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Magnetic properties of a molecular-based spin-ladder system:„5IAP…2CuBr4"2H2O
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We have synthesized and characterized a spin-1/2 Heisenberg antiferromagnetic ladder: bis 5-iodo-2-
aminopyridinium tetrabromocuprate~II ! dihydrate. X-ray diffraction studies show the structure of the com-
pound to consist of well isolated stacked ladders and the interaction between the Cu21 atoms to be due to direct
Br•••Br contacts. Magnetic susceptibility and magnetization studies show the compound to be in the strong-
coupling limit, with the interaction along the rungs (J8'13 K) much greater than the interaction along the
rails (J'1 K). Magnetic critical fields are observed near 8.3 and 10.4 T, respectively, establishing the exis-
tence of the energy gap.
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Quantum spins interacting antiferromagnetically on a
tice form one of the simplest systems with which to explo
cooperative effects in many body systems. The behavior
be particularly rich when the parameters in the Hamilton
can be tuned to a zero-temperature quantum critical point1 It
is thought that high-temperature superconductivity exists
to its Hamiltonian’s proximity to such a point.2,3 It has re-
cently become clear4–6 that a spin ladder forms a remarkab
system with which to explore quantum effects in antifer
magnets. An even leg ladder has a cooperative sin
ground state, with a finite-energy gapD in the spin excitation
spectrum. By application of a magnetic field, the size of
gap can be reduced until it disappears atHc1, at which point
the system is at a quantum critical point. In addition, ho
injected into an even-leg ladder are predicted to pair
possibly lead to superconductivity.4–6

Few physical realizations of two-leg ladders are know
and only one has been explored at the critical point. Amo
the most extensively studied two-leg ladders are SrCu2O3
~Refs. 7–9! and@(DT-TTF)2#@Au(mnt)2#,10,11but the strong
exchange constants of these compounds produce gap
large to be overcome with available magnetic fields. O
Cu2(C5H12N2)2Cl4 has exchange strengths small enough
produce an experimentally accessible critical point,moHc1
57.5 T.12–17

We report here on the second two-leg spin ladder with
accessible critical point atmoHc158.3 T. This material, bis
5-iodo-2-aminopyridinium tetrabromocuprate~II ! dihydrate
@(5IAP)2CuBr4•2H2O#, is the one of four spin ladders w
have developed through the use of molecular-ba
magnetism18 and fully characterized by high-field measur
ments. The structure of the compound will readily perm
dilution of the magnetic lattice, by which the stability of th
critical point can be explored further.

The structure of (5IAP)2CuBr4•2H2O consists of twin
molecular chains cross linked to form a ladder. The s
ladders are well isolated from one another by the bulk of
organic molecule. As determined by x-ray diffraction, t
crystallographic structure of (5IAP)2CuBr4•2H2O is tri-
clinic, space group P1,̄ a56.7505 Å, b59.8433 Å, c
516.7581 Å,a578.512°,b584.962°, andg588.512°.

The exchange interaction between the Cu21 ions takes
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place through Br•••Br direct contacts,19–21 as shown by
dashed and dotted lines in Fig. 1. The interaction stren
drops rapidly with the Br•••Br distancer, typically asr 210,
and depends also on the geometry of the superexcha
pathway through such parameters as the mean trans anu
of the distorted CuBr4 tetrahedra, and the dihedral anglet
between the two Cu-Br•••Br planes.22,23 The meantrans
angle of the CuBr4 tetrahedra in our system isu5132.7°.
The exchange pathway along the rungs of the ladder is c
acterized by a distance between the Br atomsr 53.58 Å, and
by a dihedral anglet5180°. Along the rails the distanc
between the Br atoms isr 54.23 Å, and the dihedral angle i
t598.0°. The next shortest distance in the system betw
Br atoms is 5.74 Å, along the diagonal of the ladder, t
large to allow for an interaction.

The model Hamiltonian for a spin ladder consisting
two coupled spin-1/2 Heisenberg chains is

FIG. 1. Crystal packing of the Cu21 metal ions, along with the
path of exchange interaction. The Cu21 ions are the small circles
the Br2 ions are the larger circles. The Br-Br contacts are 3.58
~rung! and 4.23 Å~rail! with the rails aligned vertically along the
page. The organic molecules are not shown.
©2001 The American Physical Society02-1
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H5J (
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Si ,a•Si 11,a1J8(
i

Si ,1•Si ,2

2gmBH (
a

(
i

Si ,a
z , ~1!

whereSi ,a is the spin operator at sitei ~the indexi runs along
the chains! on the raila (a51,2). H is an external magnetic
field in thez direction. The exchange constantsJ ~along the
rails! andJ8 ~along the rungs! are positive, corresponding t
antiferromagnetic coupling.

