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Magnetic properties of a molecular-based spin-ladder system(51AP),CuBr,-2H,0
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We have synthesized and characterized a spin-1/2 Heisenberg antiferromagnetic ladder: bis 5-iodo-2-
aminopyridinium tetrabromocuprat@) dihydrate. X-ray diffraction studies show the structure of the com-
pound to consist of well isolated stacked ladders and the interaction betweer?thatéms 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 rungd’& 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 latplace through Br--Br direct contacts?~?! as shown by
tice form one of the simplest systems with which to exploredashed and dotted lines in Fig. 1. The interaction strength
cooperative effects in many body systems. The behavior cadrops rapidly with the Br--Br distancer, typically asr ~1°,
be particularly rich when the parameters in the Hamiltonianand depends also on the geometry of the superexchange
can be tuned to a zero-temperature quantum critical gdint. pathway through such parameters as the mean trans éngle
is thought that high-temperature superconductivity exists duef the distorted CuBy tetrahedra, and the dihedral angle
to its Hamiltonian’s proximity to such a poiff It has re-  between the two Cu-Br -Br planes’*?® The meantrans
cently become cler® that a spin ladder forms a remarkable angle of the CuBy tetrahedra in our system i8=132.7°.
system with which to explore quantum effects in antiferro-The exchange pathway along the rungs of the ladder is char-
magnets. An even leg ladder has a cooperative singledcterized by a distance between the Br atom$.58 A, and
ground state, with a finite-energy gapin the spin excitation by a dihedral angler=180°. Along the rails the distance
spectrum. By application of a magnetic field, the size of thebetween the Br atoms is=4.23 A, and the dihedral angle is
gap can be reduced until it disappears$iat, at which point  7=98.0°. The next shortest distance in the system between
the system is at a quantum critical point. In addition, holesBr atoms is 5.74 A, along the diagonal of the ladder, too
injected into an even-leg ladder are predicted to pair andarge to allow for an interaction.
possibly lead to superconductivity® The model Hamiltonian for a spin ladder consisting of

Few physical realizations of two-leg ladders are known,two coupled spin-1/2 Heisenberg chains is
and only one has been explored at the critical point. Among
the most extensively studied two-leg ladders are $@zu
(Refs. 7-9 and[ (DT-TTF),][ Au(mnt),],2**but the strong
exchange constants of these compounds produce gaps too
large to be overcome with available magnetic fields. Only
Cuw,y(CsH4,N,),Cl, has exchange strengths small enough to
produce an experimentally accessible critical popgH .1
=7.5 TV

We report here on the second two-leg spin ladder with an
accessible critical point at,H.;=8.3 T. This material, bis
5-iodo-2-aminopyridinium tetrabromocupratet) dihydrate
[(51AP),CuBr,-2H,0], is the one of four spin ladders we
have developed through the use of molecular-based
magnetisnt and fully characterized by high-field measure-
ments. The structure of the compound will readily permit
dilution of the magnetic lattice, by which the stability of the
critical point can be explored further.

The structure of (51AP)CuBI,-2H,0 consists of twin
molecular chains cross linked to form a ladder. The spin
ladders are well isolated from one another by the bulk of the

organic molecule. As determined by x-ray diffraction, the kG, 1. Crystal packing of the Gti metal ions, along with the

crystallographic structure of (SIARTUBr,-2H,0 is tri-  path of exchange interaction. The Cuions are the small circles,
clinic, space group R1a=6.7505A, b=9.8433 A, ¢ the Br ions are the larger circles. The Br-Br contacts are 3.58 A
=16.7581 A,a=78.512°,8=84.962°, andy=88.512°. (rung and 4.23 A(rail) with the rails aligned vertically along the

The exchange interaction between the?Clions takes page. The organic molecules are not shown.
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the dimers along the chain. From this expression for the free
energy one can directly obtain the molar magnetic suscepti-
bility in zero field (2). This expression reproduces with very
high accuracy the quantum Monte Carlo simulations of
Johnstonet al.® as long as the ratid/J’ does not exceed
0.1.
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FIG. 2. Temperature dependence of the powder dc magnetic 5 30 o
susceptibility for (51AP}CuBr,- 2H,0. The solid line is a fit5) to 98 ef(1+3ef) - p%(7e*$—-9ef-12)
the susceptibility of a spin-ladder plus a paramagnetic contribution.
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whereS , is the spin operator at sitgthe indexi runs along  and 3 is the reduced temperature
the chaingon the raila (a=1,2). H is an external magnetic
field in the z direction. The exchange constadtsalong the kgT
rails) andJ’ (along the rungsare positive, corresponding to B=— " 4

J/
antiferromagnetic coupling.

