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Highly Mobile Gapless Excitations in a Two-Dimensional Candidate Quantum Spin Liquid
Science 328, 1246 (2010).
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BEC: coupled dimers

e Ba-Cu silicate, Han Purple = BaCuSi,Og

H=J%SS,+JXSS,

dimer = antiferromagnetic pair of S=1/2

triplet = |S=1,S,=%+1,0>
Ao = ii Ei i ' I
singlet S=0, S,=0> J —

JJ

e array of coupled spin dimers
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BEC: coupled dimers

e Han Purple = BaCuSi,Oq

= J2S5S, +J°25S ii i I7CUE
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BEC, Ill: PhD

BEC = XY AF

KITP, 8-30-12



BEC, Ill: PhD
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BaCusSi,O,

S=1/2

Cu?*

Cu?*

BEC, IV: DTN

dichlorotetrakisthiourea-nickel (II) = DTN

NiCl,-4SC(NH,), .
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Mapping:

DTN, |I: model
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Spin Bosons
State |S,=1) (S=1qp) Occupied boson state |1) (particle) D=89K
State |S,=0) (S=0qp) Empty boson state |0) (hole) J.=22K
Rotational invariance 0(2) Particle conservation U(1) J, = 0.18 K

Staggered Magnetization M, = (S*+iSY)

Magnetic Field

M

@T=0
amplitude driven QPTs

Condensate wavefunction yfr)

Chemical Potential (H~ N~ n)

T. Giamarchi, C. Ruegg, O.Tchernyshyov

Mxy Nature Phys. 4, 198 (2008).
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thermal conductivity, other BECs

spin-dimer AF TICuCI§
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K. Kudo et.al., JPSJ 73, 2358 (2004)
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M. Matsumoto et.al., PRL 89, 077203 (2002)

spin-1/2 ladder system (CzH,,N),CuBr,=PCB

[ = 077K
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Sologubenko etal., PRB 80, 220411 (2009).
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thermal conductivity experiments, DTN

| thermal transport in BEC antiferromagnets vs magnetic field ’

S=1 AF NiCl,-4SC(NH,),
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thermal conductivity experiments, DTN

data by: Alex Sologubenko, John Mydosh (UCologne)

PRL 106, 037203 (2011)
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quick analysis

at H=0, gaps A conductivity is due to phonons alone (small 7<<A4~3K)

excess of the conductivity is due to spin excitations

peaks are near H_, and H,,, x/k,increases as 7 decreases

at larger 7, suppression of x in the BEC phase is due to phonon scattering on magnons
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puzzl es, |

DoS argument for the specific heat, C,, C Cy /\\
A (3 [ 7‘5, I 76 OO Z

X peaksin C, at H.,and H_,, are very asymmetric
X not so for the thermal conductivity A ??

agrees well with experiment
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24l 0.50K 16 V. Zapf ef al, unpublished
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puzzl es,

This asymmetry affects many properties

V. Zapf et al, Phys. Rev. Lett. 96, 077204 (2006).
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specific heat

-- at the QCP, specific heat: C, (Hc) X (mT)3/2

-- asymmetry of the peaks = “asymmetry” of masses

\/ W,

coocs
000G
e
o
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~C

>
H

-Twmc:i Adoprs

-- m, is “bare”, m,<m, is renormalized by fluctuations
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labels the eigenstates of SZ with the eigenvalues {—1,0,1}.
The spin operators in this representation are:

SZ

F=npp — g, S =

with 1y, = bl b.,.. We enforce the constraint by introduc-
ing spatially uniform Lagrange multiplier p

H=H+py (binj,T

r

+ b} b+ blgbl — 1) NG,

The lowest energy state in the H < H.; paramagnetic regime
is bl,|0) and the ground state corresponds to a non-zero ex-

pectation value of the S* =0 boson: bIO =b,, = s. By using

the spin representation (2) with the mean-field value for bg)

and neglecting higher-order terms in powers of b%?l)’ we ob-

tain the Hamiltonian in the harmonic approximation

a ar A By /-2 2
H=Ey+ 3 [Arobbin + 5 (blobl i + He) | )
k,o

with Ax, = (u + %€ — hg) and By = s’ex, where Ey =
N (ji—D)(s%~1) is the bare ground-state energy, N is the num-
.ber of sites, o ={1, |}, ho =%h, 5 =—0, Bl(jg) are the Fourier
transformed bosonic operators, and ex =2 .J, cos k,,. The
anomalous terms indicate that bosons with opposite S* are
created and annihilated in the ground state. These are the
quantum fluctuations that lead to renormalization of the quasi-
particle dispersion relation. The Hamiltonian (4) is diagonal-

