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Magnetic fluctuations and electrons couple in intriguing ways in the vicinity of zero-temperature phase
transitions—quantum critical points—in conducting materials. Quantum criticality is implicated in non-
Fermi liquid behavior of diverse materials and in the formation of unconventional superconductors. Here,
we uncover an entirely new type of quantum critical point describing the onset of antiferromagnetism in a
nodal semimetal engendered by the combination of strong spin-orbit coupling and electron correlations,
and which is predicted to occur in the iridium oxide pyrochlores. We formulate and solve a field theory for
this quantum critical point by renormalization group techniques and show that electrons and antiferro-
magnetic fluctuations are strongly coupled and that both these excitations are modified in an essential way.
This quantum critical point has many novel features, including strong emergent spatial anisotropy, a vital
role for Coulomb interactions, and highly unconventional critical exponents. Our theory motivates and
informs experiments on pyrochlore iridates and constitutes a singular realistic example of a nontrivial
quantum critical point with gapless fermions in three dimensions.
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I. INTRODUCTION

Antiferromagnetic quantum critical points (QCPs) are
controlled by the interactions between electrons and mag-
netic fluctuations [1,2]. In three-dimensional metals with a
Fermi surface, it is believed, in most cases, to be sufficient to
consider a theory containing the magnetic-order parameter
only, with the Fermi surface included solely by its induced
Landau damping. This leads, following Hertz [3.,4], to
mean-field behavior. In two dimensions, the electronic
Fermi surface and order parameter are strongly coupled,
a fact which may be related to high-temperature super-
conductivity and associated phenomena. This problem is
highly nontrivial and still an active research topic [5-8].

In this paper, we uncover a new antiferromagnetic QCP
that is strongly coupled in three dimensions, engendered by
spin-orbit coupled electronic structure. We consider a
quadratic band touching at the Fermi energy, as in the
inverted band-gap material HgTe, but having in mind the
strongly correlated family of iridium oxide pyrochlores
[9-12]. The latter have chemical formula A,Ir,0;, and an
antiferromagnetic phase transition indeed occurs both as a
function of temperature and at zero temperature with
varying chemical pressure (ionic radius of A) [13,14].
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We show that the replacement of the Fermi surface by a

point Fermi node alters the physics in an essential way,
suppressing screening of the Coulomb interaction and
allowing the order-parameter fluctuations to affect all
the low-energy electrons. These two facts lead to a
strongly-coupled quantum critical point.

The nodal nature of the Fermi point, happily, also
enables a rather complete analysis of the problem, which
we present here, using the powerful renormalization group
(RG) technique. This is because both the collective order-
parameter fluctuations and the low-energy quasiparticles
have their excitation minima at a single point in momentum
space (here at k = 0), unlike the case of criticality in a
metal, where the electronic quasiparticles have their min-
ima at an extended Fermi surface. The complete theory we
present is in sharp contrast to the strongly coupled Fermi
surface problem in two dimensions, which remains only
partially understood and controversial. We fully and
explicitly describe a stable nontrivial quantum critical
RG fixed point, including logarithmic corrections, which
are also calculated systematically. The ability to system-
atically calculate logarithmic corrections may be important
for future comparisons to experiment.

The results are summarized by the phase diagram, Fig. 1.
The QCP we describe separates two phases. On the
nonmagnetic side of the transition, the quadratically dis-
persing electrons near the Fermi node remain but are
strongly renormalized by the long-range Coulomb inter-
actions. This non-Fermi liquid semimetal is the Luttinger-
Abrikosov-Beneslavskii (LAB) phase of Ref. [10]. On the
magnetic side of the transition, the quadratic band touching
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Quantum critical point (QCP) and quantum criticality driven by the onset of “all-in-all-out” (AIAO) magnetism. For r > r,. (in

this figure the star indicates r..), the nodal non-Fermi liquid (or “Luttinger-Abrikosov-Beneslavskii” [10]) phase occurs at 7 = 0, with a
quadratic Fermi node, while antiferromagnetic (AFM) all-in-all-out ordering occurs for r < r,, with the quadratic node replaced by
linear Weyl points—a Weyl semimetal. The quantum critical regime occurs at 7 > 0 around r = r.. Note that the quantum critical-AFM
boundary (thick white line) is a true (continuous Ising) phase transition. The ey axis represents the Fermi energy and parametrizes
electron or hole doping. The three-dimensional (orange) surfaces represent the shapes of the corresponding Fermi surfaces at small
doping—the increased anisotropy is apparent as one moves towards the QCP. The phase transition denoted by the thick gray line is
expected to exhibit critical properties appropriate to a ¢ = 0 order parameter coupled to a Fermi surface, as in the Hertz formulation [3],
though subject to the usual uncertainties regarding the theory of that problem [5-7].

is split into a set of eight linearly dispersing “Weyl” points
by the magnetic-order parameter, forming a Weyl semi-
metal state. The electronic dispersions in both phases are
shown in Figs. 2(c) and 2(a). The results of this paper apply
under the condition of charge neutrality (i.e., for undoped
materials). Doping introduces a second tuning parameter,
and the expected behavior in this enlarged phase space,
based on physical and scaling arguments, is shown in the
horizontal plane of Fig. 1.

As usual, scaling laws apply in the critical fan of the QCP
(experimental implications are discussed further in Sec. V
C). Furthermore, the pyrochlore quantum critical point has a
remarkable symmetry structure. We find that, unlike at most
classical and quantum phase transitions, rotational invari-
ance is strongly broken in the critical theory: The fixed point
“remembers” the cubic anisotropy of space (and indeed
takes it to an extreme limit, as explained further below).
Compensating for the absence of spatial rotational invari-
ance is, however, an emergent SO(3) invariance of the
critical field theory, which is a purely internal symmetry and
unrelated to spatial rotations. The anisotropy in real space
can, for example, be studied by using light carrier doping as
a probe. Then, we predict the formation of “spiky” Fermi
surfaces, if the system is close to the undoped QCP and the
doping is sufficiently small, as seen in Fig. 1.

II. MODEL AND PHASES
A. All-in-all-out order

To proceed with the analysis, we couple the electrons to
an Ising magnetic order parameter ¢. This corresponds, for
the pyrochlore iridates, to the translationally invariant
all-in-all-out antiferromagnetic state (see inset in Fig. 1),
for which there is considerable evidence [15-17]. Some

understanding of this order follows from a local view of the
magnetism. In the pyrochlore iridates, a single hole resides
on each Ir** ion. In the localized (large Hubbard U limit),
this forms a Kramers doublet, whose orbital degeneracy is
generically split by some combination of spin-orbit cou-
pling and noncubic crystal fields. In a simple view based on
spin-orbit coupling alone, this doublet is the famous J ¢ =
1/2 state, but for our considerations, the precise compo-
sition of the doublet does not matter. The form of allowed
nearest-neighbor interactions between dipolar Kramers
doublets on the pyrochlore lattice follows from symmetry
alone and has been discussed in many references (see, for
example, Ref. [18]). The simplest amongst four allowed
couplings, dominant in many materials, is the Ising term

HIsing = JZZZSZZS§, (1)
(i)

where S; is the component of a spin-1/2 operator on site
along its local (111) Ising axis, which orients from the
center of al (“up”) sublattice tetrahedron to the neighboring
II (“down”) sublattice tetrahedron, along a line containing
the site i. This Hamiltonian, for J_, < 0, describes nearest-
neighbor interactions between rare earth spins in the so-
called spin-ice materials, Ho,Ti,O; and Dy, Ti,O5. It also
describes the dominant interaction in quantum spin-
ice compounds, such as Yb,Ti,O; [18]. In the iridates,
“antiferromagnetic” coupling is expected from the usual
d-electron superexchange, which corresponds, because of
the choice of local quantization axis, to J_, < 0 above.
With this sign, in the local basis, the ground states are
obviously simple Ising ferromagnets, with S7 = +1/2 or
S; = —1/2, independently of i. The actual magnetic
moments in the two cases orient all-in or all-out of each
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tetrahedra, with zero total moment (see Fig. 1). We refer to
this as AIAO antiferromagnetic order.

