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OUTLINE

Impurity-doped spin gapped
systems at zero magnetic field

> A generic impurity-induced ordering mechanism

Finite magnetic field

» Field-induced and disorder-induced phase transitions?
» The DTN(X) material: coupled (disordered) S=1 chains

» A nice example of a subtle competition between
delocalization (BEC) and localization (Bose Glass)
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SPIN-GAPPED MATERIALS

® Quasi-1D: Ladders, Haldane chains, spin-Peierls chains...
DTN

BaCUSizO(,

Bose-Einstein condensation of sl ST=1SK
the triplet states in the e
magnetic insulator TICuCl;

Ch. Riiegg*, N. Cavadini*, A. Furrer*, H.-U. Giidel{, K. Kramer+,
H. Mutkai, A. Wildes::, K. Habicht§ & P. Vorderwisch$

HC1 = 5.7 T
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+ Department of Chemistry and Biochemistry, Universitit Bern, 3000 Bern 9,

Switzerland
u 3 i Institut Laue-Langevin, BP 156, 38042 Grenoble Cedex 9, France
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MAGNETIC FIELD INDUCED BOSE-EINSTEIN CONDENSATION

T. Giamarchi, C. Riiegg, O. Tchernyshyov V. Zapf, M. Jaime and C. D. Batista
Nature Physics 2008 Rev. Mod. Phys. 2014
10 7
/ °
, HKREC in Quantum YNagnets
/
8 I / SryCr,04




ZERO MAGNETIC FIELD: A GENERIC IMPURITY-INDUCED ORDERING

® Spin-Peierls ® 2-leg Ladders

® Coupled dimers ® Coupled Haldane chains



ZERO MAGNETIC FIELD: A GENERIC IMPURITY-INDUCED ORDERING

® Spin-Peierls
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® Coupled Haldane chains
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SINGLE IMPURITY PHYSICS




SINGLE IMPURITY PHYSICS
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® A non-magnetic impurity breaks a
singlet and releases a spin S=1/2,
confined in the vicinity of the impurity

(S7) ~ (—=1)" exp(—r/¢)

Magnetization profile

o o
N =3




SINGLE IMPURITY PHYSICS

&':J/A

® A non-magnetic impurity breaks a
singlet and releases a spin S=1/2,
confined in the vicinity of the impurity

(S7) ~ (1) exp(—r/§)

® Clearly visible in NMR spectra

Magnetization profile

j Zn-substituted Haldane chain
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MANY IMPURITIES ). Bobroffet al. PRL 2009

® Real 3D materials

Impurity
concentration p




MANY IMPURITIES ). Bobroffet al. PRL 2009

® Real 3D materials

4 )
Volume of the AF
correlated clouds

-

Sigrist and Furusaki

® Effective interaction 5 o0,

TN (2., 2) oc (—1)" T2 exp(—— — L _ 2
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MANY IMPURITIES ). Bobroffet al. PRL 2009

® Real 3D materials

4 )
Volume of the AF
correlated clouds

-

Sigrist and Furusaki

® Effective interaction 5 o0,

T @,y ) oc (1) exp(— o — & = =)
§z &y &2
Impurity
concentration p
X Yy z

)

® 3D ordering controlled by J3p exp( : ¢ g
x Y z

® Average 3D coupling CTC ~ <J§%> =Jsp X Ve X p )

if Vep <1




A GENERIC “ORDER-FROM-DISORDER™ SCENARIO  J:zchrerersi pr 2009
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A GENERIC “ORDER-FROM-DISORDER™ SCENARIO  J:zchrerersi pr 2009
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MORE PHYSICS IN THE PRESENCE OF EXTERNAL FIELD?

Spin-gap + disorder + external magnetic field

IMPURITY
INDUCED
ORDER



MORE PHYSICS IN THE PRESENCE OF EXTERNAL FIELD?

Spin-gap + disorder + external magnetic field

IMPURITY
INDUCED
ORDER

INHOMOGENEQUS
TRIPLET BEC

SPIN GAP SPIN POLARIZED
(INSULATOR) (INSULATOR)

H



MORE PHYSICS IN THE PRESENCE OF EXTERNAL FIELD?

