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We report the magnetic features of a one-dimensional stack of antiferromagnetically coupled equilateral
coppe(ll) triangles. High-field magnetization measurements show that the interaction between the copper
triangles is of the same order of magnitude as the intratriangle exchange although only coupled via hydrogen
bonds. The infinite chain turns out to be an interesting example of a frustrated cylindrical three-leg ladder with
competing intra- and inter-triangle interactions. We demonstrate that the ground state is a spin singlet which is
gaped from the triplet excitation.
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[. INTRODUCTION resides in a molecular orbital of dominadg._,» character
which overlap with the ligand atoms involved in these hy-
One characteristic of magnetic molecules is that their indrogen bonds, magnetic superexchange between the copper
termolecular interaction is usually extremely weak compared@enters of a triangle should be restricted to this pathway,
to their intramolecular interactions. This becomes one of th€¢ompare Fig. 2, while exchange involving the central
experimental advantages when investigating these materiass-chloride ligand would require a significant population of
since a measurement at a crystal or powder of such mofhe Cudz orbitals. Further hydrogen bonds between the
ecules reflects the properties of a single molecule. Also fokCUChtachH;Cl triangles in the crystal lattice result in an
speculative applications like storage media the independendtended three-dimensional supramolecular arrangement: ad-
of the molecular units is crucial, for an overview see Ref. pditional noncoordinating chloride anions interlink the tri-
and references therein. angles toab planes, and an extensive network of hydrogen

Despite the advantages of virtually independent magneti@Onds between the terminal chloride ligands and the NH
molecules the controlled coupling of magnetic clusters t roups conpect these planes together along the crystallo-
one- or multidimensional networks is a highly interestinggraph'cc'ax's'
avenue as well, especially if the degree of magnetic ex- T T
change between the cluster entities can be varied over a wid oy
range. Examples for such cluster-based networks are, e.g 1 \‘|
given by chaind and square latticé$ of the magnetic Ke- :
plerate moleculdMo,-Fe;qt. These systems show combina-
tions of physical properties that stem from both molecular
and bulk effects. )

In this paper we report the magnetic characterization {~
of the cluster compourtd [(CuChtachH4CI|Cl, (tach 2
=cis,trans1,3,5-triamino-cyclohexane which  contains
one-dimensional arrays of antiferromagnetically coupled
equilateral coppéh) (sc,=1/2) triangles that are aligned to
form infinite stacks of antiprisms, see Fig. 1. These cop-
pexil) tr!aﬂg'e CIUSterE{CUthaChW3CI comprise a central FIG. 1. The figure shows the molecular structure of the cluster
ug-chloride ion that coordinates to the three copper centergamework and the dotted lines represent the hydrogen bonds which
in an unprecedented trigonal-planar bonding mode. In addiconnected the triangular units to the triangular antiprismatic chain:
tion, this arrangement is stabilized by hydrogen bonds bethe coppeill) ions as large black spheres, the nitrogen atoms as
tween the terminal chloride ligands and the NH groups fromsmall black spheres, the chloride ions as large grey spheres, the

neighboring tach ligands coordinating to neighboring coppetarbon atoms as large white spheres, and the hydrogen atoms as
centers. As the unpaired electron of eathCu(l) center  small white spheres.
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FIG. 2. Schematic structure of the triangular copper chain: The = !
copper ions are placed at the vertices, intratriangle exchange path- 000F7 . , . , . . . =
ways of the related Heisenberg Hamiltoni@dn are drawn by grey 0 5 10 15 20 25 30
lines (Jy), intertriangle couplings are given by black lingk). T (K

