PHYSICAL REVIEW B 86, 214510 (2012)

Spin dynamics of possible density wave states in the pseudogap phase
of high-temperature superconductors

Chen-Hsuan Hsu, Zhigiang Wang, and Sudip Chakravarty

Department of Physics and Astronomy, University of California Los Angeles Los Angeles, California 90095-1547, USA

(Received 16 September 2012; published 18 December 2012)

In a recent inelastic neutron scattering experiment in the pseudogap state of the high-temperature
superconductor YBa,Cu3Og, an unusual “vertical” dispersion of the spin excitations with a large in-plane
anisotropy was observed. In this paper, we discuss in detail the spin susceptibility of the singlet d-density wave,
the triplet d-density wave as well as the more common spin density wave orders with hopping anisotropies.
From numerical calculations within the framework of random phase approximation, we find nearly vertical
dispersion relations for spin excitations with anisotropic incommensurability at low energy o < 90 meV,
which are reminiscent of the experiments. At very high energy w > 165 meV, we also find energy-dependent
incommensurability. Although there are some important differences between the three cases, unpolarized neutron
measurements cannot discriminate between these alternate possibilities; the vertical dispersion, however, is a
distinct feature of all three density wave states in contrast to the superconducting state, which shows an hour-glass

shape dispersion.
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I. INTRODUCTION

The pseudogap state of high-temperature superconductors
has been studied with numerous experimental tools, yet its
origin is not resolved.! One view proposes that the pseudogap
state is a particle-hole condensate, a density wave. Of all
such states that break translational symmetry and have strong
momentum dependence of the type d,>_,>, two candidate
density-wave orders that can couple to inelastic neutron
scattering have been proposed: the singlet d,2_>-density wave
(sDDW),? corresponding to angular momentum £ = 2 but
a spin singlet, and the spin density wave order (SDW); in
the general classification of density wave orders,® the latter
corresponds to £ =0 but a spin triplet. In addition to the
sDDW order, its triplet counterpart* (tDDW) iod,>_ y2, where
o = %1 corresponds to up and down spins with the Z axis
as the axis of spin quantization has also interesting properties
and deserves more attention.* Recently, Fujimoto proposed
that a triplet d-wave particle-hole condensate may be realized
in the hidden order state of the URu,Si, system.’ Since
high-7, superconductors have a rich phase diagram, which
hosts many possible competing orders, it is both important
and interesting to examine the properties of various density
wave order parameters of higher angular momentum. In
this paper, we discuss the three order parameters mentioned
above. In addition, we note that a singlet chiral id,>_y> + d,-
density wave® as well as iod 2_y2 + d,, density wave states
with interesting topological properties have been explored.’
Owing to limitations of space, we do not discuss these order
parameters here.

Inelastic neutron scattering can directly probe magnetic
excitations. The scattering cross-section is proportional to
the magnetic structure factor, which is proportional to the
imaginary part of the dynamic spin susceptibility via the
fluctuation-dissipation theorem.® Thus a calculation of the spin
susceptibility will provide a link between theoretical models
and neutron scattering experiments.

In particular, we want to address a recent experiment
in underdoped YBa,;Cu3Ogg. The most striking aspect of
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this experiment is a vertical dispersion relation of the spin
excitations with a large in-plane anisotropy in the pseudogap
state in contrast to the “hour-glass” dispersion observed in the
superconducting state.” The qualitatively different behavior
between the superconducting and the pseudogap states sug-
gests different mechanisms. Motivated by the experimental
observations, we study the spin susceptibility of the three
density wave orders mentioned above with hopping anisotropy,
which breaks C4 rotational symmetry and mimics an “elec-
tronic nematic” state, which is a collective phenomenon
not described by the density functional theory.!®'> Here
we consider a phenomenological model,'*> where we set the
hopping terms to be anisotropic along a and b axes, and study
the energy-momentum dispersion relations of the dynamical
spin susceptibility. The explicit calculation involves random
phase approximation (RPA) that has been widely discussed in
the literature; for some representative papers, see Refs. 14-17.

The structure of this paper is as follows: in Sec. II, we
sketch the calculation of the spin susceptibility and discuss the
numerical results of the SDDW order. In Sec. III, we discuss
the numerical results of the tDDW order. In Sec. IV, we also
discuss the numerical results of the SDW order. To make the
paper succinct and more accessible, the explicit forms of the
spin susceptibility are shown in Appendix.