Spin-gap + disorder + external magnetic field

Giamarchi-Schulz, EPL 1987 ; Fisher et al. PRB 1989 \

A disordered insulator of bosons

T BUSE with localized gapless excitations

@d (probably) glassy features J

G L ASS ? Cold atoms (aanietal)
- Disordered superconductors (saceps ctal)

A nice example of a
Many-Body Localized
phase at T=0

IMPURITY
INDUCED
ORDER

INHOMOGENEQUS
TRIPLET BEC

SPIN GAP SPIN POLARIZED
(INSULATOR) (INSULATOR)
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BOSE-GLASS PHYSICS IN QUANTUM MAGNETS: ONLY A FEW EXAMPLES




BOSE-GLASS PHYSICS IN QUANTUM MAGNETS: ONLY A FEW EXAMPLES

® IPACuCI3 (spin-1/2 ladders)

PHYSICAL REVIEW B 81, 060410(R) (2010)

Evidence of a magnetic Bose glass in
(CH3),CHNH;Cu(Cly 95,Bry¢ 951)3 from neutron diffraction
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BOSE-GLASS PHYSICS IN QUANTUM MAGNETS: ONLY A FEW EXAMPLES

® IPACuCI3 (spin-1/2 ladders)

PHYSICAL REVIEW B 81, 060410(R) (2010)

Evidence of a magnetic Bose glass in
(CH3),CHNH;Cu(Cly 95,Bry¢ 951)3 from neutron diffraction

® DTN (spin-1 chains)

Tao Hong,' A. Zheludev,>>»* H. Manaka,* and L.-P. Regnault®
R 0.10 0.05 o Nature 489, 379 (201 2) d0i:10.1038/nature11406
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DTN: A PERFECT PLAYGROUND FOR FIELD-INDUCED BEC PHYSICS

NI(C1)2 — 4SC(NH2)2 dichlorotetrakis-thiourea nickel

\spin S=1 carrier
® 3D (weakly) coupled S=1chains
H = N lglpupSr- Ho+ DSE+> J.Si- Srrat+ . > J5Sr Srvs

N J T ¥=a,b
Hloc HID 7:[;D
D =89 K J.=22K Jop = Jap = 0.18 K

%) QY
S

S]]



DTN: A PERFECT PLAYGROUND FOR FIELD-INDUCED BEC PHYSICS

NI(C1)2 — 4SC(NH2)2 dichlorotetrakis-thiourea nickel

\spin S=1 carrier
® 3D (weakly) coupled S=1chains
H = Z[g],uBS’f . Hy + DSZ*

7

~"

,Hloc
D =89 K




DTN: A PERFECT PLAYGROUND FOR FIELD-INDUCED BEC PHYSICS

NI(C1)2 — 4SC(NH2)2 dichlorotetrakis-thiourea nickel

\spin S=1 carrier
® 3D (weakly) coupled S=1chains
H=>[glupSs-Ho+ DS +> Jo S+ Srac+ >, Y. J5 S5+ Srus

- - -




DTN: A PERFECT PLAYGROUND FOR FIELD-INDUCED BEC PHYSICS

®

S]]

NI(C1)2 — 4SC(NH2)2 dichlorotetrakis-thiourea nickel

\spin S=1 carrier
3D (weakly) coupled S=1chains
H=>[glupSs-Ho+ DS +> Jo S+ Srac+ >, Y. J5 S5+ Srus

N ) T %=ad,b
Hloc 7:[1D ’]-[;D
D =89 K J.=22K Jop = Jsp = 0.18 K

4 0.8
=
o 406 <
C mz
5 4104 %
b
4 0.2

0 See also NMR in
R. Blinder at al. PRB(R) 2017




THE DISORDERED VERSION: DTNX

e A7 Ni(Cl,_,Br,), — 4SC(NH,),
Cl- CIl™ randomly

_ replaced by Br™
Br
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THE DISORDERED VERSION: DTNX

Ni(Cl,_ Br,), — 4SC(NH,),

CIl™ randomly
replaced by Br™

Hloc HlD 7:[3D

Doping does not introduce non-magnetic impurities
It is reasonable to assume that it only modifies the
couplings in the close vicinity of a Br
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Ni(Clp.96Brg.04)2 — 4SC(NHz)2




MICROSCOPIC PARAMETERS FROM NMR EXPERIMENT

A. Orlova et al. PRL 2017
M. Dupont et al. PRB 2017
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NMR line shift (MHz)