Taking into account that the coupling between the antifer-_ FIG. 3. Magnetic low-field susceptibility, per copper triangle:
romagnetically coupled triangles is mediated by hydrogen-The solid curve shows the experimental result obtainedBat

bonded Cu—Cl---H—N—Cu super-exchange pathways, =0.5 T down to te_rn_p_eratures_of 2 K._ The _dashed curve displays the
ero-field susceptibility of an isotropic Heisenberg model, compare

one could conjecture that the magnetic properties of the sy 0. (1), with exchange parameteds=-0.9 K andJ,=—1.95 K as
tem may be well described by weakly coupled triangles. This ven in the fioure
implies that the system at high temperatures behaves like gure.

independent triangles while at low temperatures it behaves . .
like a linear chain of effective spins given by the ground(ﬁ:rgr';;?sr an equivalent system of three uncorrelatsell/2

state spin of each triangle, which is 1/2. To establish theg values of[(CuChtachHsCI]Cl, elec-

In a magnetization measurement such a situation would .
Eon spin resonancéESR) measurements have been per-

be reflected by a pronounced plateau at 1/3 of the saturatig _ )
magnetization. Our high-field magnetization measuremen{PrMed at 190 GHz with a powder sample by using pulsed

show, however, no plateau. The observed magnetization ad’aagnetic fields and Gunn .oscillathsA typical powder pat-.
P g tern has been found. We fitted the ESR spectrum determined

susceptibility curves are successfully interpreted by a theo-
retical model, in which the inter- and intra-triangle exchangeat 30 K, where one can neglect the effect of short range
parameters are of similar magnitude. Actually, the hydrogenprder’ compare Elg. 4. The spectrum can be very We". repro-
bonded super-exchange appears to be even stronger than #r£€d by assuming a uniaxial anisotropy of grealue with
intratriangle exchange pathwaymediated by the bridging 9”:2'0610'02 and_;]l.:2:1210.02. Thesg .values canzbe
chloro ligand and intramolecular hydrogen bonekhough interpreted by considering the local environment of“Cu

the Cu—Cu distance between triangles is 6.82 A, Whereaé'or!S as follows. C_%l* is in pyramidical coordination and the
the intratriangle Cu—Cu distance is 4.46 A. apical bonds are in the plane normal to the claimplane.

From a solid state physics point of view the chain systemThe lengths of the two bonds in the basal plane of each

belongs to the class of Heisenberg three-leg ladder systenﬁ’é’rﬁmig arel ntlaarly _the sarlr:elancri].thus Ghealue anisgtr]?py h
with frustrated rung boundary condition, see e.g., Refs. 7-gn't Ie asla P T\ne |shsma'. ?tt) |sdcase, v;e. Ca{: S melt €
Such systems show a rich phase diagram and may have aA cal g value along the apical bond g and In the basa
lytically known ground statesHowever, the three-leg cop- plane agy,. Note that directions of the apical bonds alter by

per ladder discussed in this paper is not of the simpl r2]0 fbetwer(]an ?fear.est nlelghl:;or ZCTOJ'S in-a _tnan.gler.]
structure—investigated in Refs. 7—9—where one either as! '€'€fore, the efiectivg value of coupled copper ions in the

sumes that the coupling is simpler that the rung spin is a ab plane is the average @f, andg, with some weak three-

good quantum numbérNevertheless, the present structurefOId anisotropy. Theg-value an|§0tropy in thab plane fqr
poses an interesting frustrated three-leg ladder with two comt-he threefold symmetry of a triangle cannot be seen in the
peting interactions. —— ———r

The paper is organized as follows. In Sec. Il we report our 1.0 [ Cu chain, s=1/2, g=2.095
experimental results followed by a discussion of the theoret- 08

ical model in Sec. lll. The last section outlines the behavior

™~
&
3
of our three-leg ladder for fictitious intra- and inter-triangle {P 06
couplings. — i —exp.
o 04 --N=18:-0.9,-1.95 |
[=4
>~ 02 .
Il. EXPERIMENTAL RESULTS ) |
0~0'=.|.|.|.|.|.|'
The susceptlbmty_ X was m(_aasured fqr 0 50 100 150 200 250 300
[(CuCbhtachH5CI]CI, using a superconducting quantum in- T (K)

