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The crystal structure of his(cyclopentylammonium)tetrabromocuprate(ll) has been determined at room temperature
and at —70 °C. The room temperature structure is orthorhombic, space group Pn2;a, with a = 12.092(6) A, b =
8.134(4) A, and ¢ = 18.698(10) A. The low temperature structure is also orthorhombic, space group Pna2;, with
a=24.111(5) A, b = 8.089(2) A, and ¢ = 18.448(4) A. DSC studies reveal the presence of a weak endotherm
at =13 °C. The structures of the two phases are very similar, differing only in the relative orientations of the
cyclopentyl rings of the organic cations and slight displacements of the anionic tetrahedra. The CuBr,?~ anions in
the low temperature phase are arranged to define a spin ladder system through Cu—Br---Br—Cu two-halide exchange
pathways. Magnetic susceptibility data have been analyzed and yield antiferromagnetic exchange strengths 2J.i/k
= —11.6 K and 2Jung/k = —5.5 K with a singlet—triplet gap energy A/kg = 2.3 K. This is the first report of a spin
ladder with a stronger interaction along the axis of the ladder than along the rungs.

Introduction and the study of the magneto-structural correlations in such
Copper(ll) halides have had a long and colorful history pathways has been a major area of activity in the past several
of producing significant and novel spif Heisenberg decades. Because of the structural flexibility of the copper-

magnetic systems. These include a series of structures With(,”) halide coordination sphere and of the Q;l—Cu
two-dimensional ferromagnetic interactions based on the inkages, a seemingly endless plethora of shitreisenberg

(RNHs),CuX, layer perovskite structuréshe first examples systems has been investiga.ted. The interest .in complex
of systems with one-dimensional ferromagnetic interacfions, Magnetic systems, such as spin ladders, alternating exchange
as well as systems which exhibit one- and two-dimensional chains, and frustrated systems has led to a renewed interest

antiferromagnetic behavidf3 The exchange coupling in all

(2) (a) Willett, R. D.; Landee, C.; Swank, D. D. Appl. Phys1978 49,

these systems involves single halide-&(—Cu pathways, 1329. (b). Swank, D. D.; Landee, C. P.; Willett, R. Bhys. Re. B
1979 20, 2154. (c) Landee, C. P.; Willett, R. Phys. Re. Lett.1979
*To whom correspondence should be addressed. E-mail: rdw@ 43, 463. (d) Willett, R. D.; Landee, C. P.; Gaura, R. M.; Swank, D.
mail.wsu.edu. D.; Groenendijk, H.; van Duyneveldt, A. J. Magn. Magn. Mater.
(1) (a) De Jongh, L. J.; Miedema, A. Rdv. Phys.1974 23, 1. Steadman, 198Q 15-18, 1055. (e) Landee, C. P.; Willett, R. D.Appl. Phys.
J. P.; Willett, R. D.Inorg. Chim. Actal97Q 4, 367. (b) Barendregt, 1981 52, 2240. (f) Landee, C. P.; Willett, R. . Phys.1978 39,
F.; Schenk, H.Physica 197Q 49, 465. (c) Willett, R. D.Acta 741.
Crystallogr.199Q C46 565. (d) Tichy, K.; Benes, J.; Holg, W.; Arend, (3) (a) Woodward, F. M.; Albrecht, A. S.; Wynn, C. M.; Landee, C. P.;
H. Acta Crystallogr.1978 B34, 2970. (e) Middleton, M.; Place, H.; Turnbull, M. M. Phys. Re. B 2002 65, 144412-1—13. (b) Wood-
Willett, R. D. J. Am. Chem. S0d.988 110, 8639. (f) Landee, C. P; ward, F. M.; Landee, C. P.; Giantsidis, J.; Turnbull, M. M.; Richardson,
Halvorson, K.; Willett, R. D.J. Appl. Phys1987 61, 3295. C. Inorg. Chim. Acta2001324, 324.
3804 Inorganic Chemistry, Vol. 43, No. 13, 2004 10.1021/ic030317a CCC: $27.50  © 2004 American Chemical Society

