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Spin-Fluctuation-Driven Nematic Charge-Density Wave in Cuprate Superconductors:
Impact of Aslamazov-Larkin Vertex Corrections
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We present a microscopic derivation of the nematic charge-density wave (CDW) formation in cuprate
superconductors based on the three-orbital d-p Hubbard model by introducing the vertex correction (VC)
into the charge susceptibility. The CDW instability at ¢ = (Ags,0), (0, Agg) appears when the spin
fluctuations are strong, due to the strong charge-spin interference represented by the VC. Here, Agg is the
wave number between the neighboring hot spots. The obtained spin-fluctuation-driven CDW is expressed
as the “intra-unit-cell orbital order” accompanied by the charge transfer between the neighboring atomic
orbitals, which is actually observed by the scanning tunneling microscope measurements. We predict
that the cuprate CDW and the nematic orbital order in Fe-based superconductors are closely related

spin-fluctuation-driven phenomena.
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The rich phase diagram of cuprate high-T'. superconduc-
tors has been actively studied in condensed matter physics.
The non-Fermi-liquid-like electronic states near the opti-
mally doped region, including the d-wave transition temper-
ature at ~100 K, are well understood in terms of the nearly
antiferromagnetic Fermi liquid picture [1-4], whereas
strong-coupling theories were developed to describe the
underdoped region [5]. In the pseudogap state of slightly
underdoped cuprates, superconducting fluctuations play
important roles [2,4,6-8]. However, many mysteries con-
cerning the pseudogap region remain unsolved, such as the
Fermi arc formation [9-12] and the small Fermi pockets
detected by quantum oscillations [13].

The recent discovery of the axial charge-density wave
(CDW) parallel to the nearest Cu-Cu direction in Y-, Bi-,
Hg-, and La-based cuprates by the scanning tunneling
microscope (STM) studies [14—17] and by x-ray scattering
studies [18-25] constituted a significant advancement in
understanding the pseudogap phenomena. This finding
indicates that both spin and charge fluctuations
cooperatively develop in underdoped cuprates, and the
interference between charge and spin order parameters has
been discussed intensively based on various effective and
microscopic models [26-31].

The aim of this Letter is to present a quantitative micro-
scopic explanation for the experimentally observed axial
CDW, since the diagonal CDW is derived in previous
theoretical studies [29-31]. Importantly, the CDW wave
vector changes with doping, coinciding with the nesting
vector between the neighboring hot spots [see Fig. 1(b)] in
Y-, Bi-, and Hg-based cuprates [19-23]. In addition, all p,,
Py and dxz_yz orbital electrons contribute to the CDW
formation [17,21,25], consistent with the local lattice defor-
mation reported in Ref. [32]. The latter fact indicates that the
d-p multiorbital model should be analyzed to reveal the origin
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of the CDW. The mean-field-level approximations, such as
the random-phase approximation (RPA), are insufficient to
explain these experimental facts. Thus, we study the role
of the vertex correction (VC) in multiorbital models that
describes the strong charge-spin interference [33-37].
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FIG. 1 (color online). (a) Three-orbital d-p model for the CuO,
plane. (b) FS for x = 0.1. The integrand in Eq. (3) is large when
three points k —q/2, k +¢q/2, k —p (p = Q,) are connected by
the nesting vectors. (c) x%(¢) given by the RPA. The unit is eV~!.
We put U; = 4.06 eV and U, = 0. (d) Diagrammatic expression
of X7, (g). (e) AL-VCs X{(¢g) and Xj(gq). () C*(q) and
|A5(q; Q,)|? as functions of g.
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Other than cuprates, nematic states are realized in multi-
orbital systems with strong correlations. In Fe pnictides, a
spin-nematic mechanism [38] and an orbital-nematic one
[33,37,39,40] have been proposed. In both scenarios,
spin-fluctuation-driven nematicity is discussed. The latter
scenario proposes the orbital order due to the spin-
fluctuation-driven VC, and this scenario is applicable even
when the spin fluctuations are incommensurate [33-35,37],
like in Ba(Fe;_,Co,),As, with x > 0.056 (Ty < 30 K).
In cuprates, the VC will develop for both the d and p
orbitals, since both orbitals largely contribute to the
density of states (DOS) at the Fermi level. Thus, the
multiorbital CDW formation in cuprates could be explained
by applying the orbital-spin mode-coupling theories
[33-37.40].

