
det? = qf + Y (1 +8s,)°d; (A23)
b=1
=q0+(1—8Pq" +128 ) qlq;.  (A24)

i<j

This denominator follows from the expression for H? given in

Eq. (7).
The photon propagator is given by
52

G2 =Guq) = — (A25)
It is frequency-independent to leading order.
3. Fermion self-energy
The fermion self-energy is given by
y(P) = /Q GrimPG et (A26)

Herein, v is an arbitrary real parameter. Due to translation
invariance the result should not depend on v. However, the
momentum shell breaks translation invariance and thus we
obtain a slight v dependence of the result when momentum
integrals are evaluated ford < 4. Still, varying v in the physical
range v € [0,1] does not change any qualitative aspects of the
RG flow. In particular, it cannot lead to a sign change in n or
4. For the results presented in the main text, we choose v = 0
and evaluate the angular integral for d = 3. Since the analysis
for v # 0 is rather long-winded we limit the derivation to the
case of v = 0. We will, however, comment at the end of the
section on the v-dependence of the results.

The loop in Eq. (A26) does not generate a contribution to
the frequency dependence ~ipg of fermions. Indeed, we have

1z o / 96— 2,(1 +35)°d
i 9po |p_y 0 q%(q5 + 2,(1+ 5sb)2d§)2
(A27)

This expression vanishes upon frequency integration. Hence
we have

z=2-n, (A28)

with the anomalous dimension 7 to be determined below.
We henceforth set py = 0 in the loop and have

EW(p) — L Q+p Z (1 + (Ssa)d (Q)Va i

(A29)
det? 7

because the term linear in igy vanishes. For the photon
propagator, we write
52
GO+P = ‘ .
‘ q> +2(q-p)+ p?

(A30)
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Due to v = 0, this is the only term contributing a p dependence
to Eq. (A29). The term quadratic in the components p; can be
determined according to

192
2 02

_ p’q* —4(q - p)’
T2 ), ¢tx' 2

Z(l + 85)da (@)Y

2(d — )& d.(q)d.(q)
== ;(1 + 854)d:(P)Va /q X

(A31)

with X = Y, (1 + 8sp)°d. We used

1
Sl = Ddo(@de(p) - q*p. (A32)

q-p)° =

In a rotation invariant setting, or for § = 0, we could have now
used a formula

/ A @@ (D) = / a*x(g>) (A33)

q (d—1d+2)Jq

for any function x(g?) having finite support. However, X is

not a function of g. Consequently, the strongest statement that

can be made at this point is that the integral on the right-hand
side of Eq. (A31) is proportional to §,.. We arrive at

2(d — l)e

Zy(P) — Ty(0) = Z(l + 854)da(P)Va

d2
X / A+ O (A34)
We neglect the constant contribution %, (0) in the following.
In particular, using the definitions of f.  from Egs. (D5) and
(D8), and setting d = 3, we arrive at

48*
Sy =5 [(1 —8)£18) Y du(p)a

a=1,2

1
FA+AE Y dio | [ 25+ 00,
a=3,4,5 ad

(A35)

We now determine 1 and § from Eq. (A35). From Eq. (A4)
we see that dl—b62 q q—14 = ¢2. Further, we can read off the
one-loop contributions An and A§ that appear in the final
expressions for 7 and 8 by writing

Sy =A12 Y da(@Va+ Asas Y da(P)va. (A36)
a=1,2 a=3,4,5
We find
Ay = e’ (1 - 8) f1e(5), (A37)
Asys = (14 8) fr(8). (A38)
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Accordingly, we have

n=An=1(A12+ Asas)

= &1 =8 f1e(d) + (1 +8) fu(®)le®,  (A39)
A =3(—A1n+ A3as)
= E[-(1 =) f1c(8) + (1 + ) fr®)le*.  (A40)
Note that the flow equation for § is given by
§=—nd+ A
—Z(1 =8I f1e(8) — fu(d)]e? (A41)

When expanding Eq. (A26) for finite v, the result depends
on v when evaluating the angular integral in three dimensions,
whereas the result is independent of v when evaluating it in
four dimensions. The slight v dependence is not problematic
for our analysis which does not aspire to be quantitatively
precise, but it is important to understand whether qualitative
modifications of the RG flow can occur. In particular, we are
interested in whether (i) the flow of § is still exceptionally
slow for v # 0, and (ii) whether the fixed point structure of B
remains invariant. For this purpose it is sufficient to consider
n and § to linear order in 8. By means of a calculation along
the lines of Eqgs. (B54)—(B77) in Ref. [26], one can show that
in three dimensions
e*8) + O(8%),

n=F)(i5¢’ = 53¢ (A42)

= —F(v)3=e’8 + O(8%) (A43)

with F(v) =1— (1/2)v — (1/8)v?. The function F(v) is
positive and of order unity in the range v € [0, 1]. Accordingly,
the flow is not qualitatively changed. In particular, since the
function §(8) has negative slope at 8, = 0 for all v, and given
the topology of the function seen in Fig. 1, it is also clear that
the fixed point structure is not modified; the stable fixed point
is at §, = 0, whereas §, = %1 are repulsive. Note further that
when evaluating the momentum integrals in four dimensions
(including using nine d, functions), one finds

nlap = e’ — 5€°8 + 0@,
8lap = —5e’8 + O(8%)

(A44)
(A45)

for all v. These results confirm that the flow of § is indeed
exceptionally slow.

4. Photon self-energy
The photon self-energy is given by

Tu(P) = — /Q w(GIHTIGETN), (A46)
We have, again, introduced a real parameter v that allows to
distribute the external momentum onto the two fermion lines.

The photon self-energy cannot acquire a frequency depen-
dence that is relevant close to d = 4 dimensions since the
photon is described by a real field. Indeed, Eq. (A46) has
the symmetry X,(po,p) = X(—po,p), which forbids a term
¥, ~ ipg, and the leading term is X, ~ cng. We can thus
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neglect the external frequency in the computation, i.e., pg = 0
in the following.
Setting the external frequency to zero, we obtain

1
X.(p) =—4 / — — | —q5 + Y (1+38s,)
0 detgﬂ1 v)pdetg P 0 Xu:

X dq(q + (1 —v)p)da(q — vp)}- (A47)
For a derivative expansion of this expression, we write
det?™ = det? + D, + D, 4+ D3 + O(p?) (A48)
with
Dy =444 (1 +85,)da(@)(g: AY; p)). (A49)
Dy =2 (1 + 85)°da(q)da(p). (A50)
D3 =447 (1485 (q:i A pi) (aeAypr).  (ASD)