The powder dc magnetic susceptibility o
(5IAP)2CuBr4•2H2O has been measured on a Quantum D
sign MPMS superconducting quantum interference dev
magnetometer, in a magnetic field of 1 T, from 2 K up to 3
K. The data have been corrected for the core diamagn
(2379*1026 emu/mol) and temperature-independent pa
magnetic (60*1026 emu/mol) contributions. The magnet
susceptibility, plotted in Fig. 2, shows a rounded pe
around 8 K, characteristic of low-dimensional antiferroma
netic compounds, and a sharp drop at very low temperatu
characteristic to gapped systems. There is no sign of a s
tural phase transition at low temperatures. Fitting a Cu
Weiss law @x5C/(T2Q)# to high-temperature data (T
>20 K) gives Q525.3 K and C50.416 emu K/mol. The
sign of Q confirms antiferromagnetic coupling between t
spins. The Curie constant predicted from powder elect
paramagnetic resonance measurements (g52.10) is 0.412
emu K/mol, in good agreement.

Susceptibility data have been initially fitted using a hig
temperature expansion series for a spin ladder system.14 Be-
cause it was determined in this way that the exchange in
actionJ8 along the rungs is much greater than the excha
interactionJ along the rails, we have been able to fit the d
over the full temperature range by using an analytical f
mula resulted from third-order perturbation theory.9 Gu, Yu,
and Shen17 considered a dimer chain, in which the sp
dimers are only weakly coupled, and calculated the per
bative corrections to the free energy due to the interaction

FIG. 2. Temperature dependence of the powder dc magn
susceptibility for (5IAP)2CuBr4•2H2O. The solid line is a fit~5! to
the susceptibility of a spin-ladder plus a paramagnetic contribut
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the dimers along the chain. From this expression for the f
energy one can directly obtain the molar magnetic susce
bility in zero field ~2!. This expression reproduces with ve
high accuracy the quantum Monte Carlo simulations
Johnstonet al.,9 as long as the ratioJ/J8 does not exceed
0.1.

x~T!5
4C

T H 1

31e2b
2

J

J8
F 2b

~31eb!2G
2S J

J8
D 2F3b~e2b21!2b2~51e2b!

4~31eb!3 G
2S J

J8
D 3F3b~e2b21!

8~31eb!3

2
9b2eb~113eb!2b3~7e2b29eb212!

12~31eb!4 G J ,

~2!

whereC is the Curie constant for Cu21 ions

C5
Ng2mB

2

4kB
, ~3!

andb is the reduced temperature

b5
kBT

J8
. ~4!

In addition to the expression~1! we have also allowed for
a small paramagnetic impurity, to be determined from the

x total~T!5~12x!x~T!1xx imp , ~5!

wherex is the concentration of the paramagnetic Cu21 ions.
The exchange constants resulted from fitting our experim
tal data in this way areJ8512.95 K andJ50.75 K. The
small paramagnetic component can be attributed to a co
bution from 0.62% of Cu21 ions due to lattice imperfection
or impurity phases. The accuracy of the estimate ofJ8 andJ
is affected by the strong correlation of the exchange par
eters to the Curie constant.9

The intrinsic part of the susceptibilityx of our dimerlike
ladder system is estimated by subtracting the paramagn
component, and is plotted in Fig. 3 with open circles. T
abrupt decrease ofx toward zero clearly suggests the pre
ence of an energy gap in the spin excitation spectrum. T
gap, for J!J8, can be directly evaluated from a stron
coupling series expansion24

D5J82J1
J2

2J8
1

J3

4J82
2

J4

8J83
1O~J5!; ~6!

for our systemD512.23 K.
According to a theoretical study of the two-leg Heise

berg ladder system,25 if the continuum of the first excited
states has a parabolic dispersion, and if magnon interact

tic

n.
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are ignored, at low enough temperaturesT!D the magnetic
susceptibility as a function of temperature should be

x~T!5
a

AT
expS 2

D

T D , ~7!

wherea is a constant corresponding to the dispersion of
excitation energy. As seen in Fig. 3 the solid line~c! calcu-
lated usingD512.23 K anda50.746 K1/2 emu/mol repro-
duces the experimental data rather well, and is indistingu
able from the curve given by Eq.~2! for temperatures up to
3.75 K, corresponding toT/D<0.3. Equation~7! can fit the
susceptibility data for even higher temperatures, but the
ergy gap is not accurately obtained in this way.7

Due to the weak exchange constants involved, we h
been able to fully saturate the magnetization of our sampl
high magnetic fields. These measurements have been
formed at the two facilities of the National High Magnet
Fields Laboratory. A sample of (5IAP)2CuBr4•2H2O was
studied in Tallahassee in dc fields up to 30 T, at temperat
of 4.35 and 1.59 K, and in Los Alamos in pulsed fields up
50 T, cooled down to 0.4 K. The data are shown in Fig. 4.
low fields and at the lowest temperatures, the spin-lad
system is in the nonmagnetic singlet ground state, and
small moment observed is due only to the paramagnetic
purity phase. At the lower critical fieldHc1 the gap is closed
and the magnetization increases almost linearly with field
to the second critical fieldHc2, where the system is satu
rated. At the higher temperatureT54.35 K the critical fields
are less evident, due to thermal population of the exc
states.