In this Letter, we find the significant role of the
Aslamazov-Larkin VC (AL-VC), which had not been
analyzed in previous studies, in the formation of the axial
CDW in cuprates. By analyzing the d-p Hubbard model
with realistic parameters, we reveal that the axial CDW
instability at the wave vectors ¢ = (Agg,0) and (0, Agg)
connected by the neighboring hot spots is realized by the
AL-VC in the charge susceptibility. The CDW emerges
only in the underdoped region since the AL-VC increases
in proportion to the spin susceptibility. The obtained CDW
with interorbital charge transfer is consistent with the STM
measurements [14—17].

Figure 1(a) shows the three-orbital d- p model for cuprates
inreal space. The nearest d- p, d-d, and p-p hopping integrals
are shown as 1,4, 144, and 1,,, respectively. We use the
hopping integrals of the first-principles model for La,CuQO,
listed in Table 2 (N = 0) of Ref. [41], in which the second-
nearest (t’dp, typs 1) and the thrid-nearest (¢};,) hopping
integrals exist. In addition, we include the third-nearest d-d
hopping t;ﬁf = —0.1 eV to make the Fermi surface (FS)
closer to Y- and Bi-based cuprates. The obtained holelike FS
for the electron filling n = n; +n, =4.9 (hole filling is
x = 0.1) is shown in Fig. 1(b). We also introduce the on-site
Coulomb interactions (U4, U ,) and the nearest d-p Coulomb
interaction (V) shown in Fig. 1(a). The interaction parameters
used in the present study are (U, U,. V)~ (4,0-2,0.6) in
eV [42]: the ratios U, /U, and V /U ; are consistent with the
first-principles study [43]. Later, we will show that the spin
(charge) susceptibility is mainly enlarged by U, (U, and V)
sensitively, whereas both susceptibilities are insensitive to
U, [42].

First, we study the spin and charge susceptibilities by
using the RPA. We denote (c(k),cy(k),c3(k))=
(dyo_y2(k), p(k), py(k)). In the RPA without the VC,
the spin (charge) susceptibility in the 3 x 3 matrix
form is given as 7ip(¢) = 70 (q)/{1 = 1" ()20 (@)}
where 1*(¢)(g) is the Coulomb interaction for the spin
(charge) sectors: f;@ = (-)Uy,, IA“E(;) = f;(g) =(-)U,,
Aj’;z = —4Vcos(q,/2), and Ai‘ﬁ = —4V cos(q,/2).

)(E(Z(q) =-T> G .(k+ q)G,, (k) is the bare bubble,
and G(k) = (ie, + u — Hy)™'. Here and hereafter, g=
(qw;) and k= (k,e,), where @;=2IzT and
€, = (2n+ 1)zT. Figure 1(c) shows the d-orbital spin
susceptibility y7%(q) = x}.,(¢g) for U, =4.06eV and
U,=0 in the case of n=49 and T =0.05¢eV.
[#&pa(q) is independent of V.] The spin Stoner factor ag
defined as the maximum eigenvalue of I*3()(g) is 0.99.

However, the RPA fails to give any CDW instability by
using the present interaction parameters. To improve the
RPA, we calculate the charge susceptibility by including
the VC given as

7°(q) = ¥ (q){1 -T<(g)®“(9)}". (1)

where ®¢(¢q) = 79 (q) + X°(¢), and X°(q) is the irreduc-
ible VC for the charge sector. When the VC is large, 7°(g)
is enlarged in multiorbital models [33]. Here, we consider
the AL-VC, which is the second-order term with respect to
the fluctuations, since it is scaled by the square of the spin
correlation length &~ 1/(1 —ag) in two-dimensional
systems [33,44]. The AL-VC gives the nematic orbital
order in Fe pnictides [33,35].