Note that the coefficients D; have definite scaling properties
under p — rp. We used

da(p) = AuqiAf;q; (A52)

with Ay, = We have

Z(d R

det? ™17 = det? + (1 — v)Dy + (1 — v)(Dy + D3),

(A53)
det?™"? = det? — vD; + v3(Dy + D3). (A54)
In the same way, we expand
D (14 850)du(q + (1 — v)P)da(q — vP)
1 , g
=X+(1=20)3D1 +[(1 —v) +v°15D;
—v(l —v)D; + O(p?) (A55)

with X = 3" (1 + 8s,)*d2. Note that det? = g2 + X. We then
find for the quadratic part

192%,ap)| 1 D?  4D;
_—t—O__g q W_W

2 9
independently of v. In the following, we evaluate this integral
ford = 3.
Due to the absence of rotation invariance, only a limited
number of simplifications is possible when computing inte-

J

(A56)
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grals of the type (A56). If x.u»(q) is a function cubic in the com-
ponents g;, then [ qiq;j Xew(@) = 8i; [, 47 Xeun(q). Further, we
have f qqi i Xcub(q) = 0 for n odd. In addition, for every
fixed i, we have

1
/q qi' Xeu(qQ) = 3 /q (2% + 45 +42') Xeun(Q)- (AS7)
We apply these relations to compute
D’* 2 2aa paa qiqk
/x3/2 =4A 2(1 + 854) A,._].AMDW,/qlW
Pe
= Z(l +8sa)2(AaAa)ﬂP/P1/ X
2, 2 f2(5) 1
== 1 -
3P Z( +6 =55 ), 7
2, 2 2y J2(9) 1
=-p 20 -6 3146 —.
FPI1 =07 30+ 871570 |
(A58)
Note that 4A2 =3.
In derlvmg Eq. (A58), we used
1 .
pi(A A jpy = = p*8°" + = Jape NP i (A59)

d 2

with Jy e = tr(AAPA°) and > a Jaae = D4 SaJaae = 0. For
the latter relations, see Ref. [26], Appendix C2. To prove
Eq. (A59), first note that only the symmetric part of the matrix
A“ AP’ enters the product on the left-hand side of the equation.
More explicitly, we have

AN, pipr =5 (AGAL + ALAY) pipi. (A60)

M;

The matrix Mj; is symmetric in jl. Hence it can be decom-
posed according to

1 1 o
M = Etr(M)S i+ Etr(MAL)A;, (A61)
with
(M) = 209 A}, = 48, (A62)
tr(MA) =20 AY A = 2 ape, (A63)

which coincides with Eq. (A59). This formula is valid for
arbitrary dimension d.

To evaluate the remaining integral in Eq. (A56) we verify
via direct computation that

D} = 16A3 > (1 +850)*(1 + 85,)°dudy (q: AY; p;) (a4 Ay 1)

a,b

2
= 16A2- [(1_25+52)Zp,q, g +(1+45+8))  pig; - qj}

L

i#]

2
= 16[(1 —2648M)) pigi-qi + (1 +46+80))  pigi - (q* — qf)}
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2
= 16[2 Ppiqi(—68q7 + (1 +45 + 82)612)}

= 16[3632 Y pipigia; — 12801 +48 +87q° Y pipigiq; + (1 +45+87¢* Y Piqul'CIj:|~

i,j
Upon multiplication with the cubic function xcu(q) =
Hence we arrive at
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(A64)

iJ iJ

X~3/% and integration over q, all of these terms are proportional to §; e

D} 16 , (a8 +48+q° (¢ +45 +47)
\ X527 =3P |:368 /qT —126(1+45+6 )/T + (1 4 48 + 82)? / X5/2} (A65)
We apply
*(d} +d3) = q7 + 47 + 47 —3alq74. (AG6)
' =ql+a}+a}+2) dlq}, (A67)
i<j
d3+d; +di=3)"qlq}. (A68)
i<j
dsdsds = 33q;434:. (A69)
to write
D? 16 , [ 4*(d} +d3) 5 ,.2 [ q*(d5 +di +d?)
qW =3P [368 qu 126(1 + 45+ 6 )/W+128(1+45+8 )3LT
d2d4d5 q6
2 2y2
_8/ 5 +(1+48+8)/qﬁ . (A70)
At last, we use Y, d? = g* to bring this into the more symmetric form:
D? 16 2[ . [ a*(d +d3) PR di+di+d2) 36 , [ didyds
— =—p Q-9 /—+[(1+8) —45 ]/—+—8 /
(X523 o X572 X572 V3 )y X5
6 ,[2(1—29)> 3(1+6)? 8 36§ / 1
- - —— 3§ + —. A7l
|:5(1 _82)f3e( )+ 5 62)f2t( ) — R f3u(8) + [ A L) ——— f345(8) o (ATD)
[
We conclude that the p? contribution to the photon self- ~ which leads to the flow equation
energy is given by
-2 2 fez(a) 4
19%%,(rp) , f2(8) 1 ee=@—-d—ne — a5 (A75)
52 | =P — (A72)
2 8 |, (1—-268% Jqq*
B Inserting 7 from Eq. (A39) yields the fixed points ¢> = 0 and
with
1 e =B -8)f(e (A76)
fe(8) = (1 = 8)” +3(1 4 8)*) £2(8)
3 with & = 4 — d and
2(20 92 f2e(8) + 21+ 82 f(6) 19
3\5 3 5 o fu®) = 5 (A77)

128
© 5 (1+96)?

36 8%(1 — §)

a+or Ot 5 0 ey

f345(5)> (A73)
The function f,2(§) is finite for all § (although at first glance
one would expect a singularity for § — —1) and satisfies
f2(0) = 1. Accordingly, the one-loop correction to the charge
is given by

fe @) 4

Ae® = — e,
(1-48%

(A74)

(1 =8)[(1 = 8) fie + (1 +8) il + 15f
Note that f,(0) = 1. We plot f,2(8) and f,(8) in Fig. 8.

5. Short-range interactions

We derive the renormalization of short-range interactions
with the help of a set of master formulas that apply to arbitrary
four-fermion theories. By specializing to the propagators and
vertices which are of interest here, we obtain the running of
couplings g; 23 in Eq. (58).
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To introduce our notation, we start with a few general
remarks on the Wilsonian RG scheme. The partition function
of the theory is found from

7 = / D¢ e [ Liin(@)— [ Lim(‘b)’ (A78)
where ¢ = (¥,a) is a schematic field variable, x = (t,X), L,
is the kinetic part of the Lagrangian quadratic in the fields,
and Ljy, is the interaction part involving more powers of fields.
Introducing a momentum shell and dividing the field into fast

and slow movers according to ¢ = ¢_ + ¢, the quadratic part
factorizes, and we have

Z=7. /D¢)< e_fx Lkin(¢<)(e—fx Lim(¢<+¢>)>> (A79)
with average over fast modes
1
(0). = 7 / D¢ O~ Jx Lin(@-) (AS0)

and Z. = (1)-. The term (e~ /s Lim@<+4-)y_ generates contri-
butions with different powers of ¢. and ¢.. We eventually

write
7 — Z>v/D¢<€7I‘ Leff(¢<)’ (A81)

where L.g(¢) is the effective Lagrangian after the fast modes
have been integrated out.

propagators read
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In our case, the interaction part of the Lagrangian is given
by

Lin(¥r,a) (A82)

=yliay + ) g My,

where the matrices M; comprise the short-range interactions.
Upon insertion into Eq. (A79), the one-loop contributions
to the four-fermion interactions (i.e., those terms involving
precisely four slow modes 1/_) are generated by means of

(e~ I Linty

Zglg,[ WM M%)

- —3Zg, / (W Tiaw ) iaw ), (o M)

'X.