MICROSCOPIC PARAMETERS FROM NMR EXPERIMENTS 7 Ciosersrracors

Ni(Clg.96Brp.04)2 — 4SC(NHz)2
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= Theoretical modeling



THEORETICAL MODELLING

M. Dupont et al. PRB 2017

Si = £2
Siy = *£1

SZ . =41}

Magnetic field



THEORETICAL MODELLING

M. Dupont et al. PRB 2017

Include 1d dynamics

=> §5° = ]: localized bound state 0 1 2 3

¢ — 1
- 2In(A/J,) A
Effective boundary impurity model

Eieff = —A0)(0] + e Y 13V + 1 + 15" + 1){

j'=0

A=Jg —J. L D'=D+ ¢(D/2— D)% + (2J})?



THEORETICAL MODELLING

M. Dupont et al. PRB 2017

3d dynamics

2 asinh(A/2J

———————— [&: 1 g

1 1 1
— H* = Hj Jo+ Jeexp | —— 4.J 4, exp | ——
[5 21n(A/J,) [ b + 2+ Jo05p (=g ) + 401 + 47, e 2@)]




THEORETICAL MODELLING

M. Dupont et al. PRB 2017

3d dynamics

" (e
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L = Hj} == J. == ( ! ) +4J, +4J ( ! )
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THEORETICAL MODELLING: SUMMARY

M. Dupont et al. PRB 2017
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QMC STUDY OF THE MOST REALISTIC 3D S=1 DTNX MODEL

M. Dupont et al. PRL 2017
M. Dupont et al. PRB 2017

finite concentration (x) of perturbed bonds
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AMC STUDY OF THE MOST REALISTIC 3D S=1 DTNX MODEL 1 Bubon ctai bR 2017

finite concentration (x) of perturbed bonds
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AMC STUDY OF THE MOST REALISTIC 3D S=1 DTNX MODEL 1 Bubon ctai bR 2017

finite concentration (x) of perturbed bonds
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(disorder averaging is performed)
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THEORY

Dupont et al. Phys. Rev. Lett. 118, 067204 (2017)

EXPERIMENTS

Yu et al. Nature 489, 379 (2012)
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THEORY

Dupont et al. Phys. Rev. Lett. 118, 067204 (2017)
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THEORY

Dupont et al. Phys. Rev. Lett. 118, 067204 (2017)

VS

EXPERIMENTS

Yu et al. Nature 489, 379 (2012)

400 | | | | | ! | ! | ! | ! I
S=1 model 1.2 ® a.c. susc. kink
W=0% ¢ z=125% - B d.c. susc. kink
®:=10% 4 x=1667% 1 o ® C, peak
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2) Where did the Bose glass slip away ??

3) Is BEC* real (experimentally) ???




LOCALIZED IMPURITY STATES BEHAVE LIKE HARD-CORE BOSONS

H"~13.6T

> H [T]

HARD-CORE
BOSONS




BEYOND SINGLE IMPURITY: HARD CORE BOSONS INTERACT!

NZ2Xx s X Z2X 72X 7

SFHo ~123 T

. /Effctive couplin_gz\
L3N SO SRS Y o o o O

SEH* ~13.6
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BEYOND SINGLE IMPURITY: HARD CORE BOSONS INTERACT!

®)

th+(r) and VILb+(r) [K]

Exact diagonalization with 2 impurities )

Effective interactions
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BEYOND SINGLE IMPURITY: HARD CORE BOSONS INTERACT!

(® Exact diagonalization with 2 impurities )
Effective interactions
2.0 =

e = Dominated by

= hoppings

;5 1.0 |

= sl = Non-frustrated

-

§ LU = Exponentially

= _osk suppressed
tii| ~ —r

WAL LW LR

3&Hep ~123 T Effective coupling?

T T
) O S ST S O o o O Y|

4

SEH* ~136 T

o o G e e e o S o O |

HT]

® Many impurities: Effective (hard-core) bosonic model for the impurity states

eff — th (bjbj -+ hC) —

(H — H*) Zn

Rand_om hoppings
due to random positions

of impurities

chemical potential
controls the density

of hard-core bosons

These objects may acquire a 3D coherence in the
vicinity of half-filling for H~H* => The BEC* phase!
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® Multi-impurity effects
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® Multi-impurity effects ®© T'= 0 Bose glass?
400 S=1 model
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Our experiments
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