The above picture is obviously deficient insofar as the
pyrochlore iridates are conducting, so the Ir electrons are not
localized. The fact that a simple localized picture never-
theless describes the observed order is an indication that
these materials are in an intermediate correlation regime. A
local moment description of magnetic order and excitations
is not uncommon in this situation and has been successful,
for example, in many iron pnictides [19] and in other iridates
[20,21]. We emphasize, however, that it is not important for
our treatment, which relies only on symmetries.

B. Electronic structure and phases

We must couple the AIAO magnetic order and its
fluctuations to the extended electronic states. Because of
the time-reversal and inversion symmetries of the para-
magnetic state, electron bands are twofold degenerate, so
that band touching necessitates a minimal four-band model.
Therefore, the Hamiltonian is expressed in terms of four-
component fermion operators v, w', in addition to the order
parameter ¢ and the electrostatic field ¢, which mediates
the Coulomb interactions. The action is

S= /d%dﬂ/ﬂ(d@, + Ho(—iV) +iep + gM )y

L / Ldr % (Vo) + (V§) + (8:0)> + rd?). (2)

where the momentum cutoff (A) is assumed and where the
Hamiltonian density is Hy(k) = cok? + >_>_, ¢,d,(k)T,.
Higher-order terms omitted in Eq. (2) prove irrelevant at the
QCP. The d,’s (given in Appendix A 1) make a complete
basis of the allowed terms quadratic in k;, chosen such that
dy »3 belong to a three-dimensional representation (often
called T,,) and d, s make a two-dimensional one (com-
monly referred to as E), the I',’s are anticommuting
unit matrices, {T,,[,} =25,,, Tu = (—i/2)[,,T}],
¢| = ¢y = C3 = ¢y, and ¢4 = ¢5 = ¢, (as they should since
they belong to the same representation), and symmetry
dictates (see Appendices A2 and A 3) that the order

(@) #0

parameter couples via the matrix M =Tys (€ Ay). e is
the magnitude of the electron charge, and g € R para-
metrizes the coupling strength of the fermions to the order
parameter. As discussed in Appendix A2, ¢;;, may
always be chosen to be positive, without loss of generality.
co parametrizes “particle-hole asymmetry,” with ¢y =0
denoting a symmetric band structure. Also, when
co < ¢;/V/6, in the vicinity of the Gamma point, the bands
touch at and only at the Gamma point. We assume that the
system parameters fall within this range and find that this is
consistent, even when taking into account their nontrivial
scale-dependent renormalization by interactions.

The model in Eq. (2) has two phases (see Fig. 1). For
r>r,~g (where r, is thereby defined), ¢ fluctuates
around zero and can be integrated out. This is a magnetically
disordered state, and the bare dispersion is quadratic [see
Fig. 2(c)]. The resulting model with Coulomb interactions
alone describes a non-Fermi liquid phase, as first discussed
by Abrikosov and Beneslavskii [22,23] and thoroughly
revisited recently [10]. Notably, in this regime, nontrivial
scaling exponents arise and the low-energy electronic
dispersion renormalizes to become isotropic, i.e., effec-
tively ¢; — ¢, and ¢y < c;. This state is a non-Fermi liquid
with neither electronic nor magnetic quasiparticles well
defined. For r < r., the expectation value (¢) # 0, and
replacing ¢ — (¢) causes the twofold degenerate bands to
split [see Fig. 2(a)], removing the quadratic touching atk =
0 in favor of eight linearly dispersing “Weyl points” along
the (111) directions: a Weyl semimetal. Weyl semimetals
have many unusual properties that have been explored
theoretically (see, e.g., Ref. [24]).

III. RENORMALIZATION GROUP
A. 1/N expansion

We now turn to the critical regime. To proceed, we
introduce as a formal device N copies of the four fermion
fields, replacing g — g/+/N (resp. ie — ie/y/N)and T, —
', ® 1y (1y is the N x N identity matrix). We organize
perturbation theory in powers of 1/N and formally work to
leading nontrivial order in 1/N for all physical quantities.

<¢> _ 0’ 01/02 — e—um/lnkg/k

FIG. 2. Two-dimensional cut of the electronic band structure around the Gamma point (a) in the Weyl semimetal, (b) at the quantum
critical point, and (c) in the quadratic band touching (Luttinger-Abrikosov-Beneslavskii) phase. In (b), we have included the effect of the
irrelevant ¢, term which produces some weak dispersion along the (111) directions. For more details, see the text at the end of Sec. III D.
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The structure of the renormalization, however, suggests that
the results may be independent of N at low energy—see
Sec. V B. We require the two boson self-energies in Fig. 3
and, using the dressed boson propagators including this
correction, the fermion self-energy and vertex functions in
Fig. 4. These diagrams allow a full calculation of the
O(1/N) terms of all critical exponents.

B. Extreme anisotropy limit

The evaluation of the diagrams is complicated by the
three mass parameters of the free fermion propagators.
Fortunately, a simplification is possible thanks to the
structure of the RG. While the (inverse) mass terms cy,
¢y, and ¢, all have identical engineering dimensions, they,
in general, renormalize differently from loop corrections;
thus, their ratios flow in the full RG treatment. We find
below that, in the critical regime, ¢y/c;, c;/cy; — 0 under
renormalization (arguments as to why this is the only
reasonable choice are given in Appendix C 3). This allows
technical simplifications in the loop integrals and also has
physical consequences that we explore later.

Physically, this limit corresponds to extreme cubic
anisotropy. In particular, as c;/c, = 0, the interband
splitting vanishes along the (111) directions, leading to
an extended singularity of the electron Green’s function.
Obviously, the extended singularity is avoided by never
actually taking c; all the way to zero. However, as ¢,
becomes small under renormalization, the loop integrals
become increasingly dominated by the region around the
incipient singularity, which we take advantage of.

C. Boson self-energy and N = oo limit

At N = oo, we need the leading term in the boson self-
energies only. In the loop integrals determining them, the
extended singularity of the extreme anistropy limit produ-
ces a divergent contribution at nonzero k. Technically, with
the assumptions co/cy, c;/co <1 and c¢y/c; < 1/V/6
(shown to be self-consistent below), the low-energy behav-
ior (small w,, k) may be extracted as (see Appendix B)

2
=y (@3 k) = =75+ 2 ([Incy /el K[, (K) + /], [C).
()

Ny =
D, = -

FIG. 3. Boson self-energies for the order parameter (¥,) and
electrostatic (Z,,) fields.

FIG.4. 1/N diagrams for the fermion self-energy X, and vertex
corrections =, and =, (only two-loop diagrams that need to be
calculated, i.e., that do not vanish or cancel one another, are
shown). Double lines indicate the renormalized boson propaga-
tors including the self-energies from Fig. 3. Expressions for these
diagrams are given in Appendix C 1.

with r§ =r.~g*A, where A is an upper momentum
cutoff, g4 =g, g, = ie, and ry, = C, = 0 follows from
charge conservation. C, =~ 1.33, and the functions f,(k)
are given as integrals in Appendix B 1.

Note that, at low energy, the dispersive terms in Eq. (3)
are much larger than the bare k2, ? terms that they correct;
hence, they dominate the renormalized Green’s functions.
Thus, in the fermion self-energy and vertex correction, the
renormalized boson propagator, G,' = G § + X, & %), +
rp (note r, = 0), must be used. This renormalized boson
propagator corresponds to the N = co result and already
reveals some dramatic features. First, the bosons immedi-
ately receive a large anomalous scaling dimension, equal to
1, and their dynamics becomes damping dominated, with
dynamical critical exponents close to 2. Second, since the
damping terms which dominate G, ! are proportional to g2,
it implies that the fermion self-energies, which involve two
interaction vertices (see Fig. 4), become ¢, independent;
this is a sign of universality at the QCP.

D. Fermion self-energy and vertex corrections:
RG flows at 1/N

To confirm the assumed scaling of ¢, /¢, and ¢/ c,, and
fully determine the critical behavior, we turn to the
renormalization group approach. There, as usual, we apply
the following rescaling (applicable in real space),

v e j:df’AV,(f’)w

90— e fU/df’A,/,(f’)(ﬂ’ 4)

't
de'z(¢'
x — efx, T—>€f0 A

b — e—ﬂ)/df’Ad,(f’)qﬁ,

’ ’

where ¢ > 0 parametrizes the RG flow. The exponents are
left allowed to be scale dependent, as is necessary [25], as
we shall see below.