II. SPIN SUSCEPTIBILITY: SINGLET DDW

In this section, we set up the calculation of the spin suscep-
tibility using sSDDW as an example. In the following sections,
we will give the results of the other order parameters. To
capture the in-plane anisotropic feature of the pseudogap state
in the neutron scattering experiment, we consider the sDDW
order with anisotropic hopping terms. In the momentum space,
the order parameter can be written in terms of the fermion
operators as

(Chy0.aChp) O i8ap Wi (1)
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with W, = %[cos(kxa) — cos(kyb)], where a and b are lattice

constants. For orthorhombic YBa,CuzOgg, a and b are un-

equal, but the difference is very small (a = 3.82A,b = 3.87A).
The two-dimensional mean-field Hamiltonian will be

Hsppw = Z Z(chlzgck,a + 6/<+QC;T{+Q,UC/<+Q,U
o k

+iWiel yCri0.0 +He), ©)

where the summation is over the reduced Brilloin zone
(RBZ) bounded by (k,b) £ (kya) = +m, Q = (w/a,m/b) is
the nesting vector, and €; = € + € with'®

€1 = —2t[(1 + r)cos(kya) + (1 — r)cos(k,b)], 3)
€x = 4t' cos(kya) cos(kyb) — u
—2t"[(1 +r)cosk,a) + (1 —r) cos(2k,b)]. “4)

For r #0, we have anisotropic hopping terms which
breaks fourfold rotational symmetry. Note that although the
anisotropy also modifies the next-nearest-neighbor hopping,
it is simply a parameter and is lumped into the definition
of ¢' in our model. The eigenvalues of the Hamiltonian are
A+ = €2 + E; with E;, = «/ €+ Wk'

The one-loop spin susceptibility in the momentum and
Matsubara frequency space is defined as, N being the number
of lattice sites,

ij . (P i j
xO’(q,quwn)=—N/0 dee " (TS, (1)s’, ), (5

where i,j = x,y,z, T is the imaginary time, 7 is the time-
ordering symbol, and the spin operators are

Si = Z Cl g aOapCip- (6)
k,o,B

Here, 6,4 are the Pauli matrices with spin indices o and 8. We
can define the longitudinal and the transverse susceptibilities
as x5°(q.q',w) and xg (q.q'.w), respectively, with Sqi =
Sy xi S; and iw, —  + i8. For unpolarized measurements,
the scattering intensity / contains both the spin-flip and the
non-spin-flip channels, I o¢ (x% + 2x77)/3. However, in this
paper, we will present the longitudinal and transverse suscep-
tibilities separately so that it can provide more information
about the polarized neutron scattering experiments, which may
be achieved in the future.

For the SDDW order, x{*(¢,q",0) = 2x,"~(q.q’ @) because
up-spin and down-spin parts of the Hamiltonian are identical.
The explicit form of the one-loop susceptibility is shown in
Egs. (A1)-(A4), and we calculate the RPA susceptibility as
shown in Egs. (AS5) and (A6) in Appendix. For illustrative
purposes, we set t = 0.15eV, ' = 0.32¢, t" = 0.1¢/, Wy =
0.65¢, r = —0.1, and kgT = 0.05¢. The chemical potential
is set to u = —0.805¢ in order to obtain a hole doping
level of nj, & 10.07%, approximately the doping level in the
experiment. Other similar choices of the parameters do not
change the conclusions.

In Fig. 1, the constant energy cuts of the imaginary
part of the transverse spin susceptibility along a* axis for
w < 0.6t are plotted. The results along b* axis are simi-
lar and are not shown here. Away from Q = (7w/a,7/b),
the magnetic excitations are peaked at the incommensurate
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FIG. 1. Constant energy cuts of Imxgps (¢, ) along a* axis when
gy =m/b and 0.1 < w < 0.6¢ for the sSDDW order. The weakly
energy-dependent incommensurate peak positions are marked with
dashed lines. The results of Imxghs (¢,®) are similar and omitted.

positions (gxa,gyb) = (7w £ 84,7) and (7,7 £ &), where we
define the incommensurability §, and &, along a*™ and b* axes,
respectively. From the numerical results, one finds that §, and
dp are weakly energy dependent, similar to the inelastic neutron
scattering experiment.” Furthermore, a prominent anisotropy
in the incommensurability §, < §, can be seen. With the
hopping anisotropy r = —0.1, we obtain §, ~ (0.30 £ 0.01)x
and §;, ~ (0.235 £ 0.015)7, which gives §, /3, ~ 0.78, which
would be again similar to §;/3, = 0.6 reported in the neutron
scattering experiments.’

One may further adjust the parameters of this model to fit
the experimental data, but that is not the goal of this paper.
We have varied the chemical potential i to check how the
dispersion relations vary with hole doping; results for different
doping levels are qualitatively similar. In the doping range
8% < np < 20%, there are always weakly energy-dependent
incommensurate excitations, and the incommensurability §,
and J;, increase with increasing doping level n;, as shown in
Fig. 2.