((liay) (Yliay), (Yliay). (Y liay),)-.
(A83)

L
24 Xyzw

Herein, the first, second, and third lines constitute the contri-
butions proportional to g;g;, e’g;, and e*, respectively. The
contractions can be evaluated by noting that the fast modes in
Eq. (A80) are described by a quadratic action, hence the

(Y=L = Gy (x,y), (A84)
(as(x)a-(y))> = Gu(x,y), (A85)
or, after Fourier transformation,
(V- (O (). = G2 -5(0 - 0, (A86)
(a-(Q)a-(Q"))- = G2 -8(Q + 0" (A87)
with G g and GaQ from Eqgs. (A22) and (A25), respectively.
Let M and N be any of the matrices {M;}. The relevant contractions are then given by
f (W MY INY)?) = —4 / W MY INY(GINGIM) + 4 / W My)(YINGSMGENY)
Xy
4/ (wTMcchng)(wTNw)+4/ (WIMGENY)(vINGS My)
(4] [¢]
2/ (WIMGINY) (v MG, NY) +2f (WINGIMY)(WING P MY), (A88)
Q0
/ (Gytay), Gy iay), (W My)2) = -2 fQ G22(v'GSMGSY) W My) + (VG2 My) (v G My)
xyz
+2(v1GEMY) (VTMGS ) + (WIMG,2y) (W IMGSy)]. (A89)

We relabelled ¥ _(x) — ¢ and omitted the integral fx on the right-hand side. Using Eq. (C2) we can decompose the result into
contributions ~(¥ T Ay ) (T X Ey). We have

/@ (W M)2WINY)). = 16][ 4/Qtr(G§NG§M)tr(M2ANEB)+4/Qtr(M2ANG§MG§NzB)
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0 0 A B Q A Q B
+4 /Q u(MGyNG,MZ NE”) + 4/Q u(MGyNZ NG ;M%")

+2/ tr(MGgNzAMG;QNZB)Jrz/ tr(NGgMzANG;,QMEB)}(WEAw)(wTEBw),
Q Q
(A90)
. . 1 _
/X Navlans oy, oMy, =g fQ G2 u(GMGEE  MET) + (G, P M GIMET)
+2u(GEMEAMGEIEE) + (MG, 22 MGIEE) (W s )W By).  (A9D)
The contribution of order e* is found to be

/ ((liay) (Yliay), (¥ liay).(liay),). = 12 /Q (G2Y[(wiGSv)* + (v'GSw)(v'G,%v)]. (A92)
xyzw

In deriving these results, we made no further assumptions on the structure of the fermion propagator Gg or the vertices M,N.
Hence the expressions are valid for general four-fermion theories with differing kinetic terms or number of fermion components.
Note, however, that the displayed results are only meaningful after the appropriate Fierz identities of the theory have been applied
to eliminate the contained redundancies.

g before applying Fierz by

.....

V=G -dg+ £16)- Ag” (A93)

i
and the actual flow equations for g » 3 after Fierz by
g = (z—d)gi + f1(8) - Ag;. (A94)
From the Fierz identities (C17)—-(C21) derived below, we obtain
Ag = Agio) — %(Agio) + Aggo) + Agéo)) - %Ag;o),
Mg =gy — A — A8 + 348 — $Agy,

© _

0 0 0 0 0
Ags = Agy — SAgY + S0 — 1agd — Lagh + ingd. (A95)

Performing the frequency and cubic momentum integrals in the same fashion as for the self-energies, we are left with

Agl =4(—=5+2F_ +3F,)gi — 3(-5+4F_ +3F)g18 — 3(—5+2F_ 4+ 5F.)g183 — g — 68283 — 383
+15(5 = 2F- = 3F,)e’g1 — 3F_e’gr — $F,egs, (A96)

Agr= — 3F_gi + 15 +3F)g1g2 — (5 + 4F_ +6F1)g5 — 3(1 + Fi)gag3 — 35 + F)g3
—1F_’g1 + 5(5+3F )’ g — & Fe?, (A97)

Ags=—1F g +3(5+2F + F)gi185 — $(5+2F;)g; — (10 +4F_+ Fy)gogs — 3(5+3F_ +5F,)g;
—1F g1 + 55+ 2F_ 4 Fi)e’gs — 55 Fye®, (A98)
with F1(6) as defined in Egs. (70) and (71). The B functions simplify further upon using 2F_(8) + 3F;(5§) = 5 for all values of

3. This yields the flow equations (67)—(69) discussed in the main text.
The contributions Ag; in Eqs. (A96)—(A98) have the particular feature that g; and e? only appear in the combination
&2
gt - (A99)
This can be traced back to the momentum shell regularization scheme, the photon propagator being independent of frequency,

GY = ;—22, and the square of the fermion propagator vanishing upon frequency integration, namely,

0\2 _
/ (Gw) =0. (A100)
q0
Indeed, this is satisfied for Gg from Eq. (A22), but does, for instance, also hold for a Dirac particle.
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To prove this statement, we first consider the terms that are linear in g; + % Set N = 1in Eq. (A88) and let g; # g,. We then

have

8ig1 / ((wiMy)iwty ). =g,-g1[—4 /Q W M)W (GEGIM) +4 /Q WMy (WIGEMGSY)
xy

+4f (WMGﬁGﬁMw)(Ww)H/ (v MGSv) (v GIMy)
0 0

Now use Eq. (A100) to simplify this according to

w2 [ winagy)(uine, o) 2 [ (Wesmn)wia )] @ion
sen | <(¢*M¢)§<w*w>§)>=2gigl[2 /Q W M) (v GIMGy) +2 /Q (v MG o) (wiGomy)
Xy
+fQ(w*MGﬁw)(wTMGwa)+fQ(wTGng)(wTGwQMw)] (A102)

This is structurally identical to the right-hand side of Eq. (A89). Upon re-exponentiating, Eq. (A102) for g; # g; gets multiplied

by —1, and Eq. (A89) gets multiplied by % Accordingly, we can only have contributions ~ g;(g; + %). To show the appearance
of this combination also to quadratic order, set g; = g; = g1 (M = N = 1) in Eq. (A88). We then find

g / ((wiy 2@ iy)3). =2g%[2 / WI(WGIGoy) +2 / (W GSv)(vIGSv)
xy 0 [¢]

+ [ wagneieen + [ (V1650)(w'6,%v) |

—af| [ iagnwiatn) + [ iatn ey |

This is obviously structurally identical to the right-hand side
of Eq. (A92). When re-exponentiated, Eq. (A88) for g; = g;
gets multiplied by —% and Eq. (A92) gets multiplied by —i.
Hence we can only have terms

1 2\’
~ 2g%+—e4 =2 g1+— +....
2 2

We conclude that Coulomb interactions can be included by
replacing g; — g1 + % in the B functions for the short-range
interactions, and, of course, by including the renormalization
of the fermion self-energy.