Published on Web 04/08/2004



Spin Ladder System: (€HoNH3),CuBr,

in the study of the magnetic behavior of copper(ll) halide a second interactiod,ung The most interesting case occurs
compounds. when both interactions are antiferromagnetic. Interest in the
More recently, it has been realized that significant anti- physics community grew after it was realized that the ground
ferromagnetic exchange coupling may occur through so- state was a spin singlet induced by and proportiondl.tg
called two-halide (2X) exchange pathways that involve no matter how large the ratidai/Jung Further studie®s
contacts between halide ions on neighboring copper(ll) predicted that spin ladders with mobile charge carriers could
centers. This is most clearly demonstrated for the diammo- become superconducting, a prediction confirmed in several
nium layer perovskite series (NRNHz)CuX, where anti- copper oxide spin laddePé¢
ferromagnetic coupling between the eclipsed ferromagnetic  Application of an external magnetic field will close the
perovskite layers increases exponentially as the length of thesinglet-triplet gap,A, and induce a moment in the ladder
diammonium cation (and thus the interlayer X distance) when the Zeeman energy exceeds the gap energy. The gap
decrease$lIn fact, for the (NHC;H4sNH3)CuBr, system, the  will close at the lower critical fielddc; while a second critical
magnitude of the interlayer coupling is larger than the field, Hcy, will bring all moments in alignment with the field,
intralayer coupling. The reason for the existence of significant with the critical fields proportional to the exchange strengths.
2X coupling in copper(ll) halide systems can be easily No critical fields have been observed for the oxide spin
understood from the analysis of EPR data on these systemsladders due to the large exchange strengths mediated by

which show that the unpaired electron density is significantly
delocalized from the Cu d orbitals into thdigand orbitals®

superexchange through the oxide ions, sidge~ Jung =
1000 K. Critical fields for spin ladders have only been

This delocalization is exceptionally large because of the nearobserved for molecular-based ladder systems with exchange

match in energies for the Cu d orbitals and the ligand
HOMOs. Since this energy difference is less for=XBr
than for X= ClI, the delocalization is greater for the bromide

strengths on the order of tens of Kelin.
In our continuing study of the structural and magnetic
behavior of copper(ll) halide systems, we report in this paper

salts, and thus, the role of the 2X exchange is expected (andthe properties of the compound (CRE)Br, (where CPA

observed) to be greater for the bromide systems.

is the cyclopentylammonium cation). This compound exists

The existence of these 2X exchange pathways has beerin two closely related crystalline forms, and the inter-relation
utilized to study a variety of magnetic systems, which have of the two structures will be described. The 8Br contacts

previously been inaccessible experimentélk. series of

compounds based on the C-centered monoclinic (5-X-2-

aminopyridinium)CuBr, structure (X= CI, Br or methyl)
gives rise to a two-dimensional square lattice with antifer-
romagnetic coupling” The exchange constants are such
(JJ/k| ~ 6—10 K) that the critical fields are sufficiently low
(Hc < 30 T) that the field dependent behavior can be
conveniently investigated. Similarly, a variety of ladder

in the low temperature structure define a spin ladder system,
and the analysis of the magnetic data will be presented.

Experimental Section

Crystals of (CPAYCuBr, were grown by evaporation of an
aqueous solution containing a 2:1 ratio of (CPA)Br and GuBr
few drops of HBr were added to the solution to avoid hydrolysis
of the Cu(ll) ion. DSC measurements, made in the temperature

systems have been generated with varying rations of range —140 to 40°C with a Perkin-Elmer DSC-7 instrument,

Jrung/\]rail-g

The magnetic model of a spin ladder is relatively recent.
Such ladders consist of two parallel chains with intrachain
exchange strengths,;, which are linked to each other by
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revealed the existence of a weak endotherm 3 °C with AH =
0.56 J/g.

