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Generic features of cuprate phase diagram

® Various features/phases are present

among different families

® Much progress at experimental front
® Neel AF (Mott/charge transfer insulator

zero doping x=0)

® Incommensurate SDW (small x) [1]
® (fluctuating) charge order (NMR [2], RXS

[3], X-Ray [4])

® Pseudogap in quasi-particle spectrum [3]

® Nematicity (resistivity anistropy [6], Nernst
[7], STM [8], neutron scattering [1], torque

magnetometry [9])

® Superconductivity (at sufficiently large x)
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Guiding principles in cuprate phase diagram

® Two guiding principles:
® Novel phases other than SC only
appear below 7'7x (p)

W 77+ (p) increases monotonically as
p—0 reaching 7T+ (p)=7IN

® Importance of short-range AF order

® Here, we want to focus on
electronic nematicity (in YBCO)

|

Connection of nematicity and
short-range AF correlations?
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Experimental signatures of (spin) nematicity



Experimental signatures of nematicity in YBa,Cu;0-

® Nematic order = electronic state breaking /4 symmetry of CuO, plane

® YBa,Cu;0,_ 5 has orthorhombic crystal structure for 6<0.7:a#4; 6=0.7,
0.65, 0.55 (p=0.05)

® Inelastic neutron scattering peak close to Neel ordering wavevector ¢=
(7, ) is elliptic [1]

p=0.05, 7=34K
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Inelastic neutron scattering at low temperatures T=3K

B Atlowest 7=3 A" (Quasi-)elastic peak close to ¢= (7, ) describing
static incommensurate spin-density wave (SDW) order

® Inelastic contribution peaked/at energy of 3 meV remains present at

larger temperatures 7
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Experimental signatures of nematicity in YBa,Cu;0-

W Scattering peaks at ¢= (7, 7) and energy £<7 mel show in-plane

anisotropy (a+5)
® Elliptical shape with major axis along « direction
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Experimental signatures of nematicity in YBa,Cu;0-
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Experimental signatures of nematicity in YBa,Cu;0-

® Ellipticity (Ala—AlbH) increases with hole doping p
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Experimental signatures of nematicity in YBa,Cu;0-

W Scattering peaks eventually split: incommensurate wavevectors along a

YBCO, . k., E=3meV, T=3K k=155A" ky,
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Summary of nematicity signatures in inelastic neutron
® Small ellipticity present even above 7lnem
due to orthorhombic distortion of YBCO

B 7-dependent ellipticity of inealistic peaks
appears at large 7nem =150 A

® Ellipticity increases with lowering T
® Doping-dependent onset temperature 7(nem
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Summary of nematicity signatures in inelastic neutron

® Small ellipticity present even above 7lnem
due to orthorhombic distortion of YBCO

B 7-dependent ellipticity of inealistic peaks 5
appears at large 7dnem =150 A

® Ellipticity increases with lowering T 2 100
® Doping-dependent onset temperature 7(nem

()

5 ncomme surate DW o se‘t ts m &I
ther S|gna ures of nematic “stripe” corr

300 g~

® Appears only for hole doping
® Appears only when tetragonal symme

explicitly broken (new data by Matsyda et al.?) ‘;2150;

® (Fluctuating) stripe CDW nearby
B Appears at “large” temperatures scales 7~/
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Summary of nematicity signatures in inelast. neutron

® 7-dependent ellipticity of inealistic peaks From [2]
appears at large 7nem =150 A N\ M

® Doping-dependent onset temperature 7inem _ .. - %M

® Ellipticity increases with lowering T i g

® Incommensurate SDW onsets at same doping i ¢ ° §

®m Small ellipticity present even above 7{nem S0 ot — o0 Towom

tionn ~Ff\N/DON

We now describe microscopic mechanism by 200l
which nematicity appears close to AF Neel order. '

Theory program:

® Microscopic derivation of biquadratic spin
exchange A term from 3-band Hubbard model ol e L

® Analysis of biquadratic A"term including hole doping p (per planar Cu)
classical and quantum fluctuations

Temperature T (K)
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o
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Microscopic derivation of biquadratic spin exchange



Microscopic starting point: 3-orbital Hubbard model
® Three-band Hubbard model: Cu &dx72 —y72 , O plx, ply orbitals

Non-interacting part Al +Hle
* hopping tdpd >tipp
 orbital energy difference A = elp —eld >0.

H=H.+ H;, + Hy + Hy

On-site interactions

U
d, d pp
Hy = Z {U ddMip Ny + —— (ngmngu + ”Zmngu)}
R;
Nearest-neighbor interactions
Hy = Vpp Z Z 77, yz—|—5’ + Vpd Z Mo z—|—5 ‘{
R;, 0,0’

Undoped “vacuum state”: One hole per Cu, filled O orbitals

# Charge-transfer (Mott) insulator: ¢/ KUldd, A

Strong-coupling expansion in ¢l /Uldd —A ,tlij /A yields —/-model describing
mobile holes coupled to localized Cu spins. Role of oxygen density fluctuations?

15



Relevant terms in strong-coupling expansion

® Focus on subspace of singly occupied Cu spins first

® At second order
m effective hole hopping between oxygens renormalizing #pp
® Cu-O Kondo-like exchange coupling S, - Sik

1 . _
Cu spins: S; = B Zd;agaﬁdjﬁ
o,

~

dja — (1 o nj@d;r'oz

| 1 i
(Non-)local oxygen spins: Sjr = 2 ijaa'ozﬂpkﬁ
a,f

16 [1] E. Kolley et al., J. Phys C 4, 3517 (1992).



Relevant terms in Cu spin model

® At second order
®m effective hole hopping between oxygens renormalizing #pp
® Cu-O Kondo-like exchange coupling « S - Sk
® At fourth order
® Heisenberg exchange of Cu spins
® Non-local exchange of oxygen spins i ; = .J Z S;- S,
® Cu-O Kondo-like exchange couplings (3,7)
® Oxygen density #7p dependent Heisenberg exchange of Cu spins

Hpy =-J E 7 5 Si Sits
2
0

Exchange constants are of the same order:

Vpp Q
I 22: thy(4—n*—=0,2) 5 t>gsign (3 — 2n) ‘
a 2A3_n<Udd — A)n a s A3—n (Udd — A)n w

n=0

17 91017 [1] E. Kolley et al., J. Phys C 4, 3517 (1992).




Effect of oxygen charge flucutations

® Oxygen density #7p dependent Heisenberg exchange of Cu spins
®m Effect of quadrupolar oxygen charge fluctuations

Hyo==J') n} ¢Si-Sits = _J/Z(nir%si Sivatng g Sic S”@)

i,0 i
iy = (g +15)/2 .
iy = (1 —ni)/2 4 nt .

9/10/17



Biquadratic spin exchange term K

o e Q. . Q..Q . Effect of quadrupolar oxygen charge
/ Z 2 (SZ Sits = SHy) fluctuations

7

® Decoupling oxygen interactions in the nematic channel n
® [ntegrating out oxygen degrees of freedom

2 J? I
Hye = —K [si-(sm—si )} th K= 2 1;
K z@: 4 +9 with 5 kliﬁ) T Ukﬂﬁ > ()

Biquadratic spin exchange term, enhanced by O-O repulsior%:: Vip — %

"(k — 0,w = 0)
0.7 T

0.05 T T
06 K / J
05 F 0.01

/I susceptibility in quadrupolar channel

® « 2Jp at small doping

® Enhanced by large Vipp
and small zipp

® A// up to a few percent
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Analysis of t-J-K model at half-filling (first step)



21

Generalized t-J-K model

® Must include biquadratic exchange K term in t-J model

Ht J— K_Zt’l,j

1jo

~K) [S

djo +J Y

(7)

(Si—g + Sits —

Si_;

(S - S; nznj)

2
—Sitg)]

® Analyze K-term at half-filling of Cu sites
® Does not modify spin-wave spectrum [1], because H g |Néel) = 0
® Supports local “stripe” like fluctuations in Neel phase

9/10/17

[1] R. Coldea et al., PRL 86, 5377 (2000).
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Classical Monte-Carlo simulation of J-K model

® Composite “nematic” spin variable: ¥i = Si - (Si—z + Sits — Si—g — Si+yg)

® Static nematic response 1/T
Xoen (1) = [ dr 37 (Tooi (1) 60 0)
0 i
® Enhanced response in nematic #/1g channel
® Peaks atlarge 7=/
® Enhancement A
® Vanishes for 7—0 as thermal fluctuations are suppressed. Disagrees with
experimental observation.
Xnem = XBlg Xa
0.25 0.25 T T T T T
Byg +—o—
0.2 0.2 -
0.15 0.15 -
0.1 0.1 R S~
0.05 0.05 K =0.45J A
Classical MC simulation 0 Classical MC simulation
0OH 1 1 1 1 1 1 | 1 1
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Quantum fluctuations within large-N approach

W Effective soft-spin action after decoupling in nematic channel

5 5 5 Neel order
S = Sdyn +/ {(Vnr) — QO ((axnr) — (Oyn,) )} parameter
T , nlr K)J
U 2 Pr g X
+ ron? + — (n, -n,.)* + £ — h
/T [ T (.- n,) 29 T%] Orthorhombic
ﬁ distortion field
63(5119:111(07'07T)/Xnem(ov 0) - o Xﬁl%)m /Zl?”
: + Full Susceptibility Xnem = 0)
3 ] — 9
[ ] NXnem

25 F

2 |

_;‘ N 4 2(90
T Bare susceptibility (), = = / g cos(20)
| 2 Jg (€72 +|gl* + f(wn))

15|

1 L T, ' Tgl—jantum - -

05 per l ............ Critic_%.'..----'i Changing temperature
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Quantum fluctuations within large-N approach

chm(57107 T)/chm (0, 0) ‘T
- ] g 2::;22:”‘ ....... Changing doping or
............... " 5 pressure at fixed T
................. 70
ordered % disordered
SN X
54 N Full Susceptibility Xnem = T 0
= X
05 [ . Increases with \ N o
. Neel fluctuations } N 4 cos?(26
° : 'o|2. N .0|1‘ o 2)‘ N 'o|1' N 0|2 : \Bare Susceptibility Xgl%)m — / ‘q‘ CZS )
o o 5T0/A2 5 —1— |q| _|_f(w’n)>
. . . . Xnern,()/N
® Nematic susceptibility is not universal at sof =
Neel quantum critical point (QCP) 2l
® Depends on microscopic details suchas ain 15}
_ \ 1.0}
r\lo _a( T_ T\lC) |gl].alntum 0.5¢
Example: qualitative behavior ™ Y bry e
above QCP depends on a ordered disordered VT/A?
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Finite nematic order in symmetry breaking field

® Nematic susceptibility large but not divergent

® Finite nematic order (p)=(Sli (Sli+x —Sli+y ) )=xdnem Ailr only in
presence of symmetry-breaking field

® Symmetry-breaking field given by CuO chains in YBCO.
® Prediction: similar behavior in tetragonal system under applied strain

Finite @ leads to elliptic magnetic scattering peaks

1
24— (2 —q2) + f (wn)

xarm (Q + q,w)

(b) 0<p<i

v Incommensurability transition

induced by nematic order.
Explains common onset [1].

Alternative scenario: nematic
order vestige to SDW [2]

m k.

25 9/10/17
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Conclusion

électronic nematicity in cuprates due to \
® Short-range “stripe” AFM correlations due to biquadratic spin exchange A

® Large, but non diverging nematic susceptibility x{nem and presence of a
symmetry breaking field 4J7 (e.g. oxygen chains or external strain)

® Enhanced by large quadrupolar oxygen density fluctuations due to repulsive
interactions Vipp .

Include biquadratic exchange term in generalized 7—/— A model to describe

\ lightly hole-doped cuprates /

Explains:

® Ellipticity of neutron peaks

® Common onset of
incommensurate SDW order

® Why nematicity is only observed
on hole doped side

PPO, B. Jeevanesan, R. M. Fernandes, ® Why only observed if tetragonal
J. Schmalian, arXiv:1703:02210 (2017). symmetry is explicitly broken
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