(A104)

6. Susceptibilities

In this section, we compute the order parameter susceptibil-
ities for both insulating and superconducting terms. For this,
we couple terms Lo = AW TMy) or LS = A(yTMy*) to
the Lagrangian and determine the resulting flow equations for
A. We give general master formulas in a similar fashion to
the discussion of the flow of short-range couplings. We further
analyze in detail the particular role of magnetic order in the
cubic case.

We first consider the influence of an insulating term
Lo = A(YTMy) with test vertex M. Writing the inter-
action part of the Lagrangian as in Eq. (A82), we find
the relevant contributions to the path integral to be given

(A103)

{
by

— [(Lo+Lin)
(e )

>

1 i
=528 Y e [ (e me).
i xy

1 , 4
- 53A/ ((Fliay) (Yliay), (W My).).. (A105)
xyz

The individual contractions that contribute to A can then be
computed with the help of the master formulas

/ (W My) (WINY)}) = =24 "N Y) /Q r(MGINGS)

+2/ Y (NGSMGEN)y
Q
(A106)

and

/ (Wliay) (¥ iay), (T My),)
xyz

= —2/ G2y (GIMGY)y. (A107)
Q

Again, using Eq. (C2), we can express M and N in terms

of {¥4}. Upon coupling a superconducting vertex LE;;“) =

A(YTMy*), we obtain corrections from the same terms as

in Eq. (A105), given we replace WiMy) —» (I/J]LMw*). The
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master formulas for the corresponding contractions read

/ (@MY )Ny =2 /Q VING,°M[GE] N'y*
} (A108)

and

/ (Wliay) (Y liay), (T My™),)
Xy

%4

= _z/(JG,?wTGwQM[Gg]’w*. (A109)
We used that M' = — M for superconducting vertices M. With
the same manipulations as in the previous section it is possible
to show that both the insulating and superconducting suscep-
tibilities depend on g; and e? only through the combination
&1+ %

By adding a term L ¢ with particular symmetry properties to
the Lagrangian, we generate all possible terms that are allowed
within the symmetry constraints. In particular, choosing the
test vertex to be M = X4, we typically only generate a
contribution proportional to Lg through Eq. (A105). For
instance, for M = W5, we schematically write

AW Wa) ZB o, AT W),
with the prefactor giving the exponent of the susceptibility. The
corresponding results are summarized in Eqs. (A124)—(A128)
below.

A peculiar situation arises, however, when coupling terms
with M = J; or M = W;. For § = 0, they are distinguished
through their transformation properties under SO(3) via the
tensor rank. On the other hand, for § # 0, their symmetry
pattern is completely identical and both represent magnetic

ordering. In fact, the contributions that are generated through
Eq. (A105) read

(A110)

loops

AW T =5 Alng (W) +a@ I Wiy)l,
1
AW W) =B Ala( Tw) + nw, (W Wip)l.
Hence enhancing 7; will always generate a contribution to
W;, and vice versa. The leading instability is then generically
a linear combination of both. To find the leading instability,
we consider the test vertex Ly, = A(Y"M;y) with

M,' = ()[‘,7,‘ +,3Wl

(A111)

(A112)

We choose @® + 2 = 1 to ensure tr(M; M) = 43;;, general-
izing Eq. (29). Further restrictions on o and 8 appear upon

. loops )
requiring that Ly, =20 u, Ly, holds true. Using the above
equations, we easily see that

Ly, =5 A(m - i—“)LM, +hAWTWY)  (AL13)
with
a -, 2
h =B, —ng) + (@ = B?). (A114)

A stable divergence of a particular channel M; then requires
the self-consistency condition 2 = 0 to be satisfied.
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In the isotropic case (§ = 0 and g, = g3), we have a = 0
and 17 = nw, for all i and w, see Eqs. (A123) below. Hence,
there is no mixing between Ly and Ly,, and the condition
h =0 is satisfied. For the anisotropic case, let a # 0. In
order to solve h = 0 for o and 8, we introduce y = "Wal
so that we are left with the condition ya8 + o> — 82 = 0.
We show below that in fact y = 3/2 for all é ## 0, which
limits the solutions to § = 2« or B = —«/2. After a proper
normalization, we are left with two bilinears L M which we

label according to M; — U;, V;. They read

1

U =—7Q2J — W), AllS5
ﬁ(j ) ( )
1

Vi=—=(J: +2W)), All6
ﬁ(j ) ( )

and satisfy tr(V; V;) = tr(U;U;) = 46;; and tr(V;U;) = 0. The
associated susceptibility exponents are found from Eq. (A113)
to be ny, = ng + %(Uwi — 1), where we exploited again
y = 3/2. We then find

nu, = @ng — nw,), (A117)

v, = 340w, —nz). (A118)
As pointed out in Ref. [33] with V; = y4;, the components of

1% satisfy the three-dimensional Clifford algebra

(V.V} = 2614 (A119)

Due to this extra symmetry, it is natural that coupling a term
Ly, to the Lagrangian only generates terms again proportional
to Ly,. Note further that

Vi = pss,
Vo = —yss,
Vi=—yau (A120)
and
U = %714 + \/751/24,
U, = 11/13 - ﬁ)’z&
2 2
Us = —yis. (A121)

We now summarize the order parameter susceptibility
exponents obtained from Eq. (A105) for the system considered
here. In the isotropic case (6 = 0, g» = g3), we obtain

n =0,

. = 3(g1 +3¢°) — T,
M = 3(81+ 3¢%) + 382,
Y = —(g1 + 1€%) — 582,

M = —5(81+ %62) +38. (A122)
In particular, we have
Ng = 0w, = Nyu- (A123)