X-ray Diffraction. Crystals were attached to a glass fiber using
glue. Two datasets were collected at 297(2) and 203(2) K,
respectively, using a Bruker/Siemens SMART 1K instrument (Mo
Ka radiation,A = 0.71073 A) equipped with a Siemens LT-2A
low temperature device. Data for both temperatures were measured
usingw scans of 0.3per frame for 30 s, and a half sphere of data
was collected. A total of 1471 frames were collected with a final
resolution of 0.9 A for room temperature data and 0.84 A for the
low temperature data. The first 50 frames were re-collected at the
end of data collection to monitor for decay. Cell parameters were
retrieved using SMART software and refined using SAINTPRs
on all observed reflections. Data reduction and correction for Lp
and decay were performed using the SAINTPIlus software. Absorp-
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Table 1. Crystal Data and Structure Refinement Parameters Table 2. Atomic Coordinates x10% and Equivalent Isotropic
. Displacement Parameters{A 10%) for the Room Temperature
empirical formula GoH24BrsCuN, Ci0H24BrsCulN, Structure
fw 555.49 555.49
T (K) 297(2) 203(2) atom X y z Ueq)
A (A) 0.71073 0.71073
’ . Cu 2472(1 3656(8 4560(1 751
cryst syst orthorhombic orthorhombic Br(1) 4384%1)) 3623((12)) 4305213 11421))
2‘;};6 group 1";%30(6) '322321111(5) Br(2) 1925(3) 6261(2) 4118(3) 121(2)
b (&) 8.130(4) 8.0836(16) Br(3) 1880(3) 1090(2) 4115(4) 116(2)
¢ (&) 18 685(10) 18.4 28(4) Br(4) 1427(2) 3675(11) 5622(1) 128(1)
V(&) 1836.6(16) 3597.8(12) N(1) —805(11) 3940(40) 4520(8) 130(9)
- . g cQ) —1253(15) 3370(50) 3921(10) 159(11)
c(2) —791(16) 3610(60) 3257(11) 172(10)
3
Pcz‘ﬁrﬁq'\f'?)’ m) 2009 ey c@3) ~1750(20)  4080(60)  2775(12)  190(12)
ﬁ(ooo) 1068 2135 C(4) —2665(17) 3400(80) 3107(14) 191(12)
! C(5 —2436(14 3360(70 3861(11 171(12
crystsize (mf)  0.20x 0.19x 0.04 0.20x 0.19x 0.04 Ngl)l) 5778((12)) 3510((50)) 5828((8)) . 428))
Lndep reflins _ 2618R(int) = 0.0653] 6173 R(int) = 0.0785] c(11) 5040(30) 4060(50) 6364(12) 219(12)
é’g,(:”;i’l‘:?”d min) 106223' 0.242 1 %‘16;38' 0.238 c(12) 4280(20) 2800(40) 6530(13) 196(13)
RI( > 20)° 0.0670 0.0603 Cc(13) 4150(30) 2740(40) 7272(14) 233(14)
WR2 ( > 20)° 0.1667 0.1180 C(14) 5010(30) 3720(70) 7576(11) 245(12)
: : C(15) 5510(30) 4580(40) 7024(14) 213(13)

*R1=3[IFol — IFell/ZIFol% ®WR2 = { Z[W(Fe? — Fe)Z/3 [W(Fc)} 2 aU(eq) is defined as one-third of the trace of the orthogonalidgd

tensor.
tion corrections were applied using SADABBThe structures were

solved by direct methods and refined by least-squares method onTable 3. Atomic Coordinates % 10%) and Equivalent Isotropic
F2 using the SHELXTL program packad®.The structures of both ~ Displacement Parameters{A 10°) for the Low Temperature