The AL-VC increases rapidly with U, in proportion to
1/(1 = ag) [33], whereas it is insensitive to U, and V. With
this in mind, for simplicity, we present the expression of the
AL-VC for U, =V =0:

Xin(q) = TTU?’ ZP:Az(q; p) {x; (p + %)%2 <p - %)
+ 375 (p + %)x; (p - %) }Ain(q; p), (2)

Alg;p) = TZ;G“ (k + %) G, (k - %) G, (k= p),
(3

~

where p = (p.w,), 23" (q) =4 (q), and Al (q; p)=

Au(=g;p) + Ay (=g;—p):  the relation A} (q;p) =
2A,,(g; p) holds in the present model. Its diagrammatic
expression is shown in Fig. 1(d). The dominant contribution
of the AL-VC has been verified by the functional RG
method [35,36]. In the self-consistent VC (SC-VC) method
[33], we calculate both 7% and X self-consistently. In
the present model, however, we verified that the positive
feedback effect from 7¢ to X¢, which is important in Fe
pnictides [33], is very small. Thus, we can safely replace 7
in Eq. (2) with 7gp,. We verified that the Maki-Thompson
(MT) VC is considerably smaller than the AL-VC; see
Refs [34,35] and the Supplemental Material [45].

In cuprates, both d-orbital and p-orbital AL-VCs are
strongly enhanced when y7 (q) is large, since the p-orbital
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DOS is large at the Fermi level [46]. Figure 1(e) shows the
obtained X§(q) = X5,(¢q) and X§(q) = X§3(q) for the
parameters used in Fig. 1(c). X7, (q) shows the maximum
at Q. = (6.,0) (Q. = (0,6,)), and it is about one-third of
X4(q) = X{.;(g) in magnitude. The AL-VC for the p,
orbital is approximately given as

X5(q) ~ UglAs(q:Q5)PC (). (4)

Clg) =TY xip+a/2x,(p-4/2). (5

where Q, = (7, 7). The g dependences of these functions
along the ¢, axis are shown in Fig. 1(f). Here, C°(q) has a
maximum at ¢ = 0, and its width is about 25,: a weak
shoulder structure of C*(q) at g = (25,,0) reflects the
incommensurate peaks of y*(q) at ¢ = (z £ &, 7). On the
other hand, |A;(g;Q,)|* in Fig. 1(f) takes the maximum
value at ¢ = (Agg, 0), reflecting the nesting between the hot
spots. In fact, the integrand of Eq. (3) is large in magnitude
when k+q/2, k—q/2, k—Q, are on the FS and con-
nected by the nesting vector. [The p, ) orbital has large
weight around the Y (X) point.] Thus, the large peak of
X5(q) at ¢ = (5.,0) originates from the strong g depend-
ence of the three-point vertex As(q;Q;) in the present
parameters.

Note that |As;(q; Q,)|* at ¢ = (5., 6.) is much smaller
than that at g = (5., 0) as shown in Fig. 1(f). Thus, the axial
CDW is selected by the strong ¢ dependence of
|A5(q; Q,)|?, contrary to many previous theoretical studies
that predicted the diagonal CDW [29-31].

Because of the large AL-VC, the charge susceptibility in
Eq. (1) is enhanced at ¢ = (6., 0), and it diverges when the
charge Stoner factor a. defined as the maximum eigen-
value of T(q)®°(g) reaches unity. The CDW (a¢ = 1) is
realized due to the finite off-diagonal elements of
I, F§;2(3) x V. We will show later that the CDW

emerges when X$(Q.) = U,/16V?, and X$(Q..) scales as
(1 —as)‘l. Thus, the larger V is, the smaller ag is for
realizing the CDW. In Figs. 2(a)-2(c), we show the largest
three susceptibilities. 75(¢) =15, (9). 2°,, (4) =255 (@)-
and )(Z,;X(d;y)(q) 515;2(1;3)@) at n =4.9, in the case of
U;=406¢eV and U, =0 (ag=0.99). We also put
V' =0.65 eV, at which a, reaches 0.99. Both x5 and yy
show large positive values at g = Q.., whereas Xy develops
negatively. The charge-density modulation [An,(q),
An,(q),Any(q)] at g = (8. 0) is proportional to the form
factor that is given by the eigenvector of 7°(g) for the
largest eigenvalue. The form factor for Figs. 2(a)-2(c) is
given as f = (—0.56,0.21,0.80), which means that the (d,
p,) orbitals form the “antiphase CDW state.” (Note that the
form factor is sensitive to the model parameters.) A
possible charge distribution pattern for Q. = (z/2,0) is

(a) (b)

x:(q)

Cu Pxcu Px cu Px cu P cu Px cu P~
(f) 08 0.9 1.2

total (x0.5)