Note that hopping anisotropy is not necessary for the
existence of the nearly vertical dispersions. To demonstrate
this, the numerical results with isotropic hopping are plotted
in Fig. 3. Here r is set to 0, u = —0.806¢, and the hole doping
level is nj, = 10.03%. All the other parameters are the same
as in Fig. 1. One can still find nearly vertical dispersions with
incommensurability §, =~ (0.255 £ 0.015)7 even without the
hopping anisotropy.'”

The neutron scattering experiments show vertical disper-
sions in the energy range 30 meV < w < 60 meV,? and the
numerical results exhibit a nearly vertical dispersions up to
o < 0.6 =90 meV with the chosen parameters, which are

o/n
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%
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FIG. 2. Doping-dependence of incommensurability §, and 6.
Here u is adjusted to obtain different doping levels, and all the other
parameters are the same as in Fig. 1.

214510-2



SPIN DYNAMICS OF POSSIBLE DENSITY WAVE STATES ...

. P
Imxgrpa(gx.gy= Z’w)

——w=0.1t
0.7+ ——w=0.2t
0.6F —=— w=0.3t
0.5:/ — w=0.4t
047 i ‘ Ve 0=0.5¢
8; : — w=0.6t
0.15

% g.a/m

0.8 1.0 1.2 1.4

FIG. 3. Constant energy cuts of Imxgp (¢, ) along a* axis when
qy = 7 /b for the SDDW order. Here r = 0, u = —0.806¢, and all the
other parameters are the same as in Fig. 1.

similar to experiments. It is interesting to see how the excitation
peaks evolve at higher energies, so in Fig. 4, we present
the numerical results along the a* axis for 0.7r < w < 1.4¢,
where all the parameters are the same as in Fig. 1 except for
the energy w. The results along b* axis are again so similar
that they are not shown here. In Fig. 4, one finds that the
high-energy spin excitations are strongly energy dependent.
The incommensurate peaks move toward ¢ = Q in the range
0.7t < o < 0.9¢, and eventually disappear at ® =~ 1.0¢, where
the intensity around ¢ = Q is enhanced. When w ~ 1.1¢, a
central peak emerges at the commensurate position g = Q.
As the energy is further increased, the central peak splits
into to two peaks deviating from Q with incommensurability
8/, and 8;, which are marked by dashed lines. Unlike the
low-energy incommensurability 8, and 8, 8, and &, are energy
dependent and increase with increasing energy. Note that to
observe §,, and §;, the neutron scattering experiment needs to
be performed with very high energy (v > 1.1t = 165 meV),
or perhaps high-energy resonant inelastic x-ray scattering can
be of use.?’

The reason for the unusual vertical dispersions at low
energies and a different behavior at high energies can be
understood by examining the imaginary part of Eq. (A3). In
this equation, the first two terms are interband contribution
arising from the scattering from the upper band (e, + Ey) to
the lower band (€14 — Er44), and the scattering from the

- T '
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FIG. 4. Constant energy cuts of Imxgpa (¢,®) along a* axis when
qy =m/b and 0.7t < w < 1.4t for the sSDDW order. The energy-
dependent incommensurate peak positions are marked with dashed
lines.
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FIG. 5. Energy spectrum (A; s+ + @) of the sSDDW system as
(ka,kyb) goes along the route (0,0) — (7,0) — (,7) — (0,0). The
solid (dashed) arrows indicate the interband (intraband) scattering,
and the dashed line is the chemical potential u. The parameters are
the same as in Fig. 1.

lower (e — Ey) to the upper (€444 + Ex4q) bands. The last
two terms, on the other hand, are intraband scattering. For the
purpose of illustration, an example of the band structure and
the scattering process are plotted in Fig. 5, where the interband
and intraband scatterings are shown with arrows.

The interband and intraband terms of Eq. (A3) for
0.1 < w < 0.61 are plotted in Figs. 6 and 7, respectively.
The results for higher energy 0.7t < o < 1.4¢ are not shown
because they are very similar. From Figs. 6 and 7, one finds
that the intensity near ¢ = Q is mainly from the contribution
of the interband terms, whereas the contribution of the
intraband terms arise when ¢ is away from Q. From Eq. (A3),
we can see that at ¢ = Q, the intraband terms vanish and only
the interband terms contribute, leading to magnetic excitations
peaked around w & 1.1¢. In the vicinity of ¢ = Q, interband
terms still dominate, and we may expand them to first order
in §q = |¢ — Q| and obtain