forms were solved in the space grolma2; by analysis of Structuré
systematic absences, although the parameters for the room tem- atom X y z Ueq)
perature structure were later transformed to the nonstaii@ia Cu(1) 4915(1) 12064(2) 2223(3) 40(1)
setting for easier comparison of the two structures. The room Cu(2) 2443(1) 8118(2) 3175(3) 36(1)
temperature data displayed high libration with poor data leading  Br(1) 4736(1) 9475(2) 1684(3) 68(1)
to the lower resolution of 0.9 A. Attempts at modeling the ggg 22238 ﬂ;g?g; iggg% i%g;
cyclopentylammonium rings as disordered were not successful, and pgy(4) 5875(1) 12436(2) 1974(3) 57(1)
the model shown was kept. The-C bond lengths and angles were Br(5) 2797(1) 5483(1) 3532(2) 44(1)
constrained due to the high libration. All non-hydrogen atoms were  Br(6) 1482(1) 7680(2) 3430(2) 51(1)
refined anisotropically. The low temperature structure is closely Br(7) 2580(1) 10745(2) 3702(2) 53(1)
related to that of the room temperature structure, but it has a doubled Br(8) 2972(1) 8488(2) 2106(3) 50(1)
N(1) 3289(4) 12717(14) 2269(8) 50(4)
a-axis andZ = 8. One of the four crystallographically independent N(2) 4073(5) 7492(13) 3119(9) 53(4)
cyclopentylammonium rings was disordered and modeled with  N(3) 6492(5) 11574(14) 3552(7) 55(4)
occupancies of 45% and 55% for each moiety. The other cations N(4) 782(5) 8223(15) 1881(7) 62(4)
had very largdJeqvalues and likely exhibited torsional disorder of 28 gggggg nggggg 1239((?)3) ggggg
the cyclopentyl rings. Most of the-€C distances were constrained. c@3) 2757(8) 12600(40) 433(14) 120(9)
Hydrogen atom positions were calculated and added geometrically C(4) 2240(9) 12880(40) 874(11) 147(12)
for both refinements with a riding model, their parameters  C(5) 2399(6) 13160(20) 1641(10) 74(6)
constrained to the parent atom site. No decomposition was observed SE% igggg% 33%88 gg%gi; g%g
during data collection. Details of the data collection and refinement ¢ (g) 5063(10) 7310(30) 4646(17) 120(10)
are given in Table 1. Positional parameters blgglvalues are given C(9) 4593(11) 8400(30) 4879(13) 123(10)
in Tables 2 and 3 while Table 4 summarizes the bond distances C(10) 4094(7) 7790(20) 4474(9) 61(5)
and angles for the Cug anions. The asymmetric units of the ggg gg‘s‘zgé) %ggggg)) iéﬁ((%) 151%((‘;3))
two structures are illustrated in Figure 1a,b for the room and low c(13) 6410(10) 12490(30) 5219(14) 136(11)
temperature structures, respectively. Further details are provided c(14) 6008(11) 13770(20) 4934(11) 121(9)
in the Supporting Information. C(15) 5812(7) 13125(19) 4224(8) 67(5)
Magnetic Studies.The susceptibility study was done on crushed ~ C(16A) 1203(7) 8490(50) 1331(12) 80(6)
single crystal samples using a Quantum Design MPMS SQUID g&;ﬁg lgig((ﬁg %28((28)) 5228% Sg%
magnetometer. The magnetization of the sample was first deter- c(194) 1881(11) 8150(50) 401(8) 80(6)
mined as a function of fieldt&2 K and found to be linear up to 2 C(20A) 1839(6) 8300(30) 1237(8) 80(6)
T. No hysteresis was detected. For the determination of the molar C(16B) 1022(6) 7550(30) 1225(8) 97(6)
magnetic susceptibilitymo, the magnetic moment of the compound gg;gg 1223((8)) éggg((ig)) 432?;)7) g;((g))
was determined in a fieldfal T as afunction of temperature C(198B) 1756(13) 7010(40) 398(15) 97(6)
between 2.0 and 300 K. Corrections to the molar susceptibility have  c(20B) 1623(8) 6870(40) 1217(15) 97(6)

been made for the temperature independent magnetization of the

a ) ) .
Cu(ll) ion (60 x 10-% emu/mol), and the diamagnetic contribution U(eq) is defined as one-third of the trace of the orthogonalizgd

tensor.

(12) (a) Sheldrick, G. M.SADABS».2.01: an empirical absorption

correction program Bruker AXS Inc.: Madison, WI, 1999. (b) ,
Sheldrick, G. MSHELXTL: Structure Determination Software Spite ~ Was calculated from Pascal’s constants290 x 10-° emu/mol).

version 5.10; Bruker AXS Inc.: Madison, WI, 1998. A room temperature measurement of a powder sample on a Bruker
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Figure 1. Thermal ellipsoid illustrations of the asymmetric units of (a,
upper) the room temperature structure and (b, lower) the low temperature
structure. Ellipsoids shown at 30% level.