terference devicéSQUID) magnetomete(Quantum Design

MPMS-5 at B=0.5T in a temperature range of 2-290 K. FIG. 4. Magnetic low-field susceptibilityffy, per copper tri-
The resulting dependence is shown as a solid curve in Fig. 3ingle: Again the solid curve shows the experimental result, the
Figure 4 displays the related dependencd gfon tempera- dashed curve the theoretical one. The thin horizontal line is the high
ture. Here the thin dashed line marks the high temperaturemperature limit.
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LML L L L L 1 1 1 HivaTall
Cu chain, s=1/2, g=2.095, T=0 4K system by an isotropic Heisenberg Hamiltonian
10 |- —exp. 15T
+ exp. 5T
| - —-N=18
— N=24

H=-2 J,8U) - §v) + gugB - S, (1)

u,v

i wheres§(u) are the individual spin operators at sitesS is
the total spin, andS, its zcomponent. The homogeneous
magnetic field defines the direction. The spin quantum
number of the copper ions &1/2.J,, are the matrix ele-

00EHS 4 o v v ments of the symmetric coupling matrix. A negative value of
0 2 4 6 8 10 12 1 Ju, corresponds to antiferromagnetic coupling.
B (T Using the fact that the Hamiltonian, the total spin, 4ts

FIG. 5. Magnetization per copper triangle: Experimental datacomponent as well as the point-group symmetry operations

taken at a cryostat temperature of 0.4 K are given by thick solic@omr.rl]tmg W'tr} f(.%fh cr)]th_er Itis pqsslllble to t(ljlagl_ﬁnahzlftrt]he
lines, the two data sets are practically identical. The theoretica amiitonian of finite chains numerically exactly. thus all the

estimates using the same parameters as in Fig. 3 are given for f@er_mOdynam'c qua_m't'es can be evaluated without approxi-
and 24 spins, i.e., 6 or 8 triangles. The saturation fielBjs ~ mation. We determined the complete spectra of two, four,
=11 T. and six triangles with a cyclic boundary condition in order to
estimate the unknown intratriangle exchange parandgtas
present experiment due to the use of a powder sample. If \évell as its intertriangle counterpg]i. For eight triangles the
. " . Spectrum could still be determined for Hilbert subspaces
single crystal was used, the threefold pattern may be Ob\ivith large enough magnetic quantum numbér Since the
resulting magnetization does not differ from those of a six-
gc‘ﬁangle chain, see Fig. 5, we can safely assume that a chain
of six triangles already reflects the properties of the infinite
chain to a very large extent.

Figures 3-5 show the theoretical curves for the zero-field
susceptibility as well as for the magnetization, which we
obtain for J;=-0.9 K andJ,=-1.95 K. The magnetization
U o curve turns out to be crucial for an understanding of the

The high-field mfagnetlzatlon o[(C;uC;Iztachl-l)3CI]CI2 exchange parameters. If the intratriangle coupling V\?as much
h_as been me_asu_Jred in pulsed magnetic fields at the_ Okay.argﬁonger than the intertriangle coupling, then the magnetiza-
high magnetic field laboratory by using a standard 'ndUCt'Vetion curve would show a pronounced plateau at 1/3 of the
method(maxym_umB:4O T d.B/dt: 10000...150 000 TJs saturation magnetization. This can be understood by looking
The sample is immersed in liquitiie to keep a good contact ', equilateral triangle of spirss=1/2. Insuch a triangle

with the thermal bath. No clear hysteresis is found betwee‘?here are only two energy levels, one for total spinl/2

up and down sweeps, see Fig. 5. In addition static-field megpe owher fors=3/2, both ievels are fourfold degenerate. At

sgrements were.performed up to 5 T which perfectly agdreq— the magnetization is 1/2 for low fields until one reaches
with the pulsed-field results. Thus we conclude that the mea;