We evaluate the contributions to the fermion propagator
and coupling constants due to a small change in the cutoff
(which corresponds physically to integrating out modes to
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keep the rescaled cutoff unchanged). Hence, the RG flow
equations are obtained by (i) logarithmically differentiating
the fermion self-energy and vertex functions with respect to
the cutoff A [which is made soft through a rapidly decaying
function |q|/A—F(|q|/A)] [25,26] and (ii) identifying the
appropriate coefficients of the Taylor expansion (in k; and
w,,) of the result [27].

We leave most details to Appendix C and only give one
example here. To extract the correction to the mass
coefficient ¢, we first expand the fermion self-energy as

5
=391+ ) I, (5)

a=1

Zf(a)n, k)

(I is the identity matrix) and examine the Z}- component.
The RG equation is then

8fC] \/E d
=z+1-28, +- (8 , |A- =k
z+ vt (B | Ay

€1 @,=0,k=0

(6)

[we define d, (k) = k,k,/ V/2; see Appendix A 1]. Similar
expressions are obtained for renormalizations of the other
parameters of the theory: ¢, ¢, @, g, and ie. Therefore, for
the six equations thereby obtained, there are four unknowns
(z, Ay, Ay, and A,) that can be chosen to keep four
parameters fixed, leaving two left to flow. Here, we find it is
possible to keep a, g, (ie), and ¢, fixed, and thus ¢, /¢, and
co/co will flow. It is this flow that leads to the extreme
anisotropy limit noted above. Note that, in doing so, we
obtain a critical theory with nonzero coupling of fermions
both to order-parameter and Coulomb-potential fluctua-
tions: Both effects are crucial and important in stabilizing
the QCP.

To obtain explicit equations, we once again take advan-
tage of the flow to extreme anisotropy. We find that the
renormalizations of the couplings depend on ¢; and c,
through 1/(N|Inc,/c,|) or 1/(N|Inc;/c,|?) (expressions
i ; see Appendix A 2).

Finally, we find

340, (¢
(O =2-8(6).  A0) = #()
34,7
ay() =20 )
__ _ 0.0634 0.287 0.510
where 07 = mcom M = Tine ey T = 1 ¥ hejem:
_ 0.127
and Ny = - [Incy/cy|N°

The flow equations may be solved thanks to the equation
for c¢;/c,, which is an analytically soluble differential
equation involving only c¢;/c, (see Appendix AS5).
Ultimately, we find

(e1/2)(€) = e MV
and  (co/ci)(?) = To[(%/ﬁ) Vit (8)

with vy = 0.202 and vf, = 0.424 and where ¢, and Y, are
constants that depend on the system’s parameters, namely,
on cg (7 = 0). Formally, therefore, both the ¢, and ¢
mass terms are irrelevant in the RG sense, but they can be
“dangerously irrelevant” insofar as they control certain
physical properties (see below). Note also that not only is
¢ irrelevant, but it also flows to zero faster than c; so that
co/c; becomes small at the QCP; i.e., at long scales, we
have the hierarchy ¢y < ¢; < ¢;.

In Fig. 2(b), we have schematically drawn the fermion
dispersion corresponding to the behavior in Eq. (8). To do
so, the fermion propagator, the peak of which defines the
dispersion, is estimated for momentum k by integrating the
RG flow until the rescaled momentum is of order the cutoff,
ke’ = k. Then, using the free fermion propagator at that k,
with the ¢; in Eq. (8) at that value of #, we obtain

c1/cy ~ e VIk/k This gives a dispersion that is char-
acteristically flattened along the (111) directions, as shown
in Fig. 2(b). We note that in both Figs. 2(b) and 2(c),
quasiparticles are in fact not sharp, but nevertheless one can
still associate a dispersion with the peak of the spectral
function.

Intuition for the irrelevance of ¢; comes from consid-
ering the fermion self-energy X, which yields the correc-
tions to ¢g;, and to a and is given schematically by
Y= Q¢MGOM —|—Q¢,G0 (the contributions from each
boson field just add up). In the first term, which represents
the dressing of electrons by magnetic fluctuations, the
appearance of M, which commutes with I';,; but anti-
commutes with I’y 5, portends “opposite” consequences for
¢y and ¢,. The second term, because of Coulomb effects,
tends instead to affect ¢; and ¢, identically. Our calculation
shows that the former tendency prevails, and c¢;/c, = 0
under RG, as claimed above. Conversely, the fact that
co/C1 2¢r-0o0 should be attributed to the effect of
Coulomb forces, which suppress particle-hole asymmetry.
Indeed, we have checked that if, in the calculations, we
artificially turn off the long-range Coulomb potential, i.e.,
take e = 0, the QCP is unstable and there is no direct,
continuous quantum phase transition from the LAB state
[10] to the ATAO one (see Appendix C5).

IV. PHYSICAL IMPLICATIONS

A. Scaling properties

Equations (7) and (8) determine the properties at the
QCP. The flows are stable, signifying a continuous QCP.
We now turn to a discussion of the physical consequences.
First, we consider some scaling properties. For the corre-
lation length &, we need the flow equation for 6r = r —r,,
the deviation from the critical point: 0,(5r) = v~ (6r),
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with v = 1/[2 — 5,(£) — 6z(¢)]. This implies, in the usual
way, that the correlation length behaves as & ~ (6r)™, up to
logarithmic corrections. Also interesting is the order-
parameter growth in the AIAO phase. By scaling,
(@) ~ &% ~|5r|P, with p = A,v. Up to logarithmic cor-
rections, this is easily verified by direct calculation in the
ordered phase. We also expect the critical temperature of
the magnetic state to obey 7. ~ £7¢ ~ |5r|®. In asymptopia,
i.e., £ — oo, all the N-dependent corrections vanish, and
the exponents correspond to those of a saddle-point treat-
ment of ¢, ¢p. These are still distinct from the usual order-
parameter mean-field theory, as witnessed by the large
(ny =n, = 1) anomalous dimensions in this limit, and the
unconventional values v®° = 1 and f* = (zv)® = 2. The
latter is noteworthy insofar as it implies an unusually wide
critical fan at 7 > 0 which is controlled by the QCP
(see Fig. 1).

B. Logarithmic corrections and extreme anisotropy

The RG treatment goes beyond the saddle point in
giving the corrections due to finite ¢,/c,, which are small
only logarithmically and thus may be significant for
physically realistic situations. For example, we find (¢) ~
(6r)2exp[(13.9/+/N)+/In(6r/ry)] (see Appendix D 1),
where r( is a constant.

The irrelevance of ¢, and c¢; has other, more direct,
physical consequences. Because of the irrelevance of the
former, the low-energy electronic spectrum becomes
approximately particle-hole symmetric. The irrelevance
of ¢; has more implications. Obviously, the electronic
spectrum develops pronounced cubic anisotropy, with
anomalously low-energy excitations along the cubic
(111) directions in momentum space. This is in stark
contrast to most critical points (for example, of Ginzburg-
Landau type or involving Dirac fermions), which typically
have emergent spatial isotropy and even conformal
symmetry and Lorentz invariance at the fixed point.
These low-energy excitations manifest, for example, in
the specific heat c,. Since at the Gaussian level the

coefficient of 73/2 diverges as 01_3/ 2, we estimate, by using
~ %ln T/ T as a cutoff (T, is a microscopic energy scale),

¢, ~exp [30y/(2v/N\/2)\/In(To/T)|T32, with z ~2 (see
Appendix D 2). We may also obtain many other physical
quantities such as the electronic contribution to the mag-
netic susceptibility. However, we refrain from presenting
more of such results here, as they are obtained by
straightforward application of the formalism already pre-
sented (see, especially, Appendix D). Exceptions to this
rule are the electrical resistivity and other transport quan-
tities, which are much more subtle and involve many
potential crossovers resulting from the interplay of scatter-
ing by order-parameter fluctuations, Coulomb forces,
disorder, and umklapp effects, and by the dependence of
all of these on directionality in momentum space. This is a

formidable problem on which we feel it is inappropriate to
provide speculative and possibly incorrect results. We plan
to address this problem instead in some detail in a
future study.