075149-20



ANISOTROPY INDUCES NON-FERMI-LIQUID BEHAVIOR ...
For the cubic symmetric system with general §, we find

n1 =0,

1 e?
ng, = 1—0f1(5 + 3F+)[g1 + 5~ 4g) — 3g3],

1 e?
T, =Efl(5 +2F_ + F+)[81 Ly -2 —583],

=

2 e?
ng = gfl [5(81 + 3) +2F g+ (G- 2F+)g3],
82

1
nw, = %fl |:5(1 + 3F+)<g1 + > ) +32F &

+G - 17F+)gs],

LIPS P
TIW,;—lol +)] 81 ) 83|

2 2
nw, =§f1F—|:81+5—282+3g3:| (A124)

for the insulating channels, and

2
e
n;i‘;) — _fl |:g1 + 3 + 2g2 + 383],

2

1 e
nﬁg=]6ﬁ6—3a>f(&4~5>+3&}w=12x

© ~Lip [ (0+S) 420+ 8| @ =345
Myayss = 5f1 | —lert 3 g2+ 83| (@a=34,
(A125)

for the superconducting ones. The isotropic limits (A122) are
recovered for § — O.
The mixing term a introduced in Eq. (A111) is given by

62

—4F
) ) +82

2
a= —Efl [(F— - F+)<g1 +

+(F- + 3F+)83] (A126)

Obviously, a =0 for 6 =0. (Fxr =1 and g, = g3 in the
isotropic limit.) For § # 0, the term is nonzero and we verify
by inserting the above expressions that

3
=—. A127
> ( )

840

Nw, — N7,
y=————
a

We used that 2F_ +3F, =5 for all §. Remarkably, y =
3/2 holds true for all possible values of the couplings
(g1, 82, g3, and €?). From Eqs. (A117) and (A118), we deduce

1 &2
nu, = mf1(5 - F+)<g1 + = +gs>, (A128)

2 e?
ny, = §f1F+<81 +3+282—83>- (A129)
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APPENDIX B: TENSOR DECOMPOSITION

1. Symmetric tensor bases

We construct tensor bases for symmetric and symmetric
traceless tensors. The dimension of the vector space of d-
dimensional symmetric tensors of rank ¢, and thus the number

of basis elements, is (d +f - 1). Hence we have
d

{=1: <1)=d, (B1)

d+1 did+1)
£=2: = —, B2
(‘3 -%5 ®2)

d+2 dd+ 1)d+2

£=3:(:>=%_ (B3)

In particular, in three dimensions there are three vectors, six
symmetric second-rank tensors, and ten symmetric third-rank
tensors.

Rank 2. We start with the case of rank £ = 2. A tensor basis
for symmetric second-rank tensors is given by

Eg.’m) = elq)e;m) + ey)el(m), [ < m. (B4)
The indices i, j,/,m run from 1, ...,d. Herein e® is the unit

vector pointing in k direction. Of course, ef.l) = §;;. In three
dimensions we have six possible index combinations for ({/,m),
given by (1,1), (2,2), (3,3), (1,2), (1,3), and (2,3). We can split
the basis elements into one diagonal element and several sym-
metric traceless components. In d = 3 dimensions, we define

2 2
A?J =\/;(egl)ey)—i-e?)é”—i—e,@e?)) :\/;5”’ (B5)

Ailj _ elgl)e;l) _ 652)632)’ (B6)
Ny = e P 2.
A = e +elVef?, (B8)
Afj = el@ef) + e;z)el(-S), (B9)

5 _ (D2 1,2
Ay = ee? + e, (B10)

The matrices A“ coincide with the real Gell-Mann matrices
and satisfy the orthogonality condition

tr(AAP) = 28, (B11)

witha,b = 0,1, ...,5. We further have tr(A°A®%) = 2 and the
orthogonality of A” and A“ implies tracelessness according to

tr(A) o tr(A°A%) = 0. (B12)

Along the lines presented here, the Gell-Mann matrices are
easily generalized to arbitrary dimension d, see, for instance,
Ref. [23].

The matrices A“ satisfy the completeness condition

AYAY + ALAG = 881 + 8. (B13)

To see why this is indeed the completeness relation, assume
that we have a complete set of symmetric traceless matrices
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{E*} with tr(E“E?) = 26", Then every symmetric d x d
matrix M can be written as
1 1
M;; = gtr(M)Sij + Etr(ME")Ef’j. (B14)
For a general d x d matrix N, the right-hand side of this
equation can still be computed, but it only gives the symmetric
part of N, namely,

1 1 1 s a
E(N,‘j + Nj,‘) = gtr(N)(S,‘j + Etr(NE )Eij (B15)
or
1 1 1
5(51'1(5]‘1 +68i8jK)Nu = d5k15u + 2Ek, Nu. (B16)
In this equation, Ny, is completely arbitrary, and thus
1 1
((Slkgjl + 5118]1{) - 8”(81] + 2Ea Ea (B]7)
Writing E}, = [5k1, we arrive at
E)Ep + EfEfy = 8dji + 8ud i (B18)

which agrees with Eq. (B13) for E¢ = A“. .
We conclude that every symmetric second-rank tensor S;;
can be written as

- 1
with, using Eq. (B14) for M = §,
S() = tr(S‘) = Siia (B20)
Sa = 3t(SAY) = 58, A, (B21)

In the second line, we used that Aj; is symmetric in ij.
Rank 3. Next we turn to symmetric third-rank tensors. A
basis is given by

(1) (m) (n)

El(jkm") = + permutations of i jk (B22)
with [ < m < n. In d = 3, there are ten such combinations

given by (1,1,1), (2,2,2), (3,3,3), (1,1,2), (1,1,3), (1,2,2),
(1,2,3), (1,3,3), (2,2,3), and (2,3,3). As in the second-rank
case, we construct proper linear combinations of the E lf{){m’") ,
which constitute a suitably normalized basis for the trace(s)
and traceless components of symmetric third-rank tensors.
Note that for such a tensor, called B; jk» there are d traces
8ij Biji labeled by the index k. For d = 3, we define

2
Fl, = \fs (676" + 816D + 8 e(1),

2
Foa = 2006 + 0 + 85,

2
Fij = \/;(51161(3) + e +8jue)”),

(B23)

PHYSICAL REVIEW B 95, 075149 (2017)
and

Ej = 15(‘9(1)6(1)6“) (e + e’ + 8,ke,(j))>,

— ml»—

B2, = m(ﬂe%,@

(2 (2) (2)
[ 5(81}61{ +8lke +8}kek ))’

1
El3jk = \/1_5<e(%)e(3)e(3) 5 (3,‘]6‘(3) + 8,ke(3) +6; ke,@)),

1,-

4 (1,2,2) (1,3,3)
Eijk = E(Eijk Euk )*
1 _

5 2,3,3) @.1,1)
Eijk = 2(Ez/k Eijk )’
1
6 _ (3,1,1) (3.2,2)
Eijk - 2(Ez]k Ez]k )’
12,3
El, = EjY. (B24)

We label the former and latter by indices m = 1, 2, and 3 and
w=1,...,7, respectively. We have

/10
Fli = ~/10¢,".