—ized by the Bogolyubov transformation

b — e A Lo AT (5)

4L < LLcd QPO dlb Lully
computed exactly. Since there are no quantum fluctuations
for H > H_.o, the exact value of heo 1S heo = gupHeo =
D — 2eq, while the unrenormalized excitation spectrum is
wy, =€k —€qQ + h— heo, which also has a minimum at Q with
the gap A~ =h — h.o. Since only the excitations near k = Q
are important at low temperatures, we define the mass tensors
for H< H.y and H > H ., as:

1 Qg
k2

puylallocd dild e ospoit il Lall Uv

1 9
k2

; ©)
m!/}/

m vy

k=Q ’ k=Q -

Then the mass renormalization factor is given by

SH?2
T+ /14+=2]. (10
( H )
For the parameters of the Hamiltonian from Ref. [8], we ob-
tain m,,,, /m}  ~ 3.2. Such a large difference of masses must

vy —

readily demonstrate itself in the strong asymmetry of the C,,

Myy 82 o HCQ
* 0o - )
v wQ 4Hcl

m

vs H curves near H.y and H. as well as in the slopes of

themé HCQ
C ~

by I71l1 2H(31‘

The C, was measured in single crystals of DTN grown
from aqueous solutions of thiourea and nickel chloride, with
magnetic field applied along the crystalline c-axis. The ex-
perimental C), vs H was obtained using an AC technique
[17], while sweeping the magnetic field in a *He fridge fur-
bished with a 17 T superconducting magnet system at the Na-
tional High Magnetic Field Laboratory (NHMFL) and the Los
Alamos National Laboratory. We also used the standard ther-
mal relaxation method to obtain C,, vs 1" with a dilution re-

for H. < H .oted

)|



impurity scattering — ~°—xs

. . _ "= k2=2m
-- at the QCP impurities are effective scatterers: R o
-- mean-free path: o :
]. n Ewl
0 = = — 2 | Vimp |
P v |k o
: — k(Hes) mo\ {o e ;
-- ratio of thermal conductivities: = — | - — Rl R
K(Hcl) m1 fl
s
DS - U

-- however, V. is also renormalized by fluctuations (!)

1,

-- it is most natural if renormalization of I/}, is the same as for 1/m,

then 61 — EQ and @ = @ ZSFVA\

K1 mi

A, Ao, /1

Co
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which impurity: bond/site, weak/strong?

-- ratio of thermal conductivities: (T =]
k(Heo) - (mQ) E_Q " z
I{(Hcl) ™ma /1 E? ]
——— 3
j)og ‘ U-;—

NI I R I | 1
8§ 9 10 11 12 13 14 15
»

- impurities: modulations of D and J (V,,=6D and V;,,=07), weak and strotig

-- which is the leading effect? ”{_[ 3

-- DTN=clean material A structural distortions,
D is the leading term A weak oD wamQ ﬁjftgamj__.

\,__N,-- _ pt
-- “direct” check: all but one, same ( | J‘J | S:D 53 g$
renormalization of Vj,,,as for 1/m % Gg S‘] 0 = 0,
by =1Ly P 1 3| oD (e, # ¢
K2 _ M2 A & A g‘j (1 =l
mom| | TR w7 S| g
c cy ﬁ‘\.}- v _E S‘D gl —>£2
KITP, 8-30-12 PRL 106, 037203 (2011)




site-disorder T

-- thermal conductivities: k(H,o) (mg) /s
_ (12 E

I{(Hcl)

-- 0D at H.;: "

Hipp = 06D Z e Re kD) (e + v ) B Biero
ok, k’

-- different set of “coherence factors” than in m

(H,o) , (U +v3)
H(Hcl) B (UQ +UQ) UQ —I-’UQ)4
p(Hea)  (ma2) 1 mi )\
— k(Her) (’ml) 4 (1+ (m2) )
Do U
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thermal conductivity vs HO s r a't