As mentioned in the Introduction, the emergent
anisotropy may also manifest in increasingly “spiky”
Fermi surfaces in lightly doped samples near the QCP
(see Fig. 1). We estimate the anisotropy of the Fermi
surface by standard scaling arguments. For a small but
nonzero Fermi energy (chemical potential) e, which
introduces light doping and a small Fermi surface, the
scale-dependent renormalizations of the quantum critical
regime apply until the Fermi momentum is comparable to
the reduced cutoff. Setting the single-particle energy equal
to e implies that the large Fermi momentum (along the
(111) directions) is proportional to klﬁrge ~\/ep/cy,
while the small Fermi momentum (along (100)) is
ksmall ~ \ Jep/c,. Using  the scale—depelndent ratio of
c1/c, from Eq. (8) and requiring that k;*¢(¢,)e’ ~ A,
which is the matching condition determining the 7, at
which the metallic state is reached, we obtain appendi?.,
and hence, finally, with some algebra,

large N
0 1n01/2 . /0 /e
kF ez\/ﬁln / (:F/(:F (9)
k;_mal] ’

where €% ~ c,A? is a microscopic energy of order the

bandwidth.

Although rotational symmetry is strongly broken, the
asymptotic vanishing of ¢, leads to an emergent internal
SO(3) symmetry, corresponding to rotating the I', matrices
with @ = 1, 2, 3 amongst themselves like a vector. The
generator of this symmetry is the SU(2) pseudospin I, with

1 . 7 2
1, :_Zeabcl/ﬂ-rbcw:w' <_6Ja +§J3>§U, (10)

where a = x,y,z =1, 2, 3. Its integral has SU(2) com-
mutation relations and commutes with the fixed-point
Hamiltonian.

V. DISCUSSION

A. Comparison to Hertz-Millis and mean-field theories

In standard Hertz-Millis theory [3,4], the inequality
d+ z > 4 implies that the theory is above its critical
dimension and thus has mean-field behavior. Although
this inequality holds here, taking z = 2, the conclusion is
false. The Hertz-Millis approach assumes the fermions may
be innocuously integrated out, and it obtains the inequality
above by power counting the ¢* term in the Landau action,
which is irrelevant. Instead, here we have strong coupling
of fermions with the order parameter, and the coupling term
~py'y is marginal, using z =2, A, =2, A, =3/2. If
one does integrate out the fermions, one obtains a
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nonanalytic |¢|/> term (see Appendix E), which over-
whelms the naive ¢* one and is again marginal by power
counting. This |¢[*/? dependence was obtained previously
in Ref. [28], in the context of a mean-field treatment of
related transitions. Mean-field-like treatment of transitions
in the iridates was also carried out in Refs. [14,29] via
Hubbard models. Note, however, that such mean-field
analyses integrating out fermions (explicitly or in essence)
are not justified and miss important physics.

B. Beyond large N

Our critical theory has some formal similarity to the
theory of a two-dimensional nodal nematic QCP in a d-
wave superconductor [25], insofar as both theories display
“infinite anisotropy”: In our case, this is due to ¢;/c, = 0
under RG. In Ref. [25], it was argued that, at low energies,
the critical behavior for the nodal nematic transition
becomes universal and independent of N. In that problem,
one observes this independence already at one-loop order by
the fact that, in the perturbative RG expansion, each factor
of 1/N is accompanied by a scale-dependent factor that
vanishes as £ — oo. In our own calculations, we find the
same phenomena: To leading order, each factor of 1/N is
accompanied by one or two inverse logarithms of ¢, /c,, so
that in fact, the perturbative expansion parameter scales to
small values for fixed N. Reference [25] takes this obser-
vation one step further and verifies that this simplification
recurs at higher order, but because of its considerably more
complex analytical structure, we have not been able to prove
this for the current problem. Nevertheless, the results we
have obtained suggest that the critical behavior may in fact
be independent of N and hence may apply directly at low
energy to the physical case N = 1. This conclusion is
appealing, though we have not shown it rigorously.

C. Experiments

With the above results in hand, we comment on the
connection to experiments. The theory developed here
relies only on cubic symmetry and strong SOC and may
therefore apply to a number of materials, provided their
bands at the Fermi energy belong to the appropriate
irreducible representation. Among those, as emphasized
earlier, the family of pyrochlore iridates provides ideal
examples: Their 5d Ir** electrons are delocalized enough to
be conducting, they are strongly coupled, and the sym-
metries are indeed appropriate. Moreover, the existence of a
whole family of compounds provides a natural variable, the
rare earth ionic radius, to tune the electronic structure and
Hamiltonian parameters. Most importantly, recent ab initio
calculations and ARPES experiments have provided very
strong evidence for the applicability of the quadratic band
touching model of the present paper to Pr,Ir,O,. With the
other compounds in the A,Ir,O; series exhibiting a
magnetic-ordering transition at finite temperatures, and
Pr,Ir,O; remaining paramagnetic throughout its phase

diagram, the QCP described in this paper might be tuned
by alloying the A-site atoms, e.g., Pr,_, Y, Ir,O;, or by
pressurizing stoichiometric compounds nearby.

Quantum criticality manifests itself in power-law or
singular behavior of nearly all physical quantities. For
example, all thermodynamic quantities should have power-
law temperature, pressure, and magnetic-field dependence
in the quantum critical regime. This includes heat capacity,
susceptibility, Griineisen parameter, etc. This describes
only the electronic contributions to the thermodynamics.
Contributions from lattice and localized f-moments will
also appear in most cases, complicating the comparison
with thermodynamics. It is perhaps more promising to
consider electrical transport coefficients since only
extended electronic states carry current. This includes
DC and optical conductivity, Hall effect, etc. However,
the conductivity is a rather singular quantity: For the
generic model with ¢y # 0, the lack of particle-hole
symmetry combined with translational invariance implies
that the DC conductivity is infinite for T > 0. The physical
conductivity is rendered finite by a delicate combination of
subsidiary processes that lead to momentum relaxation,
mixing of current and momentum, and other effects. Hence,
the conductivity does not readily follow from the theory of
the quantum critical point itself without further assump-
tions. We postpone a discussion of transport phenomena to
future work.

Perhaps the most direct observation of strongly coupled
quantum criticality is the “incoherent” nature of both the
order-parameter and quasiparticle excitations. The quantum
critical theory predicts power-law scaling of both the
dynamical spin susceptibility (measured by inelastic neutron
or x-ray scattering), which describes the fluctuating order
parameter modes, and the single particle spectral function
(measured in angle-resolved photoemission), which
describes the strongly scattered quasiparticles. An explicit
calculation of the fermion spectral function measured in
angle-resolved photoemission has been made neither here
nor for the non-Fermi liquid paramagnetic state [10], and it is
an important problem for future theory. However, in general,
the weak logarithmic flow of the Hamiltonian parameters
signifies large self-energy corrections, and behavior some-
what similar to marginal Fermi-liquid theory may be
expected. Both magnetic and electronic spectral functions
are promising avenues for future research.

We also mention some possible complications in the
iridates. Impurity scattering is a relevant perturbation and
hence important at low energy close to the band touching.
Therefore, our results will apply best in the cleanest
samples. Finally, in many of the pyrochlore iridates, the
A-site ion hosts rare-earth moments, which were not
included here. They only weakly couple to the Ir electrons
and to themselves, so they are only important at low
energies. On the antiferromagnetic side of the QCP, the
Ir spins act as strong local effective magnetic fields, locking
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the A-site spins. However, when the Ir sites are not ordered,
as in PryIr,0,, the A-site ions will be important below a
few Kelvins. Several authors have proposed scenarios
based on RKKY interactions [30-32], but the quantum
critical theory expounded here should be an apt starting
point for a systematic analysis.

