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ME ARTICLE

Surprises on the Way from One- to Two-
Magnets: The Ladder Materials

Dimensional Quantum

Eibio Dagotto and T. M. Rice

To make the transitlon from the quasi-lor;g‘-range order in a chain of antiferromagneticatly
coupled S = 1/2 spins to the true long-range order that occurs in a plane, ong can
assemble chains to make ladders of increasing width. Surprisingly, this crossover be-

tween one and two dimensions is not at all

smooth. Ladders with an even number of legs

have purely short-range magnetic order and a finite energy gap to all magnetic excitations.
Predictions of this ground state have now been verified sxperimentally. Holes doped Into
these ladders are predicted to pair and possibly superconduct.

T he unexpected discovery of high-temper-
ature superconductiviey (1} in lightly doped
antiferromagnets has sparked renewed in-
terest in Jow-dimensional quantum mag-
nets. The parent cuprate insulators are now
considered the best examples of planar spin-
1/2 antiferromagnets with isotropic and
predominantly nearest-neighbor coupling.
They show simple long-range antiferromag-
netic (AF) order at low temperatures in
agreement with theory, which predicts an
ordered ground state for the 5 = 1/2 AF
Heisenberg model on a two-dimensional
(1D) square lattice (2). The 1D AF Heisen-
berg chain is also well understood. A fa-
rmous exact solution found by Bethe many
years ago (3) showed that quantum fluctu-
ations prevent true long-range AF order,
giving instead a slow decay of the spin
correlations at a rate that varies essentially
inversely with the separation between the
spins. Therefore, it came as a great surprise
when numerical calculations found that the
crossover from chains to square lattices,
obrained by assembling chains one next to
the other to foon “ladders™ of increasing
width, was far from smooth. Although there
is no apparent saurce of frustration, quan-
tuin effects lead to a dramatic dependence
on the width of the ladder (given by the
number of coupled chains).

Ladders made from an even number of
legs have spin-liquid ground states, 5o called
because of their putely shore-range spin cof-
relation. An exponential decay of the spin-
spin correlation is produced by a finite spin
gap, namely, a finite energy gap to the
lowest S = 1 excitation in the infinite
ladder. These even-leg ladders may there-
fore be regarded s realizations of the
unique, coherent singlet ground state pro-
posed some years ago by Anderson in the

€. Dagotlto s in the Department of Physics and National
High Magnetic Field Lab. Florida State Universily, Taha-
hassee, FL 32306, USA. T. M. Rice I8 with AT&T Befl
Laboralories, Murray Hifl, NJ 07974, USA, and Theore-
tiache Physik, Eidgendssischa Technische Hochschule,
8003 Zivich, Switzerland.
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context of 2D S = 1/2 AF Heisenberg sys-
temns {the so-called resonance valence bond
state) (4).

A ladder with an odd numbet of legs
behaves quite differently and displays prop-
erties simtlar to those of single chains at low
energies, namely gapless spin excitations
and a power-law falloff of the spin-spin
correlations, apart from logarithmic correc-
vions. This dramacic difference between
even-leg and odd-leg ladders predicted by
theory has now been confirmed experiten-
rally in a variety of systems.

Two-leg § = 1f2 ladders are found in
vanadyl pyrophosphate {VO),P,0; and in
some cuprates like StCu;O3 (Fg. 1) (m-leg
ladder denotes m coupled spin-1/2 chains}).
Measurements of the spin susceptibility
show that it vanishes exponentially at low
temperature, a clear sign of a spin gap-
Neutron scattering and muon spin reso-
nance measurements are consistent with
short-range spin order in the 2-leg ladders,
although as we stressed before, they are
unfrustrated spin systems that classically
should order without a spin gap. Further
nuclear magnetic resonance (NMR)} mea-
surements have confirmed the large spin
gap in the excitation spectrum.

Three-leg ladders (Sr,CuyOy) by con-
trast show longer range spin correlations
and even true long-range order at low tem-
perature because of weak interladder forces.
There is excellent agreement between the-
ory and experiment, confirming that there
is a dramatic difference between even- and
odd-leg § = 1/ Heisenberg AF ladders.

Doped chains have long fascinated the-
orists because they form unusual quantum
liquids, so-called Luttinger liquids, with
many unigue propertics (5). Although dop-
ing expetiments in ladder compounds are
just starting, extensive theoretical studies
have been made of doped ladders. Agnin, a
clear difference between even- and odd-leg
ladders is predicted. Even-leg ladders are
especially interesting because a variety of
techniques reveal hole pairing in a relative
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ud.wave” state, which places them in a
different universality class of LD systeros
than the Luttinger liquids found in single
chains and odd-leg ladders.