The powder ~dc magnetic susceptibility —of , a4qition to the expressiofl) we have also allowed for
(51AP),CuBr, - 2H,0 has been measured on & Quantum Dey gma|| paramagnetic impurity, to be determined from the fit:
sign MPMS superconducting quantum interference device

magnetometer, in a magnetic field of 1 T, from 2 K up to 300 Xtotal( T) = (1=X) x(T) + XXimp» ®)

K. The data have been corrected for the core diamagnetic

(—379*10 ®emu/mol) and temperature-independent parawherex is the concentration of the paramagneticCions.

magnetic (60*10° emu/mol) contributions. The magnetic The exchange constants resulted from fitting our experimen-

susceptibility, plotted in Fig. 2, shows a rounded peaktal data in this way argd’=12.95 K andJ=0.75 K. The

around 8 K, characteristic of low-dimensional antiferromag-small paramagnetic component can be attributed to a contri-

netic compounds, and a sharp drop at very low temperaturebytion from 0.62% of Cti" ions due to lattice imperfections

characteristic to gapped systems. There is no sign of a stru€' impurity phases. The accuracy of the estimaté’cindJ

tural phase transition at low temperatures. Fitting a Curiels affected by the strong correlation of the exchange param-

Weiss law [y=C/(T—0)] to high-temperature dataT( eters to the Curie constaht.

=20 K) gives®=-5.3 K and C=0.416 emu K/mol. The The intrinsic part of the susceptibility of our dimerlike

sign of ® confirms antiferromagnetic coupling between theladder system is estimated by subtracting the paramagnetic

spins. The Curie constant predicted from powder electrofomponent, and is plotted in Fig. 3 with open circles. The

paramagnetic resonance measuremegts 4.10) is 0.412 abrupt decrease of toward zero clearly suggests the pres-

emu K/mol, in good agreement. ence of an energy gap in the spin excitation spectrum. This
Susceptibility data have been initially fitted using a high-gap, for J<J’, can be directly evaluated from a strong-

temperature expansion series for a spin ladder sy&@a.  coupling series expansith

cause it was determined in this way that the exchange inter-

actionJ’ along the rungs is much greater than the exchange A=J—J+ £+ J—3—J—4+O(J5)- ©)

interactionJ along the rails, we have been able to fit the data - 23" 432 gJ'3 K

over the full temperature range by using an analytical for-

mula resulted from third-order perturbation thedi@u, Yu,  for our systemA=12.23 K.

and Sheh considered a dimer chain, in which the spin  According to a theoretical study of the two-leg Heisen-

dimers are only weakly coupled, and calculated the perturberg ladder systerf?, if the continuum of the first excited

bative corrections to the free energy due to the interactions aftates has a parabolic dispersion, and if magnon interactions
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FIG. 3. Low-temperature behavior of the powder dc magnetic Magnetic Field [T]

susceptibility for (5IAP}CuBr,-2H,0. The circles are the experi- L L )
mental data from which we have subtracted the paramagnetic im- F/G- 4. High-field magnetization curve for different tempera-
purity contribution. This paramagnetic contribution is plotted astUres for (SIAP}CuBr,-2H,0. T=0.4 K for the diamonds,T

line (a). Line (b) is the perturbative expressidg), and line(c) is ~ — 1-29 K for the filled circles, an@'=4.35 K for the open circles.
the low-temperature expressién). Only representative points of the full data sets have been plotted.

The black lines are theoretical predictions fat=12.99 K, J

are ignored, at low enough temperatufes A the magnetic =115K, andx=3.2%.