Finally, we address models presented in the literature.
Some phenomenological tight-binding models in the liter-
ature (e.g., Ref. [29]) suggest that the valence or conduction
bands may bend and accidentally cross the Fermi energy
away from the zone center, thereby shifting the Fermi level
away from the nodal point (and creating other pockets
elsewhere in the zone). If such an accidental crossing of the
Fermi energy were to occur, our results would hold for
energies and/or temperatures above this shift energy, but a
crossover would occur below it. We emphasize that this is
nongeneric: The quadratic band touching is both the
minimal situation and a generic one, and it is completely
stable to local perturbations. Moreover, the large spatial
extent of the 5d Ir orbitals and complexities of crystal fields
makes the reliability of ad hoc tight-binding models
questionable. As mentioned earlier, recent ab initio calcu-
lations [11] and angle-resolved photoemission experiments
[12] on Pr,Ir,O; both show no such accidental band

=/

dw,’ d3k'
+g/ n 3¢(Un o, K—kW) ,k,Ml//a,”k—i—ze/

where all the notations are defined in Appendix A.
Throughout the appendices, for ease of presentation, we
shift the QCP so that r. = 0.

1. Fermion Hamiltonian

The fermionic Hamiltonian density in the disordered
(quadratic band-touching) phase reads

Ho(k) = a k? + ay(k - J)? + a3 (k3J2 + k2J2 + K2J2)

5
= cok?+ Y " 2,d, (k)T
a=1

(A2)

where ¢; = ¢, = ¢3 = ¢y and ¢4 = ¢5 = ¢,. The first line
uses the conventional Luttinger parameters (@ ,3) in the
Jj = 3/2 matrix representation [35], and the second line is
the form used in the main text. The Gamma matrices (I',)
form a Clifford algebra, {I',,I',} = 28,,, and have been
introduced as described in the literature [36]. Note that ¢
quantifies the particle-hole asymmetry, while |c¢; — ¢,
naturally characterizes the cubic anisotropy. The energy

crossing, which strongly supports the applicability to this
material of the quadratic band touching model studied here.
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APPENDIX A: NOTATIONS AND SYMMETRIES

In this section, we provide more information about the
notations used in the main text and a more detailed
discussion of the symmetries at play.

In reciprocal space, the action, Eq. (2) in the main
text, is

Bk o> Kk r k2 . , S
/ |:¢—a),,.—k ( D) += B +2) ¢w,,,k +§0—w,,,—k (7) Pw, k +W!u",k <_alwn =+ COk2 + anda (k)ra> Y,k
a=1

dw,’ [ &K }

) ook Wy, Vo, (A1)

[
eigenvalues are E, (k) = cok? = E(k), where E(k) =
o1 Cadg(k) and

k.k k. .k k,k
dy(k) ===, dr(k) = 2=, d; (k) = 1=
R—K2 22— 12— 1

d -2, ds(k) = ———

It is very important to note that, in the limit ¢y ; — 0, E(k)
and the energy spectrum E_ (k) become gapless along the
(111) directions. When needed, a “regularization” is then
possible, for example, by introducing higher-momentum
dependence in ¢, e.g., c15 = 15 + AK>.

It is straightforward to relate the coefficients used in the
main text to the Luttinger a; parameters. This can be done
by expressing the spin operators in terms of the Gamma
matrices by using, for example, the equalities
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Je= 5 [s —E(Fzs —T4),
V3

Jy=——Tos +- (I3 +Th),
2 2

1
J, =Ty — Erlz, (A3)
where 'y, = 5 [[,, T,
The fermion bare Green’s function is
1 1
0 = = Pe(k)v

G = =

ok T _jaw, + Hy(k)  —iaw, + E.(K)
where the sum over ¢ = +1 is implicit and P.(k) =
(1 + €[(Ho(k) — cok?)/E(K)]) is a projection operator,
PZ(k) = 1.

2. Symmetries

It is useful to recap the symmetries of the system in the
absence of all-in-all-out order and to detail the remaining
symmetries in its presence.

As defined above and in Refs. [10,36], the I", matrices
are even under time-reversal and inversion symmetry,
while the I',, are even under inversion but odd under
time-reversal symmetry.

As is well known for some semiconductors, like HgTe,
the touching of four bands at the Gamma point is protected
by cubic symmetries (the bands at the Gamma point belong
to a four-dimensional representation of the cubic group
0,,), and the absence of a linear term follows from time-
reversal and cubic (inversion) symmetries. Moreover,
thanks to inversion and time-reversal symmetries, all bands
are doubly degenerate away from the Gamma point.

The magnetic-order-parameter field ¢ transforms as
follows under the symmetries of the “disordered” system.
It is odd under time-reversal symmetry (since the spins S —
—S under time-reversal symmetry), and so only the (time-
reversal-odd) I',,, can couple to it. It is even under inversion
(since S — S under inversion), unchanged under threefold
rotations, and odd under the allowed reflections of the
pyrochlore lattice. A single Gamma matrix, namely, I'ys
JoJ I+ J.J,J, [10,36] (see below), transforms identically.

The Hamiltonian at fixed Kk, i.e., Hy(k), together with
the coupling to the order parameter with ¢ # 0, which we
call H,(k), has the following transformation properties.
For k|[(111), H, is invariant under threefold rotations
about k and reflections with respect to planes that contain
k. For k = 0, there is, in addition, inversion symmetry. The
symmetry group at k = 0 then decomposes the four bands
of interest into two two-dimensional representations. For
k # 0, symmetries do not impose bands to cross, hence
making any crossings “accidental.”” However, it is note-
worthy that the purely quadratic Hamiltonian H,, that we
study, with ¢y < ¢;/v/6 and ¢; < ¢,/v/6, in the presence of

the linear coupling to the order parameter ¢y T 45y leads
inevitably to band crossings along the (111) directions.

Note that the system in the presence of an external
applied magnetic field, discussed in Ref. [10], is less
symmetric. The system’s Hamiltonian at fixed k, which
we call H,(k), is only invariant under threefold rotations
about k if both the magnetic field and k point along the
same (111) direction. For k =0, the system has, in
addition, inversion symmetry, but all the representations
of the symmetry group are one dimensional anyway, and
there is a priori no degeneracy at k = 0. Away from k = 0,
any band crossing is, again, accidental.

It is important to note that, although no crossings are
required by symmetry, once the crossings occur, their
properties are “‘stable” in the sense that (i) no symmetry-
preserving perturbation will remove them, (ii) the
dispersion along the crossings will remain linear, and
(iii) they will not move away from the (111) axes.

By appropriately transforming the Gamma matrices with
transformations not belonging to the cubic group, one can
show that the signs of ¢, may always be taken to be
positive. Therefore, throughout the paper, we assume
co.12 > 0. We also assume ¢y < c1/V6; ie., we assume
the two sets of bands have opposite curvatures in all
directions at the Gamma point or, in other words, that
the Fermi energy goes through the band-touching point.

3. Couplings

The long-range Coulomb interaction is described by
introducing the Hubbard-Stratonovich field ¢, which
couples to the density of fermions.

The all-in-all-out operator is represented by the time-
reversal symmetry-breaking Ising field (¢) corresponding
to JJyJ, +J.J,J, in Luttinger’s notation [35]. In terms
of the Gamma matrices, the order parameter is I'y5~
JJyJ, +J JyJ,. Thus, finally, the interaction part of the
action is the “vertex term” given, in real space and
imaginary time, by

Svertex = /dedT I»UT [le(p + g¢1“45}lp, (A4)

where y is the four-component spinor field. Upon extend-
ing the field space to N flavors of fermions, this term
becomes

1
Svertex - \/—N/ d3XdT wi'[ie(p + g¢r45]l//' (AS)

4. Green’s function and self-energy conventions

We use the following conventions for the boson Green’s
functions, G, x With b = ¢, ¢, fermion Green’s function,
G, k. boson self-energies, X,(w,.k) and fermion self-
energy, X/(w,.Kk):
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1
k?+3,(k)’

k¢u) k>

g(/);w” <§0 k Pk >

1

(¢, K24+ w2 +r+ Zy(w,. k)

g(/);m,,.k =

’

Glal)l:,,k = <WZ)n.kV/ywn.kT>
= [_iawn + HO(k) + Ef(a)n’ k)]7] s

where y,v=1,...,4 (or 1,...,4N) but they are omitted
throughout. The “bare propagators” are denoted with the
subscript or superscript “0.”