The tensors (B23) and (B24) are orthogonal according to

(B25)

Fl Fly = 68, (B26)
El\ Ey = 681, (B27)
FLEly = 0. (B28)

Note that 6 = 3!.

Analogous to the second-rank case, we derive the complete-
ness relation for symmetric third-rank tensors. Let N;;; be a
tensor with three indices, which need not be symmetric. The
expression

%(Nijkﬂ?k)ﬂnrzn +5% (NleEl]k)ElI:nn (B29)

captures the symmetric part of N;j;. Thus, generally, we have
(NllkFl,]nk) Fl’:m +3 (NllkEka)Elmn

= E(Nlm,, + permutations of Imn). (B30)

Since Njji is arbitrary we conclude that completeness in the
space of symmetric third-rank tensors is equivalent to

F m

UkFlmn + Eﬂ EM

ik Elmn = 0118 jmSkn + permutations of i jk.

(B31)

By a direct computation, one verifies that this relation is
satisfied for the tensors defined in Egs. (B23) and (B24).

Thus we have shown that every symmetric third-rank tensor
B; ik can be decomposed as

Bijx = by, Fli+B El]k (B32)

with
by = Bz;kF,l}lky (B33)
B, = B,,kE,]k. (B34)
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2. Application to irreducible spin tensors

We apply the results of the previous section to the spin
Jj = 3/2 matrices J;. Although the results of this work, by
construction, are representation independent, we choose at
some points a particular representation for displaying explicit
expressions for the algebraic objects. We define

0 V3 0 0 0 0 0 0
s _lo 0 2 0 ;|3 0o 0 o
*“ 1o o o v3|” 7|0 2 o0 of
0 0 0 0 0 0 V3 0
3
30 0 0
0 5 0 0
J, = | (B35)
00 -1 o0
o o o0 =3

With J, = J, +1J, and J_ = J, — iJ,, this implies that

0o £ 0 o0
Jy = l(J+ +J)= ? 0 1o . (B36)
2 o 1 o ¥
0 0 £ o0
0o -2 0o 0
_ _(J+ I 20 -0
o i 0 —i¥
0 0 ¥ 0
(B37)

This representation corresponds to the common parametriza-
tion with quantization axis h = e,.
Consider now the second-rank operator valued tensor

Si; = Jid; + J; ;. (B38)
Using the definition in Egs. (B5), we find Sy = £14. This
implies that the symmetric traceless tensor
_ 1
Sij = SU — ESOSU == SuAilj (B39)
coincides with
Sij=Jid;i+ ;0 — 34 (B40)

defined in Eq. (25). The coefficients S, of the matrix-valued
tensor S;; are matrix-valued. For our purposes, we choose the
normalization

1
Va—%

These matrices are the y matrices introduced in Eq. (3), which
satisfy the Clifford algebra. (The latter property can easily be
shown by direct computation.) We have tr(y,y,) = 48,5 and
(¥a)! = ya. We have

S, (B41)

Sij = V3ya A (B42)

with S, = §; jAfj such that the y, are given by the expressions
in Egs. (33)—(37). We can also express this in the components
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of §;; by using

« = —=Sij A, (B43)
y 2\/— ] Jj
which gives

1
V= m(&wC -8y, Y= ESZZ’ (B44)

1 1 1
= —3S,,, =—3S5,., = —38,. (B45)

V3 \/g 7 V4 \/E yz» V5 ﬁ y

We used the symmetry S;; = S;; and vanishing of the trace
Sex + Syy + Sz =00f S.
Next consider the symmetric third-rank spin tensor

B,-jk = J;J;Ji + permutations of ijk. (B46)
It can be decomposed according to
Bijx = by F, ik + Bu E (B47)
Using 8;; Bijx = 4 Ji, we obtain
1. 41 |2
b = gBiJkFl’fk Z\/;Jm. (B48)

Consequently, the irreducible component

Bijk— z;k b Fl]k

= Biji — L 2(8;¢" + 81ke(m> +8ixe™) I

= Biji — E((Siij + 8idj + 8jx i)

coincides with B;j; derived in Eq. (26). We introduce the
matrices W, such that they satisfy tr(W,, W, ) = 44, according
to

(B49)

W, = (B50)

2 B
33
Applying Egs. (B24), we then arrive at Eqs. (38)—(44).
It is instructive to relate J; and W, to the matrices y,
with a@ < b. Applying M = ju(MT*)I'* with M = J;, W,
and I'* = y,, yields

1 V3 1
J,=— — =35, B51
o 2J/14-|- > V24+2V35 (B51)
1 V3 1
J= ~yi3— X0 — ~yis, B52
y =513 T Y3 T Vs (B52)
1
Jo=—y5— V3 (B53)
and
W, = ! L /3 + (B54)
1= 2\/37/14 2 J/24 fyss,
% ! +3 L /3 2 (B55)
2 2\/—7/13 J/23 ﬁy45,

1 2
Wy = — — — V34, B56
3 5)’15 ﬁy34 (B56)

V3 1
Wy = — - = B57
4= Ve = S (B57)

V3 1
Ws = 5 Y13 S, (B58)
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We = yas., (B59)

W7 = 712 (B60)

3. Higher-rank tensors and Cayley—Hamilton

The procedure outlined in the previous section can also
be applied to construct higher-rank irreducible spin tensors.
However, for a representation of the spin j algebra, no
irreducible spin tensor with rank £ > 2 exists [30]. We recall
the proof of this statement here explicitly for j = 3/2 and then
discuss the general case.

Consider the symmetric fourth-rank j = 3/2 spin tensor

(B61)

Kiju = JiJ;JiJ; + permutations of i jkl.
The tensor is easily made traceless by an appropriate ansatz
and employing J; Sy, J; = %Sk[, which yields

Kiji = Kijxi — 58S + 8ixSjt + 8Sjx + 8 xS

+ 818k + 8uSij) — 5 (818 + Sikdji + 88 )14
(B62)

We then indeed have §;; K;jx; = O for all kI. However, we even
verify by explicit computation that

Kiju =0 (B63)

for all indices ijkl. This finding can be understood as a
consequence of the Cayley—Hamilton (CH) theorem.

The CH theorem states that every operator is a zero of its
characteristic polynomial. For matrices M, as in our case, the
characteristic polynomial is defined as

p(T) = det(T1 — M), (B64)

where T is a formal place holder. The zeros of p(1) for A € C
are just the eigenvalues of M. According to the CH theorem,
inserting M into the polynomial yields the zero operator. To
see this, let M be Hermitian for simplicity and let it act in some
vector space, solve the eigenvalue problem Me® = Ae™, and
decompose any vector in this vector space as v =), c;e.
But then

p(Myv =) cip(Me” =3 cip(e® = 0. (B6S)
A A

As v was arbitrary, we conclude p(M) = 0. This proves the
CH theorem for Hermitean matrices.

