
Wang et al.Reply: In Ref. [1], we proposed that the apical
oxygen vacancies act as anisotropic scattering impurities.
Within the Born approximation, they lead to a quasipar-
ticle scattering rate Γdcos2ð2θÞ, that is maximal (zero) in
the antinodal (nodal) direction. Together with an isotropic
scattering rate Γs that is common in real samples [2] and
Γs ≪ Γd, the theory explains nicely the puzzling exper-
imental results in the overdoped La2−xSrxCuO4 thin films:
(1) The superfluid density ρsðTÞ drops linearly with
increasing temperature T, and at the same time ρsð0Þ
scales quasilinearly with the transition temperature Tc [3];
(2) the optical conductivity extrapolated to zero fre-
quency appears to be lower than the transport conducti-
vity [4].
In a recent comment [5] to Ref. [1], the importance of the

nature of the impurity scattering is reemphasized, and some
issues are raised regarding to the approach in Ref. [1],
which we evaluate term by term below.
(i) Reference [5] points out that the oxygen vacancy

leads to a change of local electrostatic potentials and may
act as potential scattering center. We agree with this point,
and in fact this provides a possible origin of Γs in our
assumption, which we did not specify explicitly. However,
this does not rule out the importance of the anisotropic
scattering we proposed. According to Ref. [5], the change
of the electrostatic potential is about 90 meVand 3 meVon
nearest and next nearest coppers below the oxygen vacancy.
This energy scale is minute in comparison to the local
Hubbard interaction on copper (about 10.5 eV) and also to
the charge transfer gap (about 4 eV) related to the in-plane
oxygen [6]. As a result, this can barely change the effective
parameters for the Zhang-Rice singlet [7], the effective
degrees of freedom in doped cuprates. In contrast, the
hopping between the pz orbital (of the apical oxygen) and
the px=py orbitals (of in-plane oxygens) should be of the
same order of magnitude to that between the nearest px and
py orbitals (about 0.65 eV). As such, the leading effect of
the apical oxygen vacancy is the depletion of the virtual
hopping of the Zhang-Rice singlet via the pz orbital. It is
this effect that leads to the anisotropic scattering we
discussed in Ref. [1]. Note that this effect is the difference
between the cases in the absence and presence of the apical
oxygen, and the Zhang-Rice physics is not easily captured
in the ab initio calculations.
In addition, Ref. [5] also proposed the scattering due to

the Sr atoms, which is momentum dependent but is
also weak.
(ii) Reference [5] stated that we did not consider the

change of Fermi surface topology as the van Hove point is
passed. In fact, we emphasized that we are concerned with
the overdoped regime, where the Fermi surface topology no
longer changes. In addition, the linear drop of ρsðTÞ relies
on the nodal structure of the Γd scattering only, independ-
ently of the concrete Fermi surface topology.

(iii) Reference [5] stated that we did not consider self-
energy correction in the superconducting state. In fact, our
concrete self-consistent calculations [8] show that in the
dirty limit [to be consistent with the scaling between ρsð0Þ
andTc in the overdoped regime], the self-energy is diagonal,
purely imaginary, hardly changes in frequency, and is
essentially given by the bare scattering rate. As such, the
self-consistency leads to quantitative but not qualitative
changes in the dirty limit considered in Ref. [1].
(iv) Reference [5] stated that we did not consider the

vertex corrections. In fact, in the Born limit, the dressed
vertex reads Λk ¼ vk þ nimp

P
k0 jVkk0 j2G2ðiωn; k0ÞΛk0=N,

where k is momentum, vk is the bare vertex (or group
velocity), nimp is the impurity concentration, N is the
number of lattice sites, G is the Matsubara Green’s
function, and Vkk0 is the scattering matrix (assumed to
arise from the same type of scattering centers). As an
example, consider Vkk0 ¼ Vs þ Vdfkfk0, where fk ¼
cos kx − cos ky is the d-wave form factor. Since Λk0 is
odd in k0, while Vkk0 and Gðiωn; k0Þ are even in k0, the
vertex correction vanishes by symmetry. If the s-wave and
d-wave scattering centers are from different types of
scattering centers, the vertex correction adds up, but the
symmetry again rules out the vertex correction up to the
linear order in both types of impurity concentrations.
To conclude, Ref. [5] proposed possible potential scat-

tering effect of oxygen vacancies, which is included
implicitly as Γs in Ref. [1]. The other concerns do not
change our results qualitatively. The essential point is the
quasinodal structure in the total scattering rate. This may
follow from different scattering mechanisms [1,9], and it is
likely that the difference does not arise at the level of final
results.