APPENDIX B: ASYMPTOTIC LIMITS OF THE
BOSONIC SELF-ENERGIES

We first evaluate the boson self-energies in the large-N
limit. They are given by
|

Zp (@, K)
/ /+ di Tr(Go, MG, 10, qrkMs):
(B1)
where g, = ie, g, =9, M, =1, and My =Tys (I is the

identity matrix). Here, the subscript A in the ¢ integral
indicates that an ultraviolet cutoff is required to keep
%,(0,0) finite. This determines the (nonuniversal) location
of the QCP. However, we seek the corrections to this term
for nonzero frequency and momenta, which are cutoff
independent and will therefore be obtained below without
further discussion of A. We will return later to the role of
the cutoff when considering fermionic self-energy terms
and treat it in more detail. The explicit expression for
Zb(a)n,k) at Co < Cl/\/g is

Eqk+E +€2C0q‘k

_gb
¥ (w,, k) =
C()n Z/ |:a wn (
where Ef]tk = E(q +k/2) and Fhox =
Si(e)e2d,(q —k/2)d,(q+k/2),  with e=

(I11—=1—1) and b =0 (resp. b =1) for b = ¢ (resp.
b = ¢). Note that ¥, is O(1) [and not O(1/N)]; math-
ematically, this is because of the trace, which yields a factor
of N.

As mentioned above, the boson self-energy X;(0,0) is
finite but depends upon the cutoff [Z,(0,0) is propor-
tional to A]. Again, this determines the location of the
QCP at N = o0, and when we focus on the critical
theory, this zero-frequency zero-momentum contribution
is exactly canceled by the bare value of r. Hence, we are
left with the corrections at nonzero frequency and
momenta, which we isolate by considering the self-
energy difference X, (w,,k) —2,(0,0) (for b = ¢, the
second term is zero by charge conservation). This differ-
ence is finite and cutoff independent. In the ¢;; — 0
limit, which will be the case in the critical theory, the
self-energy differences show logarithmic divergences, i.e.,
contain |Inc;/c,|. Conveniently, as mentioned in the
main text, the latter will act as a control parameter [25],
in addition to N, in the critical theory.

In the following, we thereby obtain the one-loop bosonic
self-energy,

2b(wn’ k) - Z:b(o’ 0)

[Incy/co| + /|@,|Cp).

=% (|| (k) (B2)

For future convenience, we henceforth take ¢, = 1 and
denote ¢ =c;. It is straightforward to obtain the

Fpqx )
ak T Eqi 1+ €2¢0q - k)z] ( EqkEqy)’

coefficients of the frequency dependence, C,. Because
%, is larger than the bare term at r = 0, which goes as
k? + w3, throughout this work, we take G, — 2!, where
G, is a full boson Green’s function. Finally, note that we
used an expansion in small 1/|Inc;/c,| of ., i.e., of the
inverse of Eq. (B2), in some of the calculations.

By evaluating X, (w,,0) — Z,(0,0), we find C, = 0 and
Cy = 1.33 by taking a = 1, ¢; =0, and ¢, = 1. Note that
in the ¢;/cy; — 0 limit, the frequency dependence is
subdominant and the bosonic propagator becomes static.

We now extract the nontrivial logarithmic momentum
dependence f,(K).

1. Coefficient of the logarithm

As mentioned above, when ¢y ; = 0, to which the theory
flows at the QCP, the energy E(k) and spectrum E_ (k)
vanish for any Kk||(111), which renders the self-energy
difference, X,(w,,k) —Z,(0,0), divergent. The appear-
ance of a divergence is subtle: For general k, the denom-
inator in Eq. (B2) appears relatively well behaved since the
singularity occurs only when both q + k/2 and q — k/2
lie along a (111) axis. The singularity actually arises from
the regions of integration at large |q| along these directions,
where |k| < |q|, so that both energies are small. We
analyze it below. In the limit 0 <cp <Ky Ky =1
(i.e., with ¢; nonzero and small), which is the actual
behavior in the RG flows, the divergence is removed, and
the result is large in |Inc;/c,|. In this subsection, we
extract the leading result in this limit. Notably, in this limit,
the result is independent of ¢ and can be approximated by
simply taking cy = 0.

041027-10



NEW TYPE OF QUANTUM CRITICALITY IN THE ...

PHYS. REV. X 4, 041027 (2014)

To extract the coefficient of the logarithm, f,(Kk), we
rotate to bases whose x axes point along one of the (111)
directions and make a change of variables such that

e = (51,52,53)/\/3T
» = (0, S2’_S3)/\/§
3= (—2S17S2’S3>/\/6

o>

and q=—¢; + ué, + veés,
€1

o>

(B3)

where s; = £1 (allows to span the eight (111) directions).
This rewriting is chosen so that for Q,u, v of O(1), the
region near the (s;5,53) ray is singled out. The Jacobian of
this coordinate transformation is Jo = |s5,83/c¢1|. Now,
we rewrite the functions involved in the integrand of the
self-energies, Eq. (B2), in these new coordinates, and we
obtain the leading asymptotic behavior of each such
function at small c;.
For example, we find

1
+ + ~__yb
Eq Kk~ €Q.u,1;;k] ko k3 and Fb;q,k ~ c2 yQ«,MJ/?kl,kz»h ’ <B4>
1

where the e* and y* (b= ¢,¢) are functions of

{OQ,u,v,ky, ko, k3} (and, of course, of the s;’s) only. We
are then in a position to take the logarithmic derivatives
of the boson self-energies. A major simplification thereby

occurs: The frequency dependence drops out of
% (@, k) — %, (@,,0). We find
a
— €10, [Zp(@,. K) = Zp(@,.0)] (BS)
%
- Z /+oon +oodu/+ood1)
S1,82,53==+1 0 2z —® e
= f(k) = [k|f;(k), (B6)
where
(a9 — hg)
Kb sy = 9ﬁQ[ 7
o
2(h*(a, + \Ja;/a_+a_)—3a,a )
a* a3/2 + a2.a¥? '
(B7)

In the above formula, we introduced several expressions:

K = s18:kcky + 5153k k. + s255k,k (B8)
hl = 3[0% = 2(u? + )] (BY)

ay = hf =3[0% +2(u* + 1)), (B10)
h = h? + (k2 —«), (B11)

he = kY — (k% — k), (B12)
a, = ag + (k2 — Kk 3\/51/!(32](), — S3kz)
+ V60 (s2k, + 53k, — 25,k,)), (B13)

where all the functions defined above, namely, ho, ag, h’,
as, and K? (b = ¢, ), are taken at {Q,u, v,k ky k. }
(and are also functions of the s;’s, although we have written
the latter explicitly for X” only). Note that the integrations
over u and v are taken all the way from —oco to +oo,
although the sum over the eight directions, ) 5, ¢ . is also
taken. This is because, for nonzero ¢y, the u, v integrations
have a priori upper bounds of order Q/ ¢y, which is taken to
infinity. In the present order of limits, all contributions arise
from regions of angular width of order c¢; from the
(111) rays.

The integrals, Eq. (B6), are evaluated thanks to the Cuba
library, using the “Cuhre” routine [33].