—7T
— D nr(en & E) = np(eanry F Eirg)]
k

x 8(w — € F Ex + €2i1g F Extg)
b4

>~ N Z [np(ézk F E) — nrp(ex £ Ep)
X

onp(E)
OE E=eyFEi
x 8(w F 2Ey + Vi(ex F Ex) - 89),

which will be peaked at 8¢ = (£2E; — @)/[Vi(ex F Ex)].
However, for low energies, the energy conservation condition
cannot be satisfied unless Ej is very small, which diminishes
the difference between the Fermi functions and thus
suppresses the intensity. Therefore there is no enhanced peak
in the vicinity of ¢ = Q for low energies. For higher energies,
the energy conservation factor will be satisfied, and the
intensity at the incommesurate positions (8,, and ;) will be
enhanced and the excitation peaks can be seen as @ 2 1.1¢ in
Fig. 4.

In contrast, away from ¢ = Q, the intraband terms dom-
inate. The peak positions of the energy conservation factor,

Vi(ew F Ep) - 561}
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FIG. 6. Constant energy cuts of the interband terms of
Imygiag(¢, @) in Eq. (A3) along a* axis when g, = /b for 0.1¢ <
w < 0.61.

8(w — ex F Ex + €244 £ Erqy), move away from Q with
increasing . On the other hand, the coherence factor
[1+ (erk€ih4q + WiWitg)/(Er Extq)] vanishes at g = O and
develops with increasing |¢ — Q]. For the chosen parameters,
the energy dependence of these two opposite effects almost
cancels out in the energy range 0 < w < 0.6¢, leading to the
weakly energy-dependent positions of local maxima (8, and
d8p) as in Fig. 7. Such a dispersionless feature is sensitive to the
parameters because it depends on whether the contribution of
the intraband terms overcomes that of the interband terms away
from Q. The nature of the excitation peaks due to the interband
terms is distinct from the intraband terms. The dominant
contribution of the interband terms are determined by the
energy conservation factor and the Fermi functions, leading
to sharper excitation peaks at (w £ §),7) and (7,7 £ §,),
whereas the intraband terms also depend on the coherence
factor, resulting in relatively broadened local maxima instead
of sharp peaks at (7w £ §,,7) and (7w, +£ 6p).

III. THE TRIPLET d-DENSITY WAVE ORDER

We now consider the tDDW order, and choose the spin
quantization axis to be the z axis without any loss of generality,
that is,

(] paChp) X i(d - Gap)Wi = i(Z - Gop)We. (D)
T
lm/\/imra(qx’q}': _’w)
07 L —w=0.1t
0.6 ‘OI,,’t S . ! o w=0.2t
0.5 ——w=0.3t
04 —— w=0.4t
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02 — (1)=0.6t
0.1 '
; 08 10 12 1.4 DT

FIG. 7. Constant energy cuts of the intraband terms of
Imygiag (¢, @) in Eq. (A3) along a* axis when g, = /b for 0.1¢ <
w < 0.61.
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FIG. 8. Constant energy cuts of Imygii(¢,w) (upper) and
Imygpa(q,0) (lower) for the tDDW order along a* axis when
qy = 7 /b. The parameters are the same as in Fig. 3.

The tDDW mean-field Hamiltonian is therefore

Hppw = Z Z(chl,gck.a + €k+QC£+Q,Uck+Q,a
o k

+ioWeel  ciio.0 +He, ®)

which has the same eigenvalues as the sSDDW Hamiltonian.
The explicit form of the one-loop and RPA susceptibilities are
given in Egs. (A7)—(A12) in Appendix.

The constant energy cuts of the imaginary part of the spin
susceptibility of the tDDW order along a* axis are shown in
Fig. 8. The hopping anisotropy r is set to 0 for simplicity
and the parameters are the same as in Fig. 3. The longitudinal
susceptibility behaves similar to the sDDW order, whereas the
transverse susceptibility is significantly different in the vicinity
of ¢ = Q.In comparison with the sSDDW order, the intensity of
Imypa (g, ) of the tDDW order is suppressed in the vicinity of
q = Q. The intensity exhibits a V-shaped curve around g = Q
at w = 0.1¢, which evolves gradually to a U-shaped curve at
o = 0.6¢. Here we can also see the nearly vertical dispersion of
the incommensurate spin excitations §, ~ (0.255 £ 0.015)x.
Notice that for unpolarized measurements, with I o (x** +
2x%7)/3, there will still be the vertical dispersion away from
qg=20.

