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(1) Brief introduction

Dzyaloshinskii-Moriya interaction
For many magnetic or strongly correlated materials, the Heisenberg

interaction:

i+1 i+1

L
Hy,=J) S:S: + %(SfS. +h.c)
i=1

is a basic one.
some interactions: an order smaller in magnitude, and even also nearest
neighbor , e.g. Dzyaloshinskii-Moriya interaction

L ; Dzyaloshinskii (1958)
Hpy = Z(_]) D-(§,xS,,)
i=1I

Moriya (1960)
existing in some materials, especially for 1D systems since later of 60’s,

but nothing significant found.
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(1) Brief introduction

“Irrelevance” of DM interaction
For D/J<<1, take a local unitary transform
+ + ia/2 + . + —iax/2
SZi =5,e ) 82i+1 =8,

a=tan" ' D/J
rotating spin around D alternatively

Transformed into the standard xxz-Heisenberg model

H = Z J SiS¢, +‘;—‘(S.+S,.+1 +h.c)

with J = J + i [D| and D is assumed along z-direction.

naturally to imagine nothing dramatically changed
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(2) Studies on Copper Benzoate

» Copper Benzoate M. Date etal, 1963

CU(C6H5COO)23H20 D.C. Dender, et al, 1997

COO0)

O(C.H

S

alternating octahedra
Cu*™ form a spin 1/2 chain
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_(2) Studies on Copper Benzoate

D.C. Dender, et al, 1997

Specific heat

—At low temperature:
C, proportional to T, at H=0; — 1D nature.
C, ~T3?exp(-A/T), for H>0; — gap exists.
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(2) Studies on Copper Benzoate

A depending on otientations of H D.C. Dender, et al, 1997

—— For small magnetic fields:
A, ~ H%3for small H (a=a", b, c”);
Aot Ay:A~=0.55:1.0:2.0.
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+zL:(—1)"1)

(S X8:,)

IZI

+Z.”13Ha[g +( - ])gaﬁ’]
1

2.1150 0 0.0906
0 2.0590 0
0.0906 0 2.3160

J=1.57mev
D=(0.13,0.0,0.02)J?

=10.0190 0

Heisenberg exchange term

Dzyaloshinskii-Moriya term

Zeeman  splitting term

0 0.0190 0
0.0495
0 0.0495 0

Oshima,et al 1963
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(2) Studies on Copper Benzoate

Conformal field analysis
as did before for D/J<<1, rotating spin around D

+ o+ Lia/2 + _ o+t -1 /2
2i = Sy;€ > 92i41 = O2i41°€

a=tan 'D/J

DM-term eliminated, while contributing to the staggered term

|
HS:gS°H+7DXgu'H

neglecting a small anisotropic term, an effective Hamiltonian

L
Heyr = ZJSi -Si41 —HS! = (-1)'hS]
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(2) Studies on Copper Benzoate
In the small A limit, A just modifies the Fermi energy
L
ﬁeff = ZJSi -Sin —(—l)ihs?

Using Abelian bosonization technique, the low energy behavior
described by a sine Gordon model:

| %(aﬂw)2 + const X hcos(2 7R @)

Oshikawa and Affleck predicted (1997)

Ao (h/J)3 |In(h/J)|"®

consistent with experimental finding
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Interpretation of experimental data
0 They believed gap to be zero for H//a" according to Cy,

¢ (Jmol 'Ky

d ie assuming H®> =0 H//a , then for H//b and H//c”, using
Ab . Acvv - 1.0 . 2.0,

d they obtained the Dzyaloshinskii-Motiya vector coupling:
D =(0.13, 0.0, 0.02) J
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Detailed studies on specific heat Essler, 1999

d  solving the sine-Gorden model with Bethe ansatz
d  consideting contributions from the antisoliton and 1°¢ breather

L

5
E
=
[+

¢ (mol K
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C Wmol k)

Essler, 1999

A, AL =1.0:2.0
U
D =(0.12,0.0,0.02)J

Mechanisms:
(1) Experimental results unreliable?

(2) Effective model not sufficient?
(3) Interchain coupling responser

—full studies on original model
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T T ST TR T TN

(a) H=(0.0.0n

ic) H=(0.0,1) (d) H=(0,0,9)

Almev)

{e) H=(0,0,22) (f) H=(0,0,35)

non-monotonic scaling behavior
——Only is DMRG method a propet tool!
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& Dix=0.10J
0 Dx=0.11J

Dx=0.12J
& Dx=0.13)
+ Dx=i 14)

=010 S
0 D=1 e 1 He(260
Dx=0112. Heas8 ;

& Do=0013

£ Du=0114. ] = DOx=0.11.J

0.30 k 0,050 o Du=0.124
Uaddd . Dx=0.13J

| 4 Du=0.144

—— we obtained D=(0.11, 0.0, 0.0)J
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1) fits experimental data (continued)
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crossover originates from
the competition between

FH° and HY terms.