2. Approximation

Since f, is very smooth (see Fig. 5), we approximate it by
a low-order polynomial of k in order to be able to take
accurate derivatives of f, as required to compute the flow of
¢y (and c,)—see Appendix C. Imposing cubic symmetry,
the most general polynomial to order 6 can take the form

! b
— R~ mj] +
fr(k)

my (ks + ky + ko) + mbe ik, (B14)

and fits with m? = 2.356, m{ = —0.130, and m? = 4.136,
and with m{ = —4.704, my = 0.264, and m% = —8.253
provide excellent approximations: The square roots of the
means of the squares are Ry = 0.0049 and R, = 0.0049,

Ny ((1/7)~fi)?
=L/

where R, =

FIG. 5. Plot of f¢(ﬁ)/f¢(001). The line represents a (111)
direction. The whole surface can be obtained from the plotted
points by applying cubic symmetries (note that the set of plotted
points is larger than the minimal set of points). The yellow surface
is a sphere of radius f,(001).
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APPENDIX C: RG EQUATIONS

As discussed in the main text, 24 Feynman diagrams are
necessary to determine the RG equations: Two boson self-
energies X,, given in Appendix B, two fermion self-
energies X, and 20 vertex corrections [the one-loop
Epy1) (four) and the two-loop =), 47, (16—12 of
which either vanish identically or cancel each other out),
with b, b', b” = ¢, ¢p and n = £1. The notation is expected
to be transparent, and the expressions can be read off in
Egs. (C1)—(C3). We proceed like in Refs. [25,26]; i.e., we
find the corrections to the parameters of the theory by
evaluating the former when a small change in the cutoff is
applied. This physically corresponds to integrating out
modes to keep the rescaled cutoff unchanged. In practice,
we (i) use soft momentum cutoffs for the integrals,
implemented by the use of a rapidly decaying function

|

la|/A—F(|q|/A), with, e.g., F belonging to the function
space £2(R); (ii) compute the logarithmic derivatives with
respect to the cutoff A of the fermion self-energy and
vertices; (iii) identify the appropriate coefficients of the
Taylor expansion (in k; and w,,) of the result. The choice of
a soft cutoff is fairly arbitrary, but it helps to avoid spurious
singularities induced by “ringing” at the spectral edge.
The derivative with respect to A serves to extract the
incremental change in the band parameters due to a small
change of cutoff, as in the Wilsonian view of RG. The
momentum and frequency expansion allows identification
of the renormalization of each term of the Hamiltonian
independently.

1. Diagram expressions

The fermion self-energy is

ol (2r)3

—@ [ dq /+oo dQ, M,G) quﬂ%)f(W)
—o0 (27[)2;7( n

, Cl
Qn? k — q) Zb 0’ 0) ( )

where two cutoff functions F are present because both fermion lines in the self-energy should be cut off; i.e., the momenta
of all the electrons in the theory are taken within the cutoff. Similarly, the vertex corrections at zero external momenta and

frequencies are Jé = TO bi(1) + = = ( Y with
=0, gbg,,f / /+oo dQ, MyGY (MG My F () )
MN” 27 2(Qd) - Z,(0,0)

and

H,=— 3 99y 9 /d341 /d3q2 /+wdszn,1 /+oodgn,z
b;(2) N5/2 (2”)3 (27:)3 . . on

Db =p. ==+

0 0 0
MyGy , .My Tr{Gq  MyGo, 140

24112

2y (2. 92) —

All other diagrams are smaller in a 1/N expansion. By
using, for example, 0_j4,, G, = —(Gy, )?, one can
show that the two-loop diagrams Hg 2y With identical
internal boson propagators (b’ = b”), cance yi each other out
after performing the sum over 7 = £1 (and even vanish
identically in the case b = ¢). The remaining two-loop
diagrams correcting the Coulomb vertex (b = ¢ and
b #b") can also be shown to vanish, for example, by
noticing that only the b’ = b” diagrams can renormalize g.
Therefore, only four two-loop diagrams (those with b = ¢
and b’ # b"), shown in Fig. 4 in the main text, need to be
calculated. Careful observation shows that all contributions
are equal, and an explicit calculation yields a finite integral,
which converges to a nonzero value multiplied by
g/(N32|Inc|/c,|?). This is actually subdominant (for
¢1/cy < 1) to the contribution from the one-loop vertex
correction, although it is of the same order in 1/N.

2y (0,0)][Zpr (2,2, q2)

MyGo oM} _ (] ~(1a:]\ - (la1 + 74|
0.0 (T)f (T)f (7A ) (C3)

|
2. Flow equations

We find the following RG flow equations (“beta func-
tions”). The flow of a, the coefficient of the frequency in
the fermion self-energy, is

8,/»(1

1
2 =308, +- (0, D)) (C4)

,=0,k=0’

where Dy = A(d/dA). As usual, the last term on the
right-hand side corresponds, in the RG procedure, to the
“rescaling” (or integration of momenta), while the other
terms correspond to the “renormalization” [37]. The
“anisotropic” coupling of the fermions to the bosons leads
to “anisotropic” corrections to the coefficients of the
fermion Hamiltonian:
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A 6% .)°
il S 2A,,,+( f)f, j=0,1,2, (C5)
¢j ¢j
where
%(%.kx[DAZ?]”w,,:n:o forj=0
(6%)0 = V297 4, [DAZ}])|0)n:0’k:0 forj=1 (C6)

for j=2.

\/i(aa,k‘t [DAEL;]) |(u,,=0 k=0

The RG equations for the coupling constants are simply

2) D\=)
S 4 3-a,—24 +M;17[ 25

9b v 9/VN’

for g, = g,9, = ie and M, =Tys, M, = 1. The right-
hand sides of the equations eventually involve angular
integrals that can be performed numerically and which are
obtained using the identities

J5° dg A5 [F2 (a/ M) =1
[ dq A [ (/N7 <q/A>}:0
[ dqgh { q/A)Afj<q/A>] 0

féx’dcham[}—(‘]l/f\) (9192/ M) F (g1 (14g2)/N)] =1
(C8)

(C7)

5,)0 d d
( f)l — q 1 {(mqlo
Cq 87T|1nC]/C2|N A
Cy 87[|1nCl/C2|N
where
Nl,l = 3@x61y9 (Cll)
N2 = 54.4,(—83345 — 44347 — 44;4?
+34% +3q\, +74%), (C12)
Nis = —4,4,2(63347 — 434247 + 6424?
+104* + 104% — 44° (C13)
Noy =243 — 43— 43, (C14)
Noo = 24335307 — 2133(5 + 42) + 43(4243 — 542)
+ 93(4247 — 543) + 245 — 535 — 545, (C15)

(for any g,), since F(0)=1 and F(4+o00)=0 (F'
and F denote the first and second derivative of F,
respectively.).

In practice, to calculate the flows of a and c¢(, from
Egs. (C4) and (C5) with j =0, we shift the internal
momentum in the integrands of X, [see Eq. (CI)], i.e.,
q — q + k. As a result, the derivatives with respect to the
frequency w, or momenta k; involve the fermionic part of
the integrands. Proceeding otherwise to obtain the equation
for ¢ leads to a divergent integral. For the flow of ¢,, where
the derivatives with respect to either part of the integral
converge, we have checked that both “methods” give the
same result. The integrals from the vertex corrections
converge in particular, we find that the double integrals
in [D,=) . ] are subdominant (equal to a finite number
times 1/ | in'c;/c,|?, the latter factor coming solely from the
two inverse boson propagators), even upon taking cy; = 0
directly in G°.

3. Details of the flows of ¢; and c,

Because the results are crucial to the physics, we
give the details of the calculation of the beta functions
for ¢; and c¢,. Applying the derivatives in Eq. (C6) with
j=1, 2 to the “boson parts” of the integrand in the
self-energies using the approximations discussed

in Appendix B, and expanding X' in small
1/|Incy/c,|, we find
+m)N 1y A+ (m§ + mON 1+ (m§ + m§)N 5, (C9)
C—m{ )Ny + (m§ = m§)N oo + (m§ —m)N 5}, (C10)
|
Nas = 3342(=3143q5 — 314342 + 44342
+3044 + 294 +24). (C16)

The relative signs of the terms coming from %, originate
from the “opposite” commutation relations of I'j,; and
[,s with Tys, ie., [[,Tys] =0 for a=1, 2, 3 and
{T,,T4s} =0 for a =4, 5. Note that this is true before
implementing any approximation or assumption on the
magnitude of ¢;/c,. If e =0, it is then obvious that
the flows of ¢; and ¢, will take different directions, i.e.,
that the ratio ¢, /c, will be either relevant or irrelevant or, in
other words, that this ratio will flow either to infinity or
zero. Hence, a calculation taking ¢, /¢, large or small from
the beginning is definitely valid. We find that ¢;/c, — 0
occurs for e = 0 (see below). When e # 0, the situation is
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not as clear-cut, but taking ¢;/c, small, as when ¢ =0,
proves to be self-consistent, as shown below. We can also
justify it a posteriori as follows. ¢; /¢, — +oc0 would lead to
a situation where the coupling term ¢y 'T'4syr commutes with
the bare Hamiltonian at the critical point, hence removing all
fluctuations due to the coupling to the order parameter, which
is supposed to drive the transition through the fluctuations it
induces. Such a choice seems therefore unreasonable. The
situation where c;/c, = ¢*, a fixed constant, although
perhaps seemingly more reasonable, would imply the exist-
ence of a universal ratio, when none seems to be natural.
Hence, the limit ¢; /c, — 0 seems to be the only reasonable
limit to be taken. ¢y/c; — 0 is also consistent.