The difference between the sDDW and tDDW order is
that in Xcii:é(q,w) of the tDDW order, Eq. (A9), the Wy Wi,
term of the coherence factor changes sign and reduces the
interband contribution. As a result, the intensity in the vicinity
of ¢ = Q is suppressed. The significant difference between
the transverse and the longitudinal susceptibilities should
permit one to distinguish the singlet and the triplet orders
in spin-polarized measurements. On the other hand, the sign
change of Wy W;, does not affect the intraband terms as much
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FIG. 9. Constant energy cuts of Imygi,(¢,w) (upper) and
Imypa(q,0) (lower) for the SDW order along a* axis when g, =
w/b. Here, Ay = 0.65¢, u = —1.026¢, and the other parameters are
the same as in Fig. 8.

as the interband terms, so the nearly vertical dispersions due to
the intraband contribution can still be seen away from g = Q.

IV. THE SPIN DENSITY WAVE ORDER

Finally, we also consider the SDW order, which has the
order parameter

(c] 1 0.aChp) X (- Gup)As. ©)
The SDW mean-field Hamiltonian will be

Hspw = Z Z(Ekclt,gck,a + €k+QC/1+Q,UCk+Q,(r
o k

+oAC) Crig.0 +He), (10)

where the eigenvalues now become A,f L =€ £ E,f with

E} = ve}, + A2 The explicit forms of the spin susceptibili-
ties are given in Eqs. (A13)-(A17) in Appendix.

The constant energy cuts of Im gy, (¢, @) and Im X;P:X (q,w)
for the SDW order along a* axis are plotted in Fig. 9. Here
we set the SDW gap to be A; = 0.65¢ and u = —1.026¢. The
hole doping level is n;, = 10.02%. The results are interesting:
Imxpa(q,@) and Imygpa(q,@) for SDW order seem to be
“interchanged” in comparison with those for the tDDW order
in Fig. 8. In addition to this interchange, there is also a
difference in the intensity around g = Q between tDDW and
SDW, which could be observed if spin-polarized experiments
with high resolution could be achieved, although one cannot
be sure because of the non universal nature of this difference.
Away from ¢ = Q, we can also see the vertical dispersions of
the incommensurate spin excitations with §, ~ 0.28x. Again,
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for unpolarized measurements, there will still be the vertical
dispersion away from g = Q.

To understand the swap of the susceptibilities between
tDDW and SDW, we should compare Eqs. (A3) and (A9)
for the tDDW with Egs. (A15) and (A16) for the SDW; we can
seethatatg = Q, Wy Wiy, = — sz in tDDW, and this leads to
a minus sign, while Af in SDW does not. Therefore the form
of the coherence factors of SDW is opposite to tDDW in the
vicinity of ¢ = Q. As a result, the intensity of Imxgp(q,®)
for SDW in the vicinity of ¢ = Q is enhanced due to the
dominant interband contribution, whereas the intensity of
Imxiha(g.w) is suppressed in the vicinity of ¢ = Q. Thus the
difference in coherence factors leads to the “interchanging”
behavior between tDDW and SDW; the different momentum
dependence of the order parameters also leads to distinct
momentum dependence around g = Q. Away from g = Q,
on the other hand, both Imxgpa (¢,®) and Imygs, (¢, @) show
vertical dispersion relations due to intraband contributions.

V. CONCLUSION

In conclusion, we have attempted to provide an expla-
nation of a recent neutron scattering measurement in an
underdoped high-temperature superconductor, which points
to the fact that the pseudogap state is not a continuation of
the superconducting state below 7.. The salient feature is
a vertical dispersion seen above T, in the spin excitations,
as opposed to an hourglass shape dispersion seen below 7.
We have also explicitly checked that the consistency with
experiments does not require any fine tuning of the parameter.
In fact, as demonstrated, the vertical dispersion observed in
our calculation does not require a-b anisotropy (see Fig. 3);
of course, on phenomenological grounds, anisotropy should
be included, as it has been included here. Note that our peaks
appear to be sharper than those observed in experiments.

Although couched in the language Hartree-Fock theory
augmented by RPA, a thorough analysis of the properties
of various alternate order parameters should be a useful
guide. We also checked a band structure to contain electron
pockets as well, but the robust aspects of the conclusions were
unchanged. The vertical dispersion feature appears to persist in
the doping range 8% < nj, < 20%. Athigher energies, we find
energy-dependent incommensurability due to the interband
contributions. We also contrast the spin dynamics of the tDDW
and SDW orders, which exhibit different features around
q = Q, which could, in principle, allow one to identify the
spin nature of the underlying phase in a spin-polarized neutron
scattering experiment with high resolution. The transverse
and the longitudinal spin dynamics are interchanged between
SDW and tDDW. In principle, a whole class of higher
angular momentum particle-hole condensates are possible.
Experimental evidence of these order parameters should be
a major step forward. The tDDW is such an unconventional
hidden order that its discovery would be of great importance.
Note that tDDW is even invariant under time reversal.
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APPENDIX: THE EXPLICIT FORMS OF SPIN SUSCEPTIBILITY