An expression for the magnetization of a ladder as a fu
tion of temperature and magnetic field has been obtai
from the free energy17 previously mentioned. The perturba
tion series for the magnetization involves powers ofJ/J8 and
J/kBT. For good convergence of the series, we should h

FIG. 3. Low-temperature behavior of the powder dc magne
susceptibility for (5IAP)2CuBr4•2H2O. The circles are the experi
mental data from which we have subtracted the paramagnetic
purity contribution. This paramagnetic contribution is plotted
line ~a!. Line ~b! is the perturbative expression~2!, and line~c! is
the low-temperature expression~7!.
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J!kBT. The magnetic field enters the magnetization expr
sion as the exponentngmBB/kBT, where n is an integer,
increasing with the order of perturbation. Consequently,
calculated expression of the magnetization departs from
experimental data for low temperatures (T51.59 K) and
high magnetic fields (B.10 T), due to poor convergence o
the series. For the data set at the higher temperaturT
54.35 K, the calculated and the experimental magnetiza
agree well for the full magnetic field range.

We need only three parameters to reproduce the redu
magnetizationM /Msat . These parameters areJ, J8, and the
percentage of paramagnetic spins. Because a 1/2 spin la
has a gap in the energy spectrum, at very low temperat
and magnetic fields the system will be in the singlet grou
state with no magnetic moment. The only contribution to t
magnetization will come from the paramagnetic impuritie
This contribution is clearly identified for theT50.4 K and
T51.59 K data at low fields. The two exchange consta
and the impurity percentage have been extracted from a fi
the T54.35 K data to the calculated magnetization, and
values obtained areJ8512.99 K andJ51.15 K, correspond-
ing to a gap ofD511.90 K. The concentration of the para
magnetic spins extracted from the magnetization fit is 3.
of the Cu21 ions. The higher value is justified by the fact th
we have used a different sample than in the susceptib
measurements. The purer batch has been obtained
slower growth, minimizing the concentration of impurities

The magnetization fit, unlike the susceptibility fit, is n
affected by uncertainties in the nature of the impurities. T
is most clearly seen from the analysis of the two critic
fieldsHc1 andHc2.13,26At the lowest temperature~0.4 K! the
magnetization of the spin ladder is close to zero up to
lower critical fieldHc1 where the energy gap is closed by th
magnetic field. If one assumes that the first excited states
triplets, then moHc15D/(gmB)'(J82J)/(gmB)58.39 T.

c

- FIG. 4. High-field magnetization curve for different temper
tures for (5IAP)2CuBr4•2H2O. T50.4 K for the diamonds,T
51.59 K for the filled circles, andT54.35 K for the open circles.
Only representative points of the full data sets have been plot
The black lines are theoretical predictions forJ8512.99 K, J
51.15 K, andx53.2%.
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The ground state is fully aligned above the higher criti
field moHc25(J812J)/(gmB)510.83 T, where the magne
tization reaches its saturation value. The critical fields de
mined from the T50.4 K data aremoHc1'8.3 T and
moHc2'10.4 T. The magnetization increases almost linea
betweenHc1 and Hc2. The exchange constants are una
biguously linked to the position and slope of this domain
which the magnetization increases almost linearly.

In summary, (5IAP)2CuBr4•2H2O has been shown to be
have as aS51/2 antiferromagnetic ladder with a domina
rung interactionJ8513.0(1) K and a rail interactionJ
51.0(2) K. The ratioJ/J85(7.761.5)% is about 40% of
the value found for Cu2(C5H12N2)2Cl4.13 The two critical
s.
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fields near 8.3 and 10.4 T are within the range of comm
superconducting magnets, and hence it will be possible
examine the behavior of this quantum system when the
has been closed (H.Hc1), as has been recently done fo
Cu2(C5H12N2)2Cl4.26–28

The high magnetic field measurements were performe
the National High Magnetic Fields Laboratory in Tallahass
and Los Alamos. The NHMFL is supported by the NSF c
operative agreement No. DMR-9527035 and the State
Florida. We acknowledge the technical assistance of Do
van Hall and Neil Harrison. The Clark University resear
group received support from the NSF under Grant N
DMR-9803813.
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