4. Exponents

Keeping a, c¢,, g, and e constant, i.e., setting the corre-
sponding flow equations to zero, the dynamical critical
exponent and the field dimensions are

a 3 a

:2—72, A — = 71//7
¢ Nl|lnc,/c,| v 2+N|lnc1/cz|2

3 1 a¢
Ay =— — 4 ——
¢ 2+|:2+N|IHC1/C2|:|

3 1 a
A, == N a— C17
¢ 2+[2 N|lnc1/c2|} (C17)
where a, =0.063, a, =0.143, a,=0.255, and

a, = 0.063. The anomalous dimensions are then simply

0z = az/(N|1n01/C2|)’ My = 2av,/(N|lnc1/c2|2), Ny =
1 +2ay/(N|Inci/c,|), and n, = 1—2a,/(N|Inc/c,|),
as given in the main text.

5. Solutions to the flow equations

Finally, we obtain

Cq Y

1

ay__a_ C18
af(%) c;N|Incy/c|’ (C18)

Co Co w
e P U L S— C19
f(c‘l) ¢y N|Incy/c,| (C19)

with ¥ =0.020 and W = 0.043. These equations are
solved analytically by

(c1/cx)(£) = e RV o,

(cofer)(£) = Toe VT (20)

where vy = v/2Y and vy’ = v2W/\/Y, and where ¢, and
T, are constants that depend on ¢y ,(Z = 0).
Note that, as mentioned in the main text, in the absence

of Coulomb interactions, we find (c;/cy)(¢) =

e~ (0359/VN)\/£+61 anq (co/cl)(bp)“6(0.240/\/ﬁ)\/f+£|

(7, is a constant); i.e., ¢p/c; is found to be a relevant
parameter in that case. The latter means that, eventually, ¢
reaches ¢,/+/6, a point at which Fermi surfaces start to
develop, rendering our theory invalid and the heretofore
studied critical point unstable. This would correspond to a
Lifshitz transition.

APPENDIX D: PHYSICAL QUANTITIES

We are now in a position to calculate the behavior of some
physical quantities. We first extract the critical exponent of
the correlation length. The associated RG flow is

afr

—:Z+3—2A¢, i.e., 3fr=l/_1(f)r, (Dl)
r

with
2a, + a
) =1——t T2 D2
O =1 Nine e (B2)
So
A 2a¢ +a
Or=(1—-———)r, with A="2"%
‘ ( \/N\/f + fo) Vg
(D3)
1.e., A = 2.836, which is solved as
r(¢) = roef_(ZA/\/N)\/m, (D4)

where r; is a constant that depends on r(Z = 0). We can
easily invert r = r(£) to £ = £(r) by taking the log of
Eq. (D4), squaring both sides, and solving the quadratic
equation. We get

r 2A r
fxIn—+—,/In—+ 7,
ro VN o 0

where we have kept only terms to order 1/+/N.

(Ds)

1. Order-parameter exponent

We first extract the exponent S and its logarithmic
correction, i.e., how (¢) behaves with r. We write

P& +dt) — ¢(2)
D(¢ + d?)

~ deA,(¢) (D6)

and integrate both sides from 0 to 7. Using Eq. (D5),
we obtain

2 5 2
¢ . (L) exp [zm lni+£o
bo To voV'N o
—2a,\/C
sV 20
X exp|———|, D7
p| o (7)
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with 2(5a, + 2a,)/vy = 13.867 and 2a,/v, = 2.523 (in
the main text, we absorbed ¢ in the definition of ry).
Contrary to more conventional problems, like the usual
Ising model, where S, = 1/2 in three spatial dimen-
sions, the bosonic order parameter here grows very slowly
as one moves away from the critical point on the ordered
side of the transition. This comes from the massive
fluctuations of the boson field due to the strong coupling
to the fermions.

2. Specific heat

At the critical point (or in the quantum critical region),
temperature is the only relevant parameter, so thermal
properties receive intriguing corrections in our critical
theory. Since the fermion is well defined (n, — 0), the
thermal average of the energy is

2
(€)= D Bl = > e Eilk). (D9
with, for (¢)=0, ¢o=0 and ¢, =1, E,.(k)=

ﬂ:(kz/\/g)\/l +3(c? - l)w where wy = kﬁk2 + 2R3+

I%fc? To lowest order, we find

15(4 — \/_)63/4\/_ 5/ T3/2

correction to the 73/2 law is a signature of the fact that ¢,
becomes scale (temperature) dependent in the quantum
critical region.

APPENDIX E: MEAN-FIELD THEORY

In this appendix, we consider the behavior in the ordered
phase according to naive mean-field theory, i.e., a saddle-
point evaluation of the ¢ and ¢ integrals. The former saddle
point is simply ¢ = 0; i.e., there are no effects of the long-
range Coulomb interactions at the mean-field level. The
saddle-point value of ¢ is nonzero in the antiferromagnetic
phase. It is governed by the effective action that consists of
the bare one [second line of Eq. (2) of the main text] plus
the contribution obtained by integrating out the fermions.

The fermionic contribution to the effective action, for
constant ¢, is simply the space-time integral of the total
ground-state energy density of the electrons. This is
obtained by summing up the energy of occupied single-
particle states.

In the saddle-point approximation, the Hamiltonian
density of the fermions is

5
Hypl#] = cok® + Z ¢ad, (k)T + Plys, (E1)
a=1

cy = 0r(E) » T ¢(5/2) =
i and we therefore have the ground-state energy density
Ty
~ 22.1exp [ In }TW (D9) & k
TR Sl =Y [ A (®2)
a=1
where 3v/(2+/z) = 0.215 (we use z & 2) [{ is the Riemann s
zeta function.]. To obtain the last line, we used the [Ey” are the single-particle lowest-energy bands, with
approximation ¢’ = (T(¢)/T,)"/* and thereby solved the ~ E,?*[¢ = 0] = E_(k)]. Here, by diagonalizing H{:[¢],
RG equation of ¢; in terms of temperature. The logarithmic =~ we obtain
|
1
B Ig] = ok £ VK +2(ch — 3wk & 6v2e Khwi + 647 (E3)

where we define k* = (k?)? and where 1,2,3,4 correspond
to the signs {——, —+, +—, ++}, respectively.

From scaling, E1 2 ~ k2, and hence, from Eq. (E2), one
expects that the smgular scaling contributions to the
effective action behave as & ~ [k|> ~ |¢]>/2, where we
used ¢ ~ k2, which follows dimensionally from H. This
describes only the singular contributions. Since £ is an
even function of ¢, we expect it to contain constant and
quadratic terms as well (which are cutoff dependent).
Indeed, one can verify by direct expansion in ¢ that the
integrals which arise from Eq. (E2) as coefficients of unity
and ¢ are finite, but if one proceeds to the following order,
the coefficient of ¢* is divergent. This is because of the
presence of the #|¢|>/? term.

To extract the coefficient 7, we take three derivatives of
Evpld] with respect to ¢. We find an integral whose
integrand goes as 1/]k|® at large |k| so that the result is
integrable in that region. One then simply rescales k —
k/\/|¢| and takes the limit of small ¢ (i.e., A/ /@ — +o0).
This makes the singular behavior explicit, and in this
limit, we find 6;‘(#’455";\413[45} =1.079/\/¢, ie., t=
1.079 x (8/15) = 0.575, where the coefficient was deter-
mined by a numerical integration, taking the fixed-point
values cp = ¢; = is indeed the lowest-
order nonanalytic term. Hence, putting everything together,
and looking at the boson action with the fermions integrated
out, we have
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5M4¢1=:vj/d%V¢2+-emA¢n (E4)

~v [l gl (E)
all other terms being irrelevant. Above, 7' includes the ¢?
terms in EYe[¢]. Most importantly, we obtained positive
t>0 so that when ¥ <0, a stable minimum action
configuration exists, describing a continuous—but
unconventional—transition at the mean-field level.
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