For small H: A o< H?3 |1n (Hug/]) | /¢ confirming analytical prediction
For large H: A< g, H
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l—m (copper benzoate)
M [Heisenberg chain)
0 G DMRG)

il ') % r !
QUL R LR ) R L)

IIJ
;

| two consequences from DM int.
H' =g H+—Dxg" H v' M#03q/2n

2J v M is not singular at H
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collective excitation instead of single magnon one

SRR SR NSRS SRS

ferromagnetic state

bttt}

single magnon excitation spin wave excitation

e

collective spiral spin wave excitation

T

antiferromagnetic spiral spin wave state
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(2) Studies on Copper Benzoate

4) simultaneously (anti-)ferromagnetically magnetized

g

) applied along

the b direction
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—— for small H> but wide range:
M8 < H3 rather than HY/3 InY/3(J/HSug)
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(2) Studies on Copper Benzoate

» Summary

)

b)

Copper benzoate is an ideal one-dimensional magnetic system
interchain interaction irrelevant for experimental findings

DMRG method is so far only a way to handle this problem
We found that

(1) D=(0.11,0,0) for Copper Benzoate

(2) full gap behavior = crossover

(3) co-existence of (anti-)ferromagnetic moments

(4) magnetizations

In IMS of Japan, and NHML of USA, H. Nojiri and N. Takano’s
groups are carrying higher magnetic field measurements.
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(3) Integer vs half-integer chains with H>

» Studying the effective model:
L
Hy=3J 88 ~(~UhgS;

with S=1/2, 1, and 3/2.

» We found
1) the spectra are split into transverse and longitudinal branch.
2) midgap states exist inside the gap for open chains which are
inherent to real materials.
3) the low-field scaling behavior is different for different cases.
4) whether the low energy of about model can fully be described
by quantum sine Gordon model.
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Small staggered field
splits the spectra into

transverse ranch and

longitudinal branch
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— transverse branch fits the field theory results
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FIG. 1. Impurity DMRG scheme.

—— common topological edge effects Ng, 1986
—— midgaps just explicitly give the evidence
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[PM-Cu(NO,),(H,0) ,l,
PM=pyrimidine

AN N T I N T I A B
0 12 4 16 18 20 22 AU
Magnetic field H [T]

Excitation Hierarchy of the Quantum sine Gordon
Zvyagin, etal, PRL, 93, 027201(2004)
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Far from
hsz/3||n hS|1/6
for g-sine
Gordon model

existing low-field theory not applicable
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w(3) Integer vs half-integer chains with H°

low-field behavior

gaps fit
hg?/?[In(hg/]) | /¢

for very small hq

-

——T T 3

e
B.820 Taph) *
4.640 Tagh ) *

—— 4.24h llagh |©

-— - 2.200° N

—=a

—— midgaps follows up h?/3|In(hs/]) | /¢ very well
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(4) Multile le ladders: 1d — 2d

» Studying the effective model:

LN _
Heﬂ = ZJ Si,k 'Si+1,k _(_I)Hkhs Si),Ck
i

where L is the length of the ladder, and N is the number of legs.

» We is interested in whether those features survive for ladders and for
two dimensional case.

Here we just show you some features related to the critical behavior
in two dimensions.
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longitudinal ,
— 0.5013+0.04067x+0.136x

| 0.525+0.025%+0.06X"
o four legs
o three legs
two legs
aone leg

transverse

— 4.0254+0.325%-1.38%"
I 2.273-0.3133%-0.08%"

—— Ao h{/?in two dimensions
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(

Landee et al. (1986)

Cu

(CH,),SO

Spin-'2 chain with two spins per chain unit
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© Experiment
o DMRG i
— 0.61365%(h-2.664)""
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(6) Discussions

Present work shows again that DMRG method is very efficient tool for
interpretation and prediction of rich physics properties of new materials.
Copper benzoate is well described by the Heisenberg-Dzyaloshinskii-
Mortiya interactions with d=1.

It remains to be further investigated whether the low-energy properties of
the Heisenberg-Dzyaloshinskii-Moriya interaction systems can be
sufficiently described by quantum sine-Gordon model.

The midgap states should be shown in the experimental measurements,
but how experimentists can identify them.

Although |D|/] ~ 0.1, but involves tich physics, once H # 0. More
importantly, it widely exists in materials, e.g. Yb,As;, BaCu,S1,0, ,
{(CH;),SO}, CuCl, etc. For metallic materials, it could affect differently
the transport properties of electrons which has different spin.
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