Table 4. Bond Lengths [A] and Angles [deg]

room temperature low temperature

Cu—Br(4) 2.353(3)  Cu(1)Br(1) 2.358(2)

Cu—Br(3) 2.357(7) Cu(1yBr(2) 2.359(2)

Cu-Br(1) 2.360(2)  Cu(LyBr(4) 2.378(2) (b)

Cu—Br(2) 2.367(6)  Cu(LyBr(3) 2.398(2) Figure 2. lllustrations of the packing of the cation/anion/cation layers (a,

Br(4)-Cu-Br(3) ~ 98.1(3)  Cu(2)Br(7) 2.360(2) upper) in the room temperature structure and (b, lower) the low temperature

Br(4)-Cu-Br(1) ~ 134.1(1)  Cu(2)Br(8) 2.368(2) structure. The shortest hydrogen bonds are shown by dashed lines. The

Br(3)-Cu-Br(1) ~ 102.5(2)  Cu(2)Br(5) 2.388(2) views are from theb direction, with thea axis being horizontal.

Br(4)—Cu-Br(2)  98.0(2)  Cu(2)}Br(6) 2.389(2)

Br(3)—Cu—Br(2) 125.7(1) Br(1)-Cu(1)-Br(2) 99.06(8) . . .

Br(1)-Cu-Br(2)  102.3(2)  Br(1}Cu(1-Br(4)  102.08(9) commonPnmaparent structure. Examination of the lattice
Erg;—gugi)):grgg S?gégg; constants show thd ~ b, andc ~ ¢ buta ~ 2a;, where

r(1)—Cu r . H o

Br(2)-Cu(1)-Br(3)  98.45(8) the | and r subscripts denote the Iow_‘.(O C) and room
Br(4)-Cu(1)-Br(3)  100.48(8) (24 °C) temperature structures, respectively. The changes that
Er(;):gug)—gr(g) 2298%‘(572) occur in the phase transition involve subtle reorientation of
Bigsg—cﬂgz)tsigsg 98.62(7()) the CuBg2~ anions and the CPAcations. The N-H-+-Br
Br(7)—Cu(2)-Br(6)  100.87(8) hydrogen bonding provides stability to the lattice, leading
Br(8)-Cu(2)-Br(6) ~ 134.83(10) to the formation of cation/anion/cation layers lying parallel

Br(S)-Cu(2y-Br(6)  99.23(7) to theab plane. These layers are illustrated in Figure 2a,b

EMX EPR spectrometer operating at 9.3 GHz gave a Ldad®r for the room temperature and low temperature structures,
Gav = 2.17. respectively, where the close relation between the two

The low temperature magnetization was determined in fields up structures is apparent. In the room temperature phase, the
30T US'”%a Lake Shore m;del 735 vibrating sample magne- p|anes of the cyclopentyl rings lie roughly perpendicular to
tometer and dHe cryostat with &He insert at the National High 0, avis However, in the low temperature phase, the planes
Magnetic Field Laboratory in Tallahassee, FL. The absolute of the cvclopentyl rinas of one-quarter of the cations are
accuracy of these measurements is better tha8% for small yclop . y g . q - .

rotated so their normals lie approximately in the plane.

moments, but the relative accuracy is several orders of magnitude - e
better. Temperatures were determined from the relevant vapor!n the room temperature phase, both cations exhibit disorder

pressure scale. Both the susceptibility and magnetization studies(Presumably dynamic), as evidenced by the lddgevalues

were carried out on samples from the same batch. of the carbon atoms in the cyclopentyl rings as well as the

near planarity of the rings. One of the four independent

cations in the low temperature phase exhibits disorder, likely
The closely related crystal structures of the two phasesdue to irreversible processes occurring as the crystal passed

consist of layers of isolated CuBr anions hydrogen bonded through the phase transition. In addition, as noted above,

by CPA" cations. Both structures can be traced back to a the other three cations show evidence of librational disorder.