Da Wang , Jun-Qi Xu,
Hai-Jun Zhang, and Qiang-Hua Wang
National Laboratory of Solid State Microstructures &
School of Physics,
Collaborative Innovation Center of Advanced Microstructures
Nanjing University
Nanjing 210093, China

Received 24 May 2023; accepted 22 June 2023;
published 25 July 2023

DOI: 10.1103/PhysRevLett.131.049702

[1] D. Wang, J.-Q. Xu, H.-J. Zhang, and Q.-H. Wang, Phys. Rev.
Lett. 128, 137001 (2022).

[2] H. Alloul, J. Bobroff, M. Gabay, and P. J. Hirschfeld, Rev.
Mod. Phys. 81, 45 (2009).

[3] I. Božović, X. He, J. Wu, and A. T. Bollinger, Nature
(London) 536, 309 (2016).

[4] F. Mahmood, X. He, I. Božović, and N. P. Armitage, Phys.
Rev. Lett. 122, 027003 (2019).

PHYSICAL REVIEW LETTERS 131, 049702 (2023)

0031-9007=23=131(4)=049702(2) 049702-1 © 2023 American Physical Society

https://orcid.org/0000-0003-1214-6237
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.131.049702&domain=pdf&date_stamp=2023-07-25
https://doi.org/10.1103/PhysRevLett.131.049702
https://doi.org/10.1103/PhysRevLett.131.049702
https://doi.org/10.1103/PhysRevLett.131.049702
https://doi.org/10.1103/PhysRevLett.131.049702
https://doi.org/10.1103/PhysRevLett.128.137001
https://doi.org/10.1103/PhysRevLett.128.137001
https://doi.org/10.1103/RevModPhys.81.45
https://doi.org/10.1103/RevModPhys.81.45
https://doi.org/10.1038/nature19061
https://doi.org/10.1038/nature19061
https://doi.org/10.1103/PhysRevLett.122.027003
https://doi.org/10.1103/PhysRevLett.122.027003


[5] H. U. Özdemir, V. Mishra, N. R. Lee-Hone, X. Kong, T.
Berlijn, D. M. Broun, and P. J. Hirschfeld, preceding
Comment, Phys. Rev. Lett. 131, 049701 (2023).

[6] M. S. Hybertsen, M. Schluter, and N. E. Christensen, Phys.
Rev. B 39, 9028 (1989).

[7] F. C. Zhang and T. M. Rice, Phys. Rev. B 37, 3759 (1988).

[8] Z.-L. Wang, R.-Y. Mao, D. Wang, and Q.-H. Wang, Chin.
Phys. Lett. 40, 057402 (2023).

[9] H. U. Özdemir, V. Mishra, N. R. Lee-Hone, X. Kong, T.
Berlijn, D. M. Broun, and P. J. Hirschfeld, Phys. Rev. B 106,
184510 (2022).

PHYSICAL REVIEW LETTERS 131, 049702 (2023)

049702-2

https://doi.org/10.1103/PhysRevLett.131.049701
https://doi.org/10.1103/PhysRevB.39.9028
https://doi.org/10.1103/PhysRevB.39.9028
https://doi.org/10.1103/PhysRevB.37.3759
https://doi.org/10.1088/0256-307X/40/5/057402
https://doi.org/10.1088/0256-307X/40/5/057402
https://doi.org/10.1103/PhysRevB.106.184510
https://doi.org/10.1103/PhysRevB.106.184510