To prove Eq. (B63) via CH, we follow Ref. [30]. For the
spin j = 3/2 matrices, we have

(h-32)(0-3- (-3 + (-3 +3) =0,

where h € R? is an arbitrary quantization axis with [h| = 1.
This well-known fact is a manifestation of the CH theorem.
Indeed, given the representation from Eq. (B35) with h = e,
we see the characteristic polynomial of h - J = J to be

(B66)

J
pM) = [T —m.

m=—j

(B67)

Applying rotation invariance then yields Eq. (B66) as the more
general case. We multiply Eq. (B66) by the irreducible fourth-

rank tensor h;hjhih; constructed from the product k;hjhih;
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along the lines introduced above, and integrate over all possible
values of h to find

J
0= /d3h [] 03— mhihihch

m=—j

= /d3h (h- J)*hihjhchy o Kiju. (B68)
In the integration, all terms except to those involving (h - J)*
vanish as they are either odd in h or would result in a
partial traces of h,-h/jahl, which vanishes by construction.
The remaining integration projects onto the symmetric and
traceless part of J;J;JiJ;, which is precisely K;ji;. The
proof also works for different j since in this case p(T") has
2j + 1 factors so that upon multiplication with h; - - - h;,,
and subsequent integration, the irreducible tensor of rank
€ =2j+ 1 is projected out and seen to vanish. Further note
that multiplying Eq. (B66) with an arbitrary power of (h - J),
one can show in the same manner that all irreducible spin
tensors with £ > 2j 4 1 vanish.

APPENDIX C: FIERZ IDENTITIES

In this Appendix, we derive Fierz identities for both the
rotation symmetric and the anisotropic case. For a detailed
discussion of Fierz identities in general see also Refs. [26,42].
Let X again be the space of Hermitean 4 x 4 matrices, and
let {£4}a_1....16 be an R basis of X'. Assume the basis to be
orthogonal according to

tr(TA28) = 4548, (C1)
Every matrix M € X can then be expressed as
M = tuMzhHxzt. (C2)

Further let ¥ = (Y¥1,v%2,¥3,%4)" be a four-component vector
with anticommuting Grassmann variables ;. Given M,N €
X, general four-fermion interaction terms can be decomposed
as

W MPYWINY)=—Lue(MEANEP) @ 24y nby),
(C3)
W MYHY'NY) = Le(MEANEP) @I (EH' Y@ 28y,
(C4)

respectively. Now apply Eq. (C3) for the basis vectors M =
¥4 and N = X5, or sums thereof. One would expect the
trivial result to emanate. However, this is not the case, and the
nontrivial relations obtained with this procedure are the Fierz
identities.

‘We first consider the rotation invariant case. Let

X, =@y, (C5)
X = Wlyav), (C6)
Xy =@ Ty, (C7)
Xy =@ W9 (C8)
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be the four-fermion terms allowed by rotation symmetry.
Applying Eq. (C3) according to

> W MW N

= —11—6 (Z tr(MiEANizB>>(wT2Aw><w*sz>,

(C9)
with {M;,N;} containing the matrices that enter X, 4, we
arrive at

X =FX (C10)
with X = (X, X5, X3,X4)" and
—-1/4 —1/4 —1/4 —1/4
—-5/4 3/4 —1/4 —1/4
F = / / / / . (C11
-3/4 -=3/20 —11/20 9/20
=7/4 —=7/20  21/20 1/20
|
—-1/4 —-1/4 —1/4 —1/4
—1/2 0 1/2 —1/10
—3/4 3/4 1/4 —3/20
F -3/4 -3/20 -3/20 —11/20
N -3/4 =3/5 3/20 9/20
—3/4 0 —1/4 9/20
—1/4 1/4 —1/4 3/20
0 —-3/10 1/5 0

We have F? = 1g. For F' = F — 1g, we have rank(F’) = 5,
implying five Fierz identities, and row reduction yields

1 0 13 0 0 0 2 5/3
01 -2/3 0 0 0 0 5/3
00 0 1 0 0 =3 -3
, 00 0 0 1 0 =3 —92
F~1o 0 o o0 1 -3 —s5p2| €1©
00 0 0 0 0 O 0
00 0 0 0 0 O 0
00 0 0 0 0 O 0
We read off the Fierz identities
0=Ly+4Ls+2L7+3Ls, (C17)
0=1L,—2L;+ 3Ly, (C18)
0=L,—3L; —3Ls, (C19)
0=Ls—3L;— 3Ls, (C20)
0=L—3L; — 3Ls. (C21)
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We have F2 = 1,4. Denote F' = F — 14, which has matrix rank
rank(F") = 2. This constitutes the number of Fierz identities.
After row reduction, F’ is given by

1 1/5 1/5 15
oo 0o 1 =37
Felo o o . | (C12)

0 0 0 0
from which we read off the Fierz identities
0= ') + iy ) + L Zv ) + Ly way)?,
0= Tw) — 2 W) (C13)

These relations allow to eliminate two couplings from the
analysis of the rotation invariant case.
Next consider the cubic symmetric case with L =

(Ly,...,Lg)" and the L; from Eq. (50)—(57). With the same
procedure as in the rotation invariant setup, we obtain
L=FL (C14)
with
-1/4  -1/4 —1/4 0
-2/5 0 1/2 =2/5
3/20 —-1/4 -3/4 2/5
9/20 9/20 9/20 0
/ / / C15)
-1/10 3/10 —-9/20 3/5
3/10 —1/2 3/4 —1/5
-3/20 1/4 —-1/4 =2/5
3/10 -1/10 -3/5 —=3/5
[
We may use them to eliminate L4 g by means of
Ly=—=3L1 — {5Ly — {Ls, (C22)
Ls=—3Ly— SLy + 3 Ls, (C23)
Le=—3L1 — 3L, (C24)
Ly=—iLi+ 3L, — }Ls, (C25)
Ly=—-3L,+ iL;. (C26)

APPENDIX D: CUBIC INTEGRALS

We parametrize momentum integrations by means of

2 T [ee)
/(...):f d¢/ dO/ dg ¢>sinf (...). (D)
q 0 0 0

We write X = 22:1(1 + 85,)*d? and d, = d,(q). Further let
% (g?) be any function of ¢ with compact support (such as in
the momentum shell A/b < g < A). The functions f;(8) are
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then defined for |§| < 1 according to

1 ) 1 s
/W x(@q") = fl(S)/(;? x(q°), (D2)
J2(8) 1
/ o 1@ = G 5 ), g7 1 ), (D3)
1 f(8) 1
/QW 1@ = G55 : 52)3f X, (D4
and
a=1,2:
d2
/Xl/z x(q*) = fle((s)/qz)((qz), (D5)
dy 5 1 [0
/(;Xs/z x(q7) = 519 x(q?), (D6)
di o 1 fx() I
LXS/z x(q) = §quﬁ)‘(q ), (D7)
and
a=345:
d3 2 1 2 2
/qxl/z x(q7) = §f11(5) q- x(q°), (D8)
dg 2 I fu(d) 1
[,xm HO=50% s /_2 (b9)
dz N f3(8) 1 5
/XS/z x(q7) = gm/ x(@*. (D10)
We also need
dydads 5 N3 fus(3)
/q X X = 35 (g | g X@) 1D

The integrals on the left-hand sides of these equations
generically appear in the derivation of RG equations carried
out in this work. We see that the difference to the isotropic
case (8 = 0) appears through scaling factors (1 & §)~!, which
may qualitatively change the flow for |6] — 1, and rather
unimportant prefactors f;(8) representing the fine print. The
functions f;(8) are shown in Fig. 8.

The definitions (D2)—(D11) imply some immediate rela-
tions between the f;(5). Employing >, df = g*, we find

5£1(8) = 2/1e8) + 3 fud), (D12)

5£2(8) =2(1+8) f2(8) +3(1 =) fu().  (D13)

5£(8) = 2(1 48’ f2(8) +3(1 = 8’ f(8).  (D14)
Further we have

5A(8) =21 = 8) f2(8) +3(1 +8) fu(3),  (D15)

5£2(8) = 2f3c(8) + 3 f(9). (D16)
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In particular, Eq. (D15) implies that
2F_(8)+3F (8)=5 (D17)
for the functions F defined in Egs. (70) and (71). Accordingly,

F_(-1) =3, (D18)

Fi(l)=3. (D19)

The latter two results are relevant for the analysis of short-
range interactions in the limit of strong anisotropy.

The angular ¢ integration can be performed analytically
with the help of the complete elliptic integrals of the first and
second kind given by

/2 1
K(m) = / do ——, (D20)
2 V1—msin’a
E(m) =7 dav/1 — msin a. (D21)
0

These functions are implemented in common computer alge-
bra packages. We have K (0) = E(0) = 7 and

1
2mK'(m) = —K(m) + I—E(m)’ (D22)
—m
2mE'(m) = E(m) — K(m). (D23)
Upon substituting « = 2¢, we have
_ 2 1
K, (A) = d :
(A) 0 ¢(1 + A cos? ¢ sin2 ¢)/2
/4 1
=38 d
/(; ¢ (1 4+ A cos? ¢ sinZ ¢p)"/2
/2 1
—4 / do———  (D24)
0 (1+ 2 sin? oz)"/2
We then find
A
Ki(A) :4K<_Z>’ (D25)
K5(A) 4 E A (D26)
3(A) = T % 1)
Ks(A) |:2<2+A)E( A)
5 — —_— —_——
3(14 4 4 4
1+ 4 K A (D27)
4 4
For this note that an m derivative of Eq. (D20) yields
) T2 msina—1+1
2mK'(m) = dt ——mMmMM
0 (1 — m sin? )3/2
/2 1
=—-K de ——F—F—F=. (D28
(m)+/.g a(l — m sin? a)>/? (D28)
Thus 71/2 dam = 2mK’(m) + K(m) = ﬁE(Wl)
due to Eq. (D22), which proves Eq. (D26). Tak-
ing another m derivative of the just obtained rela-
thIl we find fﬂ/z (l —m silnzoz)5/2 = 1+ dm(l mE(m)) =
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fi f2
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f3 fa45

0._01.0 y y 0.0

-0.5 0.0 0.5

FIG. 8. The functions f;(§) defined in Egs. (D2)—(D11) and used at various places in the analysis. The solid red lines display f;(8), whereas
the dashed blue lines constitute unity as a guide to the eye. We also show f,2(8) and f,(§) characterizing the charge fixed point. As essential
features the functions f; satisfy f;(0) = 1 and are positive of order unity for all §. Consequently they barely influence the qualitative RG flow,

although, of course, they induce quantitative changes.

m[z(z — m)E(m) — (1 — m)K (m)] due to Eq. (D23), and

thus formula (D27). We further have

Rous(A) = /2” cos® ¢ sin® ¢ 29 &)
WA ) (I + Acos?gsin?)2 — 39A

) )

(D29)

The functions K;(A) cover all ¢ integrations needed for the
present analysis.

The remaining 6 integrations are sufficiently simple to be
evaluated numerically. Note first that in the usual spherical
coordinates, we have

X =(1-87%4%"+125 quqf = ¢*B(1 + Acos’ ¢ sin® ¢),

i<j
(D30)
with
Ao 128 sin* 6 D31)
T (1 —8)2 4 128sin26 cos2 6’
B = (1 —8)%+ 128 sin® 6 cos? 6. (D32)

Fturther recall fq x(g?) =4m flf/b dgq?x(g?). We thus arrive
a

5= [ a0™% g, D33
0= [ wgER@. o0
(1—-68% (™  sinf
Tl A SV USE
P Ciulu iy PLLLY 2 D35
o =S [Tk, 039)

Using the same derivative techniques as described in the
previous paragraph, one can show recursion relations such
as

f2(8) = f1(8) + 28£(8).

However, for all practical purposes, we found it more conve-
nient to directly evaluate the individual integrals for numerical
accuracy.

In order to evaluate the f; functions with d> appearances
in the numerator, we first observe that in order not to spoil
the analytic ¢ integration it is convenient to exploit cubic
invariance and consider

(D36)

a=12:d; - d; = 1q*Qcos’0 —sin’0)*,  (D37)

a=345:d; - 1(di +d;) = 3q* cos’ 0 sin*0. (D38)
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We then arrive at

1sinf(2cos® 0 — sin 0)?

PHYSICAL REVIEW B 95, 075149 (2017)

Ki(A),

5 b3
mm=aﬁde o

5(1—=8) [ Llsin6(2cos?6 —sin?6)?
=202 [Map )
47T 0

1sinf(2cos’ 0 —sin?6)? _

B K3(A),

fSe(a) = 4

and

5 T
fio = [0

51+6) (7
e =22 [ a0
T 0

5(1 = 8)(1 4 8)°

_ 3 b4
5(1+6)(1 —6) / a0
0

Ja(8) = o

To obtain the function f345 note that dsdsds = 3\/§qfq§q? = 34/3 cos? ¢ sin® ¢ cos? 0 sin* 6 and, therefore,

f345(8) = o

105(1 +8)* [~
—/ d@TK345(A)
0

o Rs(A). (D39)
% sin® @ cos? 6 .

————Ki(A),

2 sin* 0 cos? 6
BT K3(A), (D40)

T % sin® @ cos? 6
/ do 2 Rs(A).
0

sin® 6 cos? 6 . (D41
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