s ) ~“the field where the lowest Zeeman level $f 3/2 crosses
sured magnetization curve shows an isothermal magnetlzrixﬁe former ground state level. Thus, in such a triangle the

tion. Nevertheless, the experimental curve deviates from the_ 4 magnetization curve has a long plateau and one jump to
theoretical one, see Sec. lll below, especially in the vicinitys,ration, compare also Fig. 7. For weakly coupled triangles
of the saturation fields,=11 T. It mlght very vyeII .be tha’g this plateau starts to shrink from both sides until it vanishes
the g-value anisotropy or a staggered field, which is pos&blqor couplings of the same order. This situation holds for the

in the_present crystal _structure, are the origin of the stronge; vestigated compound, compare Fig. 5, therefore, this chain
r_oun(_jlng of the experlmen_tal (_jata. 'I_'he eff_ect O_f a staggereg, 5, example of a frustrated spin system with competing
field is strongly enhanced in higher fields since it grows W'thinteractions

the external field strength, see, e.g., Ref. 11 where a linear Figure 6 shows the energy eigenvalues as a function of

dipegl?dendce betwe%n sta%gergd and e.xt'ernalffield ishassun}(agm spin for the finite chain with six triangles. The ground
which leads to rounding effectsiue to mixing of statgsthat  gi56 s 4 singlet which is clearly separated from the first

are quadratic in the staggered field. triplet excitation. There are no singlet intruders below the

The small dn‘fergnce .between experimental an.d.theoret'friplet state which sometimes is a sign of strong frustratfon.
cal curves at low fields is due to the fact that a finite chain

has a larger singlet-triplet gap compared to the infinite chain,
see Fig. 8.

coupling. Further, the effectivg value along the chain cor-
responds tay,, because it is common for all triangles. Ac-
cordingly, we can expect a uniaxia-value anisotropy,
whereg, is close tog, andg, is the average aj, andgy. For
the theoretical studies of Sec. Ill we are using an avertpge
value of 2.095.

IV. ZERO-TEMPERATURE BEHAVIOR OF THE NEW
THREE-LEG LADDER

Ill. THEORETICAL MODEL . ) .
The magnetism of the three-lag ladder shown in Fig. 2

Our electron paramagnetic resonan@EPR measure- exhibits three extremes depending randJ,. If the inter-
ments suggest only weak anisotropy, therefore we model thigiangle exchange parametdy is equal to zero the chain
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FIG. 6. Energy eigenvalues for a finite chain of six triangles

using the exchange parameters given in Fig. 3. FIG. 8. Finite size extrapolation of the singlet-triplet gap for

) ) . . . . [(CuChktachH3CI]Cl,. The gap for the infinite chain is estimated to
decays into independent triangles, if the intratriangle exyg A >0.4+0.05 K.