susceptibility as a function of temperature should be J<kgT. The magnetic field enters the magnetization expres-
sion as the exponenigugB/kgT, wheren is an integer,

a A increasing with the order of perturbation. Consequently, the

x(T)= \/—?exp( B T)’ (™ calculated expression of the magnetization departs from the

experimental data for low temperature¥=1.59 K) and

where« is a constant corresponding to the dispersion of thénigh magnetic fields§>10 T), due to poor convergence of
excitation energy. As seen in Fig. 3 the solid life¢ calcu- the series. For the data set at the higher temperature
lated usingA=12.23 K anda=0.746 K2 emu/mol repro- =4.35 K, the calculated and the experimental magnetization
duces the experimental data rather well, and is indistinguishagree well for the full magnetic field range.
able from the curve given by E@2) for temperatures up to We need only three parameters to reproduce the reduced
3.75 K, corresponding td/A <0.3. Equation7) can fit the = magnetizatiorlM/Mg,;. These parameters ajeJ’, and the
susceptibility data for even higher temperatures, but the erpercentage of paramagnetic spins. Because a 1/2 spin ladder
ergy gap is not accurately obtained in this way. has a gap in the energy spectrum, at very low temperatures

Due to the weak exchange constants involved, we havand magnetic fields the system will be in the singlet ground
been able to fully saturate the magnetization of our sample istate with no magnetic moment. The only contribution to the
high magnetic fields. These measurements have been panagnetization will come from the paramagnetic impurities.
formed at the two facilities of the National High Magnetic This contribution is clearly identified for th€=0.4 K and
Fields Laboratory. A sample of (5IARCuBr,-2H,0 was T=1.59 K data at low fields. The two exchange constants
studied in Tallahassee in dc fields up to 30 T, at temperaturesnd the impurity percentage have been extracted from a fit of
of 4.35 and 1.59 K, and in Los Alamos in pulsed fields up tothe T=4.35 K data to the calculated magnetization, and the
50 T, cooled down to 0.4 K. The data are shown in Fig. 4. Atvalues obtained ar& =12.99 K and)=1.15 K, correspond-
low fields and at the lowest temperatures, the spin-laddeing to a gap ofA=11.90 K. The concentration of the para-
system is in the nonmagnetic singlet ground state, and thmagnetic spins extracted from the magnetization fit is 3.2%
small moment observed is due only to the paramagnetic imef the C#* ions. The higher value is justified by the fact that
purity phase. At the lower critical fielH ;; the gap is closed, we have used a different sample than in the susceptibility
and the magnetization increases almost linearly with field upneasurements. The purer batch has been obtained by a
to the second critical fieldH.,, where the system is satu- slower growth, minimizing the concentration of impurities.
rated. At the higher temperatufe=4.35 K the critical fields The magnetization fit, unlike the susceptibility fit, is not
are less evident, due to thermal population of the excitedffected by uncertainties in the nature of the impurities. This
states. is most clearly seen from the analysis of the two critical

An expression for the magnetization of a ladder as a funcfieldsH ., andH,.*>?®At the lowest temperatur@.4 K) the
tion of temperature and magnetic field has been obtainethagnetization of the spin ladder is close to zero up to the
from the free energy previously mentioned. The perturba- lower critical fieldH ., where the energy gap is closed by the
tion series for the magnetization involves powerdF and  magnetic field. If one assumes that the first excited states are
J/kgT. For good convergence of the series, we should havéiplets, then u,Hq=A/(gug)~(d' —J)/(gug)=8.39 T.
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The ground state is fully aligned above the higher criticalfields near 8.3 and 10.4 T are within the range of common
field woHeo=(3"+23)/(gug) =10.83 T, where the magne- superconducting magnets, and hence it will be possible to
tization reaches its saturation value. The critical fields deterexamine the behavior of this quantum system when the gap

mined from the T=0.4 K data areu,H.~83 T and

has been closedH>H_;), as has been recently done for

toHe2~10.4 T. The magnetization increases almost linearlyCu,(C5H,,N,),Cl,. 2528

betweenH.; andH.,. The exchange constants are unam-

The high magnetic field measurements were performed at

biguously linked to the position and slope of this domain inthe National High Magnetic Fields Laboratory in Tallahassee

which the magnetization increases almost linearly.
In summary, (5IAP)CuBI,- 2H,0 has been shown to be-

and Los Alamos. The NHMFL is supported by the NSF co-
operative agreement No. DMR-9527035 and the State of

have as &=1/2 antiferromagnetic ladder with a dominant Florida. We acknowledge the technical assistance of Dona-

rung interactionJ’'=13.0(1) K and a rail interaction]
=1.0(2) K. The ratiod/J'=(7.7£1.5)% is about 40% of
the value found for Cy(CsHioN,),Cl,. 22 The two critical

van Hall and Neil Harrison. The Clark University research
group received support from the NSF under Grant No.
DMR-9803813.
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