Theoretical Aspects of the S =
1/2 Heisenberg Model on Ladders

The properties of § = 1/2 Heisenberg AF
models defined on 1D chains or on 2D
square lattices are well-known. The model
is defined by the Hamiltonian

H =sti' Sj
an

where i is a vector labeling lattice sites

. where spin-1{2 operatots 5, are located, {i, 1}

denotes nearest-neighbor sites, and J (> 0)
is the AF exchange coupling that provides
the energy scale in the problem. This scale
is material dependent and ranges from a few
millielectron volts to, In the case of high-
temperatute superconductors, about 0.1 V.
Oa 21 square lattices, the Heisenberg mod-
el has a ground state with long-range AF
order, whereas in 1D chains, the spin-spin
cotrelation decays slowly to zero asa powet
law. Neither system has a spin gap, that s,
there Is no cost in energy o create an
excitation with 5 = 1.

The field of ladder systems started when
Dagotto et al. (6) [see also (7, 8)] found
evidence that 2-leg ladders have a finite
spin gap, because 2 finite energy is needed
to create a 5 = 1 excitation. They statted
with the simple limit obtained by general-
izing Eq. 1 so that the exchange coupling
along the rungs of a 2-leg ladder {denoted
by J*) is much larger than the coupling
along the chains. This idealization has tl.e
advantage that rungs interact only weakly
with each other, and the dominant config-
uration in the ground state is the product
state with the spins on each rung forming 2
spin singlet. The energy In this limit is
\.pproximately En = —3/4)'N, where N is
the number of tungs and —3/4) is the
energy of each rung singlet state g =
(1 1) — TE1vZ (1 and | are the
spin-up and spin-down eigenvectors of the
spin operator in the z direction). The
ground state has 2 total spin § = O because
each rung is in a spin singlet. To produce 3
§ = 1 excitation, & rung singlet must be
promoted toa S = 1 tri[ilet |9y, = TERR2
(drly + iLtvz il b An isolated
rung-triplet has an energy J' above the rung
singtet. The coupling along the chaing cre-




Whiat are v osting o ooin ladders?
I

. Intermediates between 1D and 2D
new, yet to be known.,

2. Even-legged ladders vs odd-legged ladders

(1) undoped ladders

(11) doped ladders

even-legged : d wave superconductivity
odd-legged : Tomonaga Luttinger liquid

oy

Competition Lo oen guantum spin
hguid state and magnetic state
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SrCuQ;+CuO,
4.5GPa 1100C
3
SrCu203'
2-leg ladder

2SrCuQ,+CuO
3GPa 1000°C
 §
Sr,Cu,0O,
3-leg ladder
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S(Q,w) (arbitorary units)
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V-0 Ladder of (VO),P,0;

Altermating chain : 11.3meV (131K) . 7.9meV (92K)

D. C. Johnston, J. W. Johnson, D. P. Goshorn and A. J. Jacobson:
Phys. Rev. B 35 (1987) 219.

Spin ladder : J=7.76meV (90.0.K) . J'=7.82meV (90.7K)

T. Barnes and J. Riera:
Phys. Rev. B 50 (1994) 6817.

Inelastic neutron scattring—Spin gap, A=3.7meV

R. S. Eccleston, T. Barnes, J. Body and J. W. Johnson:
Phys. Rev. Lett. 73 (1994) 2626.
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LaCuO, . 6GPa 900°C
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(Sr,Ca),,Cu,, 0,

Cu,O, sheet (2-leg ladder) + CuQ, chain (CuGeO,-like)
Already doped with hole, Cu??*

Ca content increases—conductive

Sr,,Ca,, (Cu,,0,, 5, (synthesized at high oxygen pressure)

Superconducting at 3GPa (Akimitsu et al, 9K, 5%)

(7.




m:o:-a:mm RVB (2-leg) Long-range RVB (3-leg)

3033mm:m:om3nc1€ ‘.3o_oom=Nma303m3$
=|ocalized moment? | _
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Temperature dependence of the
susceptibilities of Sr(Cu,_Zn,), O,
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Curie constant and Neel temperature of Sr(Cuy.,Zn,),0:
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Temperature dependence of the susceptibilities of
Sr(Cuy,Zn ),0, and Sr(Cu,_Ni ),O,
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Specific heat of Sr(Cuy_,Zn,),0s
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Specific heat of Sr(Cu, Zn ),0;

non dope

T—0:C—>0

large spin gap — no magnetic contribution
C,=9.9X10%2 T°+1.3X 10" T°=C,

0, ~ 400K

doped samples
A - type anomaly = AF transition
Cp =C+yT(T>TY
v: characteristic of 1D Heisenberg AF system

v =2Nk,*/3] for homegenious chain

Y= 3ml/ K2, independent to Zn content
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YT term in specific heat arises from whole the ladder

A A O R

Applying v = 2Nkg2/3J, J / kg = 1800 K
reasonable

Only the localized spins near the
impurities interact one-dimensionally

SS==smszn==cum

J/ kg =18 K for x = 0.01
N /J : independent to x

26.



Sr(Cu,.,C0,),05 Co2+ S = 3/2

1.01—
© | 00075
80_8_' . x? 0.01
o L N L)
O T
o 0.4- 5{_' : :'
@ !
0.2+
L s
0.0+ T T ; T '
0 10 15 20 25 30
Temperature (K)
30

N
O,
]

N
?

-
Qo
|

C, /T (mJ / K* Cu+Co mole)
&

200

27.