60r¢
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S 10 ------- — 1 0: ! ]
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7t Classical &
Quantum Magnets

% RbFe(MoO,), 5 0 ;
R(Hcl) I
2.6_—|‘IH‘IT\‘I‘I‘I‘I‘I T "‘9—0[1.30[{_ . é
0780_"1'5"3'3"5'(‘)"7'é'$'1‘0'1‘1‘1|2‘1|3‘1|4‘_1i H ”
H(T) ‘ 00: L I. .: | ' | L I‘ L 1 L 1 - L 1 L 1 L 1 L _
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
HCI / HCZ
C 2+
-- unless H,,<< H.,, K, # Kk, for any BEC system at low enough 7 i i i i7ui
-- valid for the dimer-based systems as well: Ez { g i ¥
modulations of intra-dimer J lead to the same scattering as oD JE 5,
-- proposal: pressure experiment on DTN, will reduce «; J’
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away from QCPs, dispersion, DOS
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puzzles, Illl: minima

k2 dk - (vi)? - Tk
—— e
j)OS ‘ U_;-

/T tDong;:’A
K X
0

-

“effective” DoS is not that different between w~k and w~k~< regimes

X what are the minima in the BEC phase?
X strongly field-dependent scattering?

K (H) /% (0)
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puzzl es, | 1 Npeak

X peaks/maxima in k¥ “migrate” away from H/s as 7 increases A ??

3 [ T T T T I T T T T T T T T T o 030K
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oL_...5 Magnetocaloric effect S T g
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 Qep
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migration of the peaks

/r‘w\ A
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scatterings In the paramagnetic phase

X both b-b and impurity scattering are important for w,=A+k</2m band

H = Zek—uob b+ 90 Y blero 1 b1boby

k,1,2

HE L, =0D blo, =6D Y Bkl pip
i k Kk’

X impurity scattering: k | k0 > O )

X b-bscattering: Kk + ko6 = p +\IQ\@\>/7
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Impurity scattering

X impurity scattering does not depend on the gap value, only velocity of the boson

1

o ni|Vil* m|K|

Tk
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b-b scattering, on-shell

X ~ constant vs energy
X decreases exponentially vs gap(field) [no bosons to scatter on]

1) 27

|
) ﬁ ) :
> > > .I “ .I 20

L |- 0.5 1.0 1.5
gap(field)/T

= —ImX(k, e —p)| |- exP(-A/T)

X\ 0 e -
I ~ .. 0005
| = 20 0.01_ 1
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| T / = f eI
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thermal conductivity, impurity only

oo k2 CL)2 ewk/T
2 . . k. .
K /O L S P A

Wk =€k —

X impurity only:
X  some T-dependence, change in shape

higher T

\N

0.0 0.1 02 0.3
H— Hc2
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thermal conductivity, Goldilocks gap

X impurity and b-b together:
X Amigratingo peaks!
X reason A bosons provide extra scattering
X  stronger for heavier particles (at > H,,)

higher T

*ﬂ[\)|a~
S = N W A &N g @

0.0 0.1 02 03 |
H — He2 X more heat carriers, but also more scatterers

A “optimal” gap
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X what is “optima
X when the impurity and b-b mean-free paths are equal /¢
(only b-b part knows about the gap 4=4H)
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strongly field-dependent scattering?
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kinematics and interactions

H'<H<H.
X concave spectrum

X XY AF in a field = canted AF =k i

PM

SP

non-collinearity A transverse-longitudinal coupling A 3-boson terms

o three-boson terms are necessary for 1-in-2 and 2-in-1 decay/recombination processes
e “kinematic” conditions (£-and k- conservations) make it sufficient
o forbidden for the convex spectrum and outside of the symmetry-broken phase

two-particle continuum energy: E®),(q) = o (q) + © (k-0)
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possible role of 3-b 0 s 0 n
1

Droc

preliminary result:
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conclusions

o

| clear field-induced thermal current by spins in DTN
I “no asymmetry” — intriguing compensation of /m, 5D renorm.
I “migrating peaks” — interplay of imp. and b-b, “Goldilocks gap”
I “minima” in the ordered state — 3-boson decays

| experiments in other BEC's needed (clean and low 7!1)

I more to come
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