In the density wave systems we considered above, the Green’s functions form matrices
N - (k. k,iwy, +(k.k+ O,iw,
Ga(k,iwm)z(g( g so Lk + 0.Tem) )
g(r(k+ Qakvlwm) g(r(k+ Q,k~|—Q,la)m)

where
B ) ;
go (kK Jiw,) = —/ dre' (T o (T)ey )
0

The one-loop spin susceptibility also has diagonal and off-diagonal terms:
X6°(q.q i) = 84,4 Xiag(@10m) + 84,4+ 0 Xoi(@ i 0m),
XJ_(Q»q,aiwm) = Sq,q/X;;aTg(Qaiwm) + Bq,q/-ﬁ-QX:f_‘f_(qaiwm)a

where the subscripts “diag” and “off” refer to the diagonal and off-diagonal terms of the one-loop spin susceptibility, respectively.
With a quadratic Hamiltonian, these terms can be written in terms of the Green’s function matrices by applying Wick’s theorem,
and we have

1 A N
Xine(@-i0m) = 2 D THGo(k+ qui€n +iwn)Go(k.ie)],

k,n,o

D Y (Gok+qiien+ion)Gokien)])i,

k,n,o j#l

1
BN
1
BN
1
BN

X (@ iwy) =

D TG ik + gi€n +iwn)G y(kii€,)],
k,n

D 3 16k +quien +iwn)G (ki€

koo j#l

X (g ion) =

where Tr is the trace and G (k,i€,) can be obtained from the Hamiltonian.
For sDDW, the up-spin and down-spin components are identical. For ¢ =% or |, we have

1 i€+ €1 — €x iWy
Golkje)= ———— — e — 1 —
(r( ) (ié — €2k)2 — E/% ka 1€ €1k €
Therefore we have
Xéz(q,q/,w) = (Sq,q’Xdiag(q ,w) + Sq,q’-&-QXoff(Q ), (A1)
X0 (4.4 ,0) = 5x5°(q.4' o), (A2)

where
Keina(@,) = 1 Z (1 _ €lk€iktq + Wka+q) [ nr(éx + Ex) —np(€xnig — Exvg) | nr(€ — Ex) — np(€rg + Erig) }

N = EyEriq o —€yx — Ex + €uyg — Exg +18 o — e+ Ex + €21g + Epyg + 16
1 €1k€lkrg + WiWirg\ | nren + Ex) — np(€ssg + Exry)  nr(ex — Ex) —np(enyg — Exig)
(i | il
N T EkEk+q w— ey — Ei + €ktq T Ek+q +ié w— ey + Ep + €2k+q — Ek+q +ié
(A3)
Ko@) i Z <—€1k Witg + €lkaq Wk) [ np(ex + Ep) —np(€rq — Exvg)  nr(éan — Ex) — np(€2iq + Eryg)
i\ » - - e .
° N EyEriqg o — €y — Ex + €p1g — Eprg +i8 o — €y + Ep + €y + Egyg + 10

%
np(ex + Ex) —np(€niqg + Exrg) | nr(en — Ex) — np(€xsig — Errg) :|

. . (A4
w — €y —Ek+62k+q +Ek+q+l5 a)—€2k+Ek+€2k+q —Ek+q+15 )

where np(FE) is Fermi-Dirac distribution function, and & is set to 0.06¢ for the numerical calculation in order to obtain smooth
curves. Applying random phase approximation, we obtain the RPA susceptibility'

. 15(gq.q91,0)
Rapa(q.9' 0) = - , (A5)
rrald:q qZ]I—UXSZ(CIhC]/»G))
0 (q.q1,0)

(A6)

)?];FP;(th/vw) = Z

[ Uy (q1.9" @)
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where %5°(¢,q’,w) and )25’ “(q,q’,w) are the 2 x 2 matrices from Egs. (A1) and (A2), respectively. For the numerical calculation,
we set U = Wy = 0.65¢ and compute the imaginary part of the diagonal terms of the RPA susceptibility (¢ = ¢’).
For the tDDW order, the Green’s function matrices become