0
Energy [eV] Cu PxCu Px Cu Px Cu Px Cu Px Cu Px

FIG. 2 (color online). Charge susceptibilities with the VC:
(@) x5(q), (b) x5(q) and x5(q), (¢) x5.(g) and x5, (). We put
U;=4.06¢eV,U, =0,and V = 0.65 eV. (d) A possible charge
pattern of the CDW (6, = x/2). Since the charge transfer
between the neighboring n, and n; occurs, (n,, n,) are in
antiphase in the intra-unit cell. (e) Total DOS and local DOSs at
two p, sites in the CDW state with Q. = (z/2.0). (f) R(r, E) in
the CDW state for £ = 0.2 eV.

depicted in Fig. 2(d). We verified that the antiphase CDW
with respect to the nearest (n,, n,) develops if we introduce
small repulsion V, p,> see the Supplemental Material [45].

Here, we calculate the d- and p-orbital local DOSs in the
nematic CDW shown in Fig. 2(d), under the CDW order
parameter at r predicted by the present theory
(Angy, Any, Any) = fbcos[(z/2)(r, + 1/2)]. Figure 2(e)
shows the obtained local DOS N(r,e) at two p, sites
and the total DOS for b ~ 0.08. The pseudogap appears due
to the CDW hybridization gap. [Here, we put n = 5.0 since
6. = m/2 is achieved at x = 0 in the present single-layer
model; see Fig. 3(a). This will be justified in double-layer
YBa,Cu;0, and Ba,Sr,CaCu,0, since the FS of the
bonding band is large.] In Fig. 2(f), we show the obtained
ratio R(r,E) = [EN(r,e)de/ [°; N(r,€)de at the Cu and
O sites for E = 0.2 eV. The realized intra-unit-cell nematic
order looks similar to the recent STM results [14,15,17].
Moreover, the Fermi arc structure found by angle-resolved
photoemission spectroscopy [9-12] would be formed by
the single-Q or double-Q CDW order [47,48]. The Fermi
arc structure similar to cuprates was recently reported in
Sr,IrO,4 [49].

Here, we present an analytic explanation why the
nematic CDW is realized by the AL-VC in the presence
of small V. To simplify the discussion, we consider only
¢y = @f, and ¢f = P55 and put U, = 0 in Eq. (1). The
obtained results at ¢ = Q.. are
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FIG. 3 (color online). (a) Agg, d,, and &, obtained in the d-p
model as functions of x = 5 — n. (Inset) The values of V required
to give the CDW. (b) The values of Val)W as a function of x,
which will depict a qualitative behavior of Tcpyw. Note that Q.
shifts to 0 for x <0.02. (Inset) ag(x) (i)—(iii) are shown.
(c) Schematic phase diagram of cuprates.

xa(q) = ©4(q)/D(q), (6)

x5(q) = ¥5(g){1 + U, 25(q)}/D(q), (7)

and yg.,(q) = —4V®§(q)x;(q), where D(q) = 1 + ®j(q) x
{U;—16V2®S(q)}. Thus, the charge susceptibilities
develop divergently when ®§(Q.) is greater than
U,/16V? due to the AL-VC. Note that U,/16V? <« 1
according to the first-principles study [43].

In the RPA without the VC, 7°(g) diverges when V is
larger than 2.7 eV, which is much larger than the first-
principles value [43]. Worse still, the divergence occurs at
q = 0 in this model. Thus, the VC is indispensable to
realizing the stripe CDW state. The RPA analysis on a d-p
model with V, , ~was done in Ref. [31] in detail.

Now, we study the hole carrier (x = 5 — n) dependence
of the CDW state. Figure 3(a) shows Agg and obtained &,
and 6, for U, = 0 by choosing U, and V so as to satisty
as = ac = 0.99. The inset of Fig. 3(a) shows the used V,
which is much smaller than the first-principles value for
both U p= 0 and 2 eV. Also, the used U, is 4.0-4.1 eV.
Here, 6; decreases for x — 0 as observed by neutron
measurements. In contrast, §, increases as x — 0 with
satisfying the relation J, ~ Agg, which is widely observed
in Y-, Bi-, and Hg-based compounds [19-23]. Also, the
relation d, 2 Agg is consistent with experiments.