Susceptibilities of Sr,(Cu,_2Zn,);0; (3-leg ladder)
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Compound Structure Ty
SrCu,0O, 1D chain 5K
Sr(Cu, gZn, )0,  2-leg ladder 8§ K
Sr,Cu, O 3-leg ladder 52K

1D

2D

29.




Impurity Effect on Spin Ladder System

Yukitoshi MoToMe *, Nobuynki KaTon, Nobuo Furukawa and Masntoshi IMADA

Institute for Solid State Physica, University of Tokyn,
Roppongi 7-22-1, Minato-ku, Folye 106

(Mecebvedt April 26, FI90)

investignted

Elfects of nonmaguelic impurity doping in a spin ladder aystem wilh nspin gap nre
Substan-

by the exnct dingonalization as well as by the variationn! Monte Carlo caleulations.
tin} changes in macroscopic properties such as enhancements in spin correlations and magnetic
susceptibilities nre observed in the low imputity concentration region, which nre cnused by the
incrcnse of low-cnergy stntes. These reanlis suggest that small but finile amount of nonmagnetic
impurity doping relevantly canses the teduction or the vanishment of the spin gnp. This qualitn-
tively explnins the experimental reanlt of Zn-doped SrCusO3 where smail doping inchitces gapless
nature. We propose a possible scenario for this drastic change ns n quantin phase transition in

n apin gapped ladder system due to apinon doping cffects.

Impurity Induced Antiferromagnetism in Spin-1/2 Heisenberg Two-leg
Ladder Systems *

Hidetoshi Fukuyana, Naolo Naaaosa!, Masako Sarro and Telsuhiro TANIMOTO °*

Depariment of Physics, University of Tokyo, Tokyo 113
1 Department of Applied Physics, University of Tokyo, Tokye 113

{Neceived May , 1096)

Dased on the phase Hamiltonian representation of 2 spin-1/2 ticisenberg two-leg ladder sysicm
coupled antiferromagnetically, which has a spin gap if clean, it is shown that a nor-magnetic im-
pusity replacing a spin induces a staggeted spin modulation. This results in the long range
otder of anliferromagnelism in the presence of three-dimensional coupling between the lad-
ders. This will be in accordance with n recent experimental observalion by Azuma et al. on

Sr(Cu...,Zu,);();.

Rapid Suppression of the Spin Gap in Zn-doped CuGeOy and SrCu,0;,

Ceorge Dalster Martins and Elbio Dagotto
National [Ligh Magsctic Field Lab aud Depatueent of Physies, Flavida State University, Tulluhnsser,
Flovide 33506, 075 A

José AL Ricra
Instituto de Fisicn Rosavia, Av, 27 de Febrero 2400 bix, 2000 Rosario,
Argentinag

The infuence of mon-maguetic impuritics on e spectrune and dynamical =pin striciure factor of
a model for CnCeOy is stdicd. A gimple extension o Zn-dopuld SrCuzQy s also dlisenssed. Using
Exact Diagounalization technignes and intaitive argminenls wo show that Zu-daping introduces states
in the Spin-Teierls pap of CuGueOs. This effect can he understood caxily in the farge dimerization
litmit where doping by Zn creates “loose™ S=1/2 sping, which interact with each other through
very weak eleetive anliferromagielic couplings. When the slimerization is small, o similar effect is
hser ved but wow with Wie free S=172 spings being the rosudting 8=1/2 grovud state of severed cliaing
witl an odd manber of sites, As tecent mooeiead eatendations have shown, similar seguments apyly
to Budders with pon-magnetic impurities simply replacing the tewdeney to dimerization in CntieOn
by 1he tesdency 1o form spin-singlets aloug the rungs in SrCnp Oa,

PACS inmbers: 64, 70.K5,75.10.0m,75 .50, Ee

Low-Temperature Properties of the Randomly Depleted Ileisenberg
Ladder

Manfred Sigrisr* and Akira FURUSAK!Y

Yukawa fnstilute for Theovetical Physics, Nyolo University, Wyolo 606-04

{Heeeived May 20, 1116)

Low-temperalure thermodynamic properiies of the spin-% Heisenberg ladder system wilh non-
magnelic impuritics are disenssed nsing an eflcctive Uamillonian for the impurity-induced spius
i (he background of a spin liguid with a gap. 1t is shown that the wniform susceptibilily
shows Curic-like behavior in high-, intermediate-, and low-temperature reghmes, with three oif-
ferent Courie constamts. The ratio of specific heat Lo tewmperatuce, GfT, is divergent in the
fow-temperature limit, refleeting a singular distribution of the eflective couplings among the

impurity spins. ‘

20



SUMMARY

1. Difference between the excitation spectra
of 2- and 3-leg ladder was confirmed

experimentally.

2-leg: spin gap, about 400K
3-leg: gapless, get ordered below 52 K

@ Only 1% of nonmagnetic impurity
introduced into 2-leg ladder changes the

host gapless and antiferromagnetically
ordered.

3. T, once increased and then decreased.
(monotonically decreased in 3-leg ladder)

4. Enhancement of the Curie-like

susceptibility was observed both in 2- and
3- leg ladders. (mysterious)
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