change parametel; is zero the three-lag ladder transforms
into a square lattice wrapped around a torus, and,if equal size, and the solid curve denotes the magnetization for
=J,<0 the three-lag ladder is a triangular lattice on a torusyanishing intratriangle coupling); =0). The thin curve gives
From a classical point of view the ground states and theyn example for weakly coupled trianglel =1, J,=0.2).
magnetization curves foF=0 are analytically known for all The discussion of independent triangles can be kept rather
combinations of antiferromagnetic couplings and J,.*  short, since this system can be analytically solved. For
Here we will discuss the special casés=0, J,<O0 and  s=1/2 theground state ha§=1/2 and thefirst (and solg
J;<0, J,=0 as well asJ;=J,<0. In the first case);=0,  excited state haS=3/2. Both are fourfold degenerate. The
J,<0 the system is bipartite and the classical ground statghagnetization consists of a long plateau at 1/3 saturation
shows collinear Néel order. In the other two cases the grounghagnetization with a single jump to saturation.
state is coplanar with relative angles of 120° between neigh- The opposite case with vanishing intratriangle coupling is
boring spins because of three colorability of the spinrejated to the square lattice in the sense that the triangular
system.*1° It can be shown that these two states alwayschain in this case is a square lattice on a torus which extends
constitute a ground state. Fid| < 2/3|J, the collinear Néel infinitely only along one direction. In the orthogonal direc-
state is ground state, fd;|>2/3|J;| the 120° arrangement tjon the lattice has a periodic boundary condition with a pe-
becomes ground staté For all antiferromagnetic couplings riod of three spins. Since the system is bipartite the theorems
the ground state has no chiral structure. In addition the minipf Lieb, Schultz, and Mattis apph;'’i. e., the ground state
mal energies form a parabola as a function of total in hasS=0 and is nondegenerate.
therefore the_magnetization curve fbr0 increases linearly The symmetric case witli;=J,<0 corresponds to a tri-
up to saturation. angular lattice on a torus which extends infinitely only along
In the following we discuss the behavior of a finite gne direction and again has a periodic boundary condition
quantum-spin chain of eight triangles for various combina-ith a period of three spins in the orthogonal direction, see
tions of J; andJ,. Figure 7 shows magnetization curves for also Refs. 18 and 19. Although it is nowadays accepted that
T=0 for various hypothetical couplings. The dotted curvethe triangular lattice has an ordered ground state and gapless
shows the magnetization of independent trianglgs 0), the  magnetic excitation® these properties do not automatically
dashed curve displays the behavior if both couplings are oéxtend to the triangular chain due to the different dimension-
ality. It is very likely that the ground state is not ordered

T T T T v T T 1
Cu chain, N=24, s=1/2, T=0

.0,

0.0

because the chain is quasi-one-dimensional.

The magnetization curves of finite systems for the cases

J;=0, J,<0 andJ;=J,<0 look rather featureless, resem-
bling an almost regular staircase with no prominent plateau
or jump. The cases interpolating between uncoupled and
coupled triangles show a plateau at 1/3 saturation magneti-
zation, which is longer or shorter depending on the ratio of
inter- and intra-triangle coupling.

. After having discussed the properties of finite chains it is
of course desirable to deduce properties of the infinite chain
under investigation. Fof(CuChtachHCI]Cl, the ground
state and the singlet-triplet gap can be evaluated using a

FIG. 7. Magnetization curves foF=0 for various hypothetical Lanczos procedure for systems up to ten triangles. All finite
couplings of a chain of eight triangles with cyclic boundary condi- Size calculations result in a ground state sp#0 which is

tion. The used combinations @f andJ, are given in the figure separated by a finite gap from the triplet state, compare Fig.

together with the respective line mode. 6. Using chains with up to ten triangles enables us to ex-

B/Bigat
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gfFr T T T The ground state of th§(CuChtachH;CI]|Cl, chain is
- L nondegenerate for all simulated system sizes. This behavior
g e6F HT ! . differs from the behavior of chains of weakly coupled tri-
=~ T angles where a dimerization together with a twofold degen-
S4r 1 eracy of the ground state is obsenfédVith very high con-
<19 fidence we can also state that the big singlet-singlet gap—
2+ 1 compare Fig. 6—does not collapse to a degenerate ground
[ Cu chain, s=1/2, 3=-0.9 K, 3,=195 K | state with increasing system size, see Fig. 9. The gap is prac-
0L, L L L L tically independent olN. The two values for eight and ten

00 01 02 03 04 05 06 triangles have an uncertainty of about +0.2 K due to the
(No. of triangles)“ insufficient accuracy of the Lanczos procedure for such high-
lying levels. We thus regard the slight decrease for these

FIG. 9. Finite size behavior of the singlet-singlet gap for Values as not significant.

[(CuChtachHCI]ICl,. The two leftmost data points for eight and

ten triangles have an uncertainty of about +0.2 K due to the re- ACKNOWLEDGMENTS
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