Here, we explain why the CDW appears only in the
slightly underdoped region. In Fig. 3(b), we show the
inverse of V at the CDW boundary Vcpy, for U, = 0, by
adjusting U, to satisfy ag= ag(x). In the case of
(i) ag(x) =0.99, VE})W decreases as x — 0, since the
AL-VC at ¢q = (Ags,0), which is proportional to
C*(Ags, 0) in Fig. 1(f), becomes small when Agg > §;.
However, ag decreases with x in cuprates, which is
reproduced by the fluctuation exchange approximation
using a fixed U, [4]. Thus, the CDW should disappear
in the overdoped region since the AL-VC is scaled by
Erx1/(1 —ag) [33]. For this reason, we also set
1/y/1T=ag as (i) 3.3/+/x and (iii) 16(1 —2.9x). In case
(iii), if we fix V~! = 1.6 (dotted line), the CDW is realized
only for 0.06 < x < 0.12. Thus, the phase diagram in
Fig. 3(c) is well understood.

In La-based compounds, the relation §,. = 24, is satisfied
[24] differently from other compounds. To understand this
fact in the present theory, we study the case ag = 0.998, in
which y*(Q) at Q) = (7 & 8, =) reaches 100 eV~!, which
is still smaller than the neutron experimental data in 60 K
YBCO [50]. In this case, the incommensurate peak in y*(q)
becomes sharper, as observed in La-based compounds.
Then, the shoulder peak in C*(q) at ¢ = 2@, = (26,,0)
becomes prominent as shown in Fig. 4(a). For this reason,
the CDW wave vector §,. is fixed at 20, as shown in
Fig. 4(b). In this case, Vcpw = 0.35 eV. Thus, the relation
5. ~ 25, can be realized when y*(q) shows clear incom-
mensurate peak structure. Therefore, the present CDW
mechanism due to the AL-VC can explain both the
relations &, ~ Agg and &, ~ 25,, and the latter is realized
when y*(q) shows clear incommensurate peaks. This result
would be a great hint to understand the CDW in LSCO.
Note that the relation Q. = 2Q’ is naturally understood
since the AL-VC represents the interference of two
magnons.

In our theory, the CDW originates from the repulsive
interactions, and the electron-phonon (e-ph) interaction is
unnecessary. In real compounds, the Coulomb-interaction-
driven CDW fluctuations couple to the lattice due to finite e-
ph interactions, so the Kohn anomaly will emerge [51-53].

Finally, we discuss the close relation between the CDW
in cuprates and the nematic orbital order in Fe pnictides.

@ O 06,=26;
3N\ag=0.998 L a=@0 1 Z%%
: | =L
S 2 | €02
i | 1 802l
& |
s L | 25=0.99 (x2)] ©
1+ | {1 <041 s
2
!
TN ] as=0.998
| L ST,
O0 /2 b 0 0.1 0.15
q X

FIG. 4 (color online). (a) C*(gq) for x = 0.1 and (b) §, and 5, in
the case of ag = 0.998 (U,; = 4.09 eV) and Vpw = 0.35 eV.
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In both systems, the charge-spin interference, which is
given in the AL-VC, causes the interorbital charge transfer
when & r > 1 [33,37]. In Fe pnictides, both ¢ = 0 and
q # 0 d -orbital orders or fluctuations have been discussed
intensively [26,33,37,54], and both fluctuations will con-
tribute to the superconductivity.

In summary, we revealed that the axial nematic CDW in
underdoped cuprates originates from the AL-VCs in &¢(g),
which describes the interference of two magnons. We
showed that both the spin fluctuations at Q, ~ (z, z) and
charge-orbital ~fluctuations at Q.= (Ags,0), (0, Ags)
develop mutually. (This VC-driven CDW cannot emerge
in the single-orbital Hubbard model, as we discuss in the
Supplemental Material [45].) We predicted that charge-
orbital-spin multimode fluctuations emerge ubiquitously in
cuprates, Fe pnictides, and other strongly correlated electron
systems, due to the significant contribution of the AL-VC.

We are grateful to S. Onari, M. Tsuchiizu, J. C. Davis, K.
Fujita, A. Bianconi, Y. Matsuda, A. Fujimori, and T.
Hanaguri for fruitful discussions. This study has been
supported by Grants-in-Aid for Scientific Research from
MEXT of Japan.
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