R | i€ + e — € ioW;
Gy(k,ie) = m —io Wy ie —ey—eéen |
where o = +1 for up spin and 0 = —1 for down spin, and the spin susceptibility will become
X5°(q.9",0) = 4.4 Xdiag (), (A7)
Xo (4:4",0) = 84,4 Xt @ @) + 84,4+ 0 Xor (q,®), (A8)

where Xjfég(q,a)) is the same as yiag(q,®) in Eq. (A3), and

K (q.w) = 1 Z (1  €lkElktq — Wka+q>|:nF(62k + Ey) —np(€xtq — Exvg) | nr(€x — Ex) — np(épyq + Ek+q):|
Y EyEyiyq ® — €y — Ex + €1y — Eppg +i8 o — € + Ep + €p4g + Egyqg +10

+ L Z(I €1k€lk+q — Wka+q>[nF(62k + Ex) — np(€xtq + Eiktq) nr(ex — Ex) — np(€xtq — Ek+q):|

2N ErErqy w— €y — Ex + €xig + Exyqg +18  © — €x + Ex + €xsg — Exgg +18)
(A9)
() = —i Z (Elka+q + €lkag Wk) [ nr(éx + Ex) —nr(€uvg — Eryg) nF(sz — Ep) — np(eyq + Exiq)
off 2N EyEy1yq —ex — Ep + €244g — Exqg + i w—ex+Ep+ €kt+q T Ekrg + 16
nF(EZk + Ey) —np(€nsq + Exvg)  nrplex — Ep) — np(€yq — Exgg) :| (A10)
w— €y — Ey+€pqg+ Expg+id  w— e+ Ep + €xqg — Exgq +i6
The RPA susceptibility of the tDDW order will be
%0°(q.q",0)
Xrra(q.q' w) = —, (A11)
RPA I_UXSZ(qvq ,(,l))
At—
ot X0 (q.91,0)
Area(q.9",0) = , (A12)
KA ZI—UXO (q1,9",®)
where x;°(¢,q’,w) is from Eq. (A7) and %, (¢,q’,®) is a 2 x 2 matrix from Eq. (A8).
For the SDW order, the Green’s function matrices become
1 ie + e — e oAy
Go(k,ie) = e — —
( ) (ié _ €2k)2 — (E,f)z O'AS 1€ €1k €%
The longitudinal and transverse spin susceptibility are
XéZ(CLq/’a)) = sqqq/xjizag(q’w)’ (A13)
X0 (4:9"0) = 844 Xaiag(d-©) + 84 410 Xotr (@, @), (A14)

where x4:.(q,0), xdldg(q ), and x.i (q,®) now become

< _ €lk€lktqg T A?) |:”F(€2k + E;) — np(€urg — E/erq) nr(ex — Ep) — nr(€aeq + Ek+q):|

1
Kiiwl@®) = 3

k EXE,, o —ex— El +euy = Bl +i8 o=+ Bl +enry + Ef +i8

+ e Z | 4 Sk + A2\ [ nr(en + EY) —np(emsq + Eks+q) np(en — EY) = nr(earq — Elfﬂz)

N - ESE;f+q w— €y — Ef +ezk+q+Ek+q +ié w—62k+EkS+€2k+q _E1<S+q +id

(A15)

Xding(q-@) = 1 Z | _ Eik€ikrg — A2\ [ nr(ea + EY) — nr(eatq — Eiyy) + rlen = F) ~nrleas + Fi)
diag 2N ESE]f+q @ — € — E + €2k+q — lf+q +ié w — €+ E"S + €2ktq + Elf"'q +id

+ 1 Z | 4 Sk€ikrg — A2\ | nrF (€xx + EJ) — np(earsq + E/f+q) np(en — EY) — nr(€airq — E/f+q)

2N < E{EL,, © =€ = E{ +€urg + Efy +i8 0 —u+ E{ +xry — By +18

(A16)
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Xoit (@, ®)

PHYSICAL REVIEW B 86, 214510 (2012)

= 5N SpS
2N £ EJEf,,

A —E} + E;f+q ”F(EZk + E;f) — nF(€2k+q + E;f+q)
a)+€2k+E}§—62k+q —E]§+q+i8

(Elf - Elf—!—q) nF(GZk - Elf) - nF(62k+q - Elf+q)

E]‘(SE;E_,'_‘I a)+€2k—Ei§—€2k+q+E}§+q+i5

E; + Eks+q np(ex + Ep) — np(€sig — E,f+q)
ESED

k+q w+€2k+E1‘§—62k+q+E1§+q+i5

_ E} + El§+q nr(ex — Ep) —np (€ + Eks+q)
ESE

S N N .
k+q w+62k_Ek_€2k+q_Ek+q+18

j| . (A17)

The RPA susceptibility of the SDW order is in the same form as the tDDW order in Egs. (A11) and (A12).

'M. R. Norman, D. Pines, and C. Kallin, Adyv. Phys. 54, 715 (2005).

2S. Chakravarty, R. B. Laughlin, D. K. Morr, and C. Nayak, Phys.
Rev. B 63, 094503 (2001).

3C. Nayak, Phys. Rev. B 62, 4880 (2000).

“A. A. Nersesyan, G. I. Japaridze, and 1. G. Kimeridze, J. Phys.:
Condens. Matter 3, 3353 (1991).

3S. Fujimoto, Phys. Rev. Lett. 106, 196407 (2011).

6S. Tewari, C. Zhang, V. M. Yakovenko, and S. Das Sarma, Phys.
Rev. Lett. 100, 217004 (2008).

7C.-H. Hsu, S. Raghu, and S. Chakravarty, Phys. Rev. B 84, 155111
(2011).

8G. Aeppli, T. E. Mason, S. M. Hayden, H. A. Mook, and J. Kulda,
Science 278, 1432 (1997).

V. Hinkov, P. Bourges, S. Pailhes, Y. Sidis, A. Ivanov, C. D. Frost,
T. G. Perring, C. T. Lin, D. P. Chen, and B. Keimer, Nat. Phys. 3,
780 (2007).

195, A. Kivelson, E. Fradkin, and V. J. Emery, Nature (London) 393,
550 (1998).

!1C. J. Halboth and W. Metzner, Phys. Rev. Lett. 85, 5162 (2000).

12H. Yamase and W. Metzner, Phys. Rev. B 73, 214517 (2006).

13H. Yao, D.-H. Lee, and S. Kivelson, Phys. Rev. B 84,012507 (2011).

143, R. Schrieffer, X. G. Wen, and S. C. Zhang, Phys. Rev. B 39,
11663 (1989).

131, Eremin and D. Manske, Phys. Rev. Lett. 94, 067006 (2005).

A, P. Schnyder, D. Manske, C. Mudry, and M. Sigrist, Phys. Rev.
B 73, 224523 (2006).

7] -P. Ismer, 1. Eremin, and D. K. Morr, Phys. Rev. B 73, 104519
(2006).

18E, Pavarini, I. Dasgupta, T. Saha-Dasgupta, O. Jepsen, and O. K.
Andersen, Phys. Rev. Lett. 87, 047003 (2001).

H.-M. Jiang, J. Zhou, and J.-X. Li, New J. Phys. 13, 113016 (2011).

20M. Le Tacon, G. Ghiringhelli, J. Chaloupka, M. M. Sala, V. Hinkov,
M. W. Haverkort, M. Minola, M. Bakr, K. J. Zhou, S. Blanco-
Canosa, C. Monney, Y. T. Song, G. L. Sun, C. T. Lin, G. M. De
Luca, M. Salluzzo, G. Khaliullin, T. Schmitt, L. Braicovich, and
B. Keimer, Nat. Phys. 7, 725 (2011).

214510-8


http://dx.doi.org/10.1080/00018730500459906
http://dx.doi.org/10.1103/PhysRevB.63.094503
http://dx.doi.org/10.1103/PhysRevB.63.094503
http://dx.doi.org/10.1103/PhysRevB.62.4880
http://dx.doi.org/10.1088/0953-8984/3/19/014
http://dx.doi.org/10.1088/0953-8984/3/19/014
http://dx.doi.org/10.1103/PhysRevLett.106.196407
http://dx.doi.org/10.1103/PhysRevLett.100.217004
http://dx.doi.org/10.1103/PhysRevLett.100.217004
http://dx.doi.org/10.1103/PhysRevB.84.155111
http://dx.doi.org/10.1103/PhysRevB.84.155111
http://dx.doi.org/10.1126/science.278.5342.1432
http://dx.doi.org/10.1038/nphys720
http://dx.doi.org/10.1038/nphys720
http://dx.doi.org/10.1038/31177
http://dx.doi.org/10.1038/31177
http://dx.doi.org/10.1103/PhysRevLett.85.5162
http://dx.doi.org/10.1103/PhysRevB.73.214517
http://dx.doi.org/10.1103/PhysRevB.84.012507
http://dx.doi.org/10.1103/PhysRevB.39.11663
http://dx.doi.org/10.1103/PhysRevB.39.11663
http://dx.doi.org/10.1103/PhysRevLett.94.067006
http://dx.doi.org/10.1103/PhysRevB.73.224523
http://dx.doi.org/10.1103/PhysRevB.73.224523
http://dx.doi.org/10.1103/PhysRevB.73.104519
http://dx.doi.org/10.1103/PhysRevB.73.104519
http://dx.doi.org/10.1103/PhysRevLett.87.047003
http://dx.doi.org/10.1088/1367-2630/13/11/113016
http://dx.doi.org/10.1038/nphys2041