Structural Description

Inorganic Chemistry, Vol. 43, No. 13, 2004 3807



Table 5. Structural Parameters for BfBr Contacts

Willett et al.

atoms Ocu-Br--Br(deg) dar---Br(A) Opr---Br—Ccu(deg) TCu-Br-Br—Cu(deg)
Room Temperature Phase
CuA—Br2A---Br3B—CuB 154.0 3.926 151.7 4.3
CuA—Br2A:--Br4E—CuE 126.9 4.529 124.6 41.7
CuA—Br4A---Br3E—CuE 125.1 4.481 128.3 —41.0
Low Temperature Phase
CulA—BrlA:--Br8C—Cu2C 105.3 4.396 133.8 —62.5
CulA—Br2A:--Br7C—-Cu2C 132.1 4.519 103.2 63.4
CulA—-Br3A:--Br1B—CulB 150.1 3.893 149.8 —55.9
Cu2C-Br7C:+-Br5A—Cu2A 151.0 3.881 148.8 64.3
c Scheme 1
—Cu Cu Cu Cu
BriAlg |0 b / \ / \\
A
Br3Ac;/£ 3;2}__@38,;512 ?# /
7 \f 4A\ ’ \ 7 —Cu Cu Co——C—

/ \ / /N \ / /

7 / \ / /
BrdD /' /| | \.Br4E’ \\a N
a
(a)
C
b
Br6C
Cu2C}Br7C c::% R
Brsc's%'*’:“- T}
BT‘SC“ \‘ BrSA \‘ | \l
' Br2A |} m
Br1A ---- Ly sy
CulAY Br3A BRBCuB
Br4A
a
(b)

Figure 3. lllustrations of the ladder chains in (a, upper) the room
temperature and (b, lower) the low temperature structures.

1a

rung contains two Bf-Br contacts of 4.481 and 4.529 A.
In the low temperature phase, the CiBranions rotate
slightly, and the two rails are displaced relative to each other
parallel to the chain direction. This leads to the ladderlike
configuration (Scheme 1b) shown in Figure 3b. The rung
Br-++Br contacts are now 4.396 A (BrtABr8C) and 4.519

A (Br2A-:-Br7C). The shortest diagonal contact in the ladder
is 4.930 A for Br4/A--Br6C. The shortest interladder contacts
are 5.049 A in the room temperature phase (BBIr1,
twice), while the shortest interladder contacts in the low
temperature phase are 4.996 and 5.147 A (for two different
Br4---Br6 contacts).

As indicated earlier, the parent structure of both phases
has symmetry?’nma In this hypothetical structure, both the
CuBrs?~ anions and the CPAcations would have to lie on
mirror planes. For the anions, this is feasible. However, with
the cyclopentyl group of the CPAcations lying parallel to

Details of the hydrogen bonding interactions are available the mirror plane, the CPAcations cannot take an ordered

as Supporting Information.

conformation on the mirror planes. In the room temperature

Of importance for the interpretation of the magnetic data Phase, the CPAcations are accommodated by the simple

are the CuBr---Br—Cu interactions within the layers
described above, including the -BBr distance ¢), the
Cu—Br-+-Br angles ¢), and the CuBr--Br—Cu dihedral

loss of the mirror planes perpendicular to thexis, yielding
the “translationengleiche” subgro®m2;a. However, the low
temperature space group is derived by a more complex two-

angles f) (see Table 5 for details). In both phases, the Step route, first then losing treeglide perpendicular to the
shortest Br-+Br contacts define double chain arrangements, € axis to yield the groufPnn,, then doubling the axis to

with chains running parallel to theaxes. This is illustrated

yield the “klassengleiche” groupna2;. Thus, the transition

in Figure 3a,b for the room and low temperature phases, is not likely a second order phase transition, since there is

respectively. The shortest BfBr contacts are between
CuBr2~ anions along the rails (3.926 A for the room
temperature phase (Br2ABr3B) and 3.893 A (Br3A-
BriB) and 3.881 A (Br7G-Br5A), respectively, for the two

not a simple group/subgroup relation between the two phases.

Magnetic Analysis

The magnetic susceptibility of (CPAuBr, between 2

independent rails in the low temperature phase). In the roomand 100 K is shown in Figure 4, with the data below 20 K
temperature phase, the CuBranions are arranged so that shown within the insert. The behavior is dominated by a
the Br--Br contacts between the rails define an ideal zigzag rounded maximum ne&8 K and a rapid decrease at lower

conformation with equal diagonal rungs (Scