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Many flavors of quenched disorder
in magnetic materials
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2. Non-magnetic defects: bond randomness,

charge defects. Alloys (“intrinsic”: YobMgGaO,)
vs. Weak randomness (CDW defects in 1T-Ta$,)

3. Topological crystalline defects (non-magnetic).
Cf. dislocations in 3D weak topological insulators

1.5-slide aside on electrical transport in Mn,Si,Te, :



Mn,Si,Te. : Anisotropic Colossal Magnetoresistance

1078 resistivity drop,
only when spins
(Mn2* $=5/2)

avoid polarizing!
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Rotate H = 5 T magnetic field b -> c:
H || b: spins polarized; no CMR (1072)
H || c: spins fluctuating; large CMR (1078)
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Mn,Si,Te. : Anisotropic Colossal Magnetoresistance

10”8 resistivity drop, Hints: CMR largest for p,}, ;
only when spins Large 10”-4 magnetostriction
(Mn2* S=5/2) of ab-plane for H || c
avoid polarizing!
16 5 Proposal: ab-plane Te-Te
12} ) " chiral orbital currents
I couple p,, toH || c?
s |
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Rotate H = 5 T magnetic field b -> c:
H || b: spins polarized; no CMR (1072)
H || c: spins fluctuating; large CMR (1078) AN Y




2. Bond randomness disorder in
guantum paramagnets



Bond randomness couples naturally to spin-singlets
(entanglement building block). Interesting physics?

Some results on particular Hamiltonians (Perkins, ...)
What can we say generally about families of phases?

See: Valence Bond Solids (VBS) + weak bond randomness
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= valence bond

. (e.g. spin-Peierls in J1-J2 chain)

1D: disorder nucleates domain walls carrying spin-1/2 moment

At low energy, these form long-range singlets (‘random singlet’)

Dasgupta Ma '80, Bhatt Lee ‘82, Fisher ‘94



2D: we find VBS-type phases admit S=1/2 “vortices”
which nucleate at any weak bond randomness
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Theory requires odd # S=1/2 per unit cell of
average translation symmetry



Quantum spin liquids with stronger bond-randomness:

Valence bond _ Clean-system
resonances Ay g << DisorderA << spin gap Ag

Study classical dimers: again find S=1/2 defects
nucleate from any disorder A,z <K A << Ag %ﬁ
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In both cases, resulting low-T
physics includes emergent
long-ranged random singlets
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Explaining data collapse in magnetic insulators
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Observed data collapse and scaling agree with theory,

show emergent material-independent universality

LiZn,Mo504 HsLilr,Og Computed scaling
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Also 1T-TaS,, etc: frustrated magnets with weak bond randomness;
& Also Herbertsmithite, with real magnetic impurities

|.K., Sheckelton, McQueen, Lee, Nature Comm 2018



We found: In 2D, if odd # of S=1/2 per average unit cell:

Destroying either VBS-symmetry-breaking or spin-liquids
via disorder triggers non-Griffiths gapless spin excitations

Smells like LSM (Lieb-Schultz-Mattis Hastings-Oshikawa) theorem!
Disordered-LSM?

In 2D, conjecture: LSM holds with bond disorder, & gapless

spectrum includes spin-triplets

In 1D, prove (Adam Nahum): LSM holds with bond disorder,
& gapless spins have at least 1/r2 average correlations

.K., Nahum, Senthil PRX 2018



We found: In 2D, if odd # of S=1/2 per average unit cell:

Destroying either VBS-symmetry-breaking or spin-liquids
(via disorder) triggers [non-Griffiths] gapless spin excitations

Smells like LSM (Lieb-Schultz-Mattis Hastings-Oshikawa) theorem!
Disordered-LSM?

In 2D, conjecture: LSM holds with bond disorder, & gapless
spectrum includes spin-triplets

In 1D, prove (Adam Nahum): LSM holds with bond disorder,
& gapless spins have at least 1/r2 average correlations

.K., Nahum, Senthil PRX 2018









3. Crystalline topological defects within Raman
response theory (& not in spin Hamiltonian)

Unpublished work. See Sami Hakani’s poster
(also on 2D quantum S=1/2 liquid Ba,Ir;0,,)




Crystalline topological defects in spin models

Consider a spin-1/2 AFM chain with non-magnetic randomness:

HUVW

Zigzag spatial positions of S=1/2 sites, & zigzag vs zag-zig domains

H=. .ZJ‘ Sj\' Si+1 essentially uniform antiferromagnet;

domain disorder is almost invisible to low energy spin model.



Crystalline topological defects in spin models

Consider a spin-1/2 AFM chain with non-magnetic randomness:

HUVW

Zigzag spatial positions of S=1/2 sites, & zigzag vs zag-zig domains

= .J Z Sj+1 essentially uniform antiferromagnet;

domain dlsorder is almost invisible to low energy spin model.

Will defect show signals? (Magnetic signals?) How to sense them?
Need electromagnetic fields; but not linear susceptibilities.



Raman scattering (photon in photon out, g=0)

HUVMM

Not just H and wavefunction; I(w) = 1/ dt ¢t (R(t)R(0))

Measures Raman operator 27

R — Z -T12) (&6 - T12)A(r12)Sr, - Sry Loudon-Fleury
r1,r2 W. Brenig, PRB 56, 2551 (1997)



Raman scattering (photon in photon out, g=0)

Hyy
Not just H and wavefunction; I(w) = 1/ dt ¢t (R(#)R(0))
Measures Raman operator 2T J_oo

R — Z -T12) (&6 - T12)A(r12)Sr, - Sry Loudon-Fleury
r1,r2 W. Brenig, PRB 56, 2551 (1997)
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Ry o) (~1)/(S;-S;.1) Alternating “dimerization” & domain walls
J

Alternation strongest for crossed polarization; appears for most parallel polarizations

Here defect is only in R, not H! Including weak bond in H gives similar outcomes.



Singular magnetic response from crystalline domain wall

Clean Zigzag Raman Spectra (124) Zigzag Domains Raman Spectra (Rpw)
2

Magnetic field h*

B
= — ¥ =0.00 — 1* =0.00
= —— h* = 0.06 h* = 0.06
&
g |
E 0
0.6 0.6
0.5 0.5
0.4 0.4
0.3 0.3
0.2 0.2
0.1 0.1
0.0 0.0
00 01 02 03 04 05 06 00 01 02 03 04 05 0.6
Raman frequency w “ =80 TEBD (TenPy)
B s




Mean Field Response (no domain walls)

Singular magnetic
response from
crystalline x 02
domain wall
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Mean Field Response (two domain walls)
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Response is from Z, crystalline topological defects

Intensity (a.u.)

Raman Scattering Spectrum (H;, L = 80)
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Topological defects shift entire Raman operator;
Added intensity is O (1) (cf. 0(6) of local defects)

Single-domain contributions all exactly cancel
(average symmetry is preserved)



Lattice domain walls giving singular magnetic
response via photons within Raman scattering
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Crystalline topological defects as spinon probes
within a response theory (not the spin Hamiltonian).
Apply to 2D & 3D quantum spin liquids.

Outlook:
Using disorder to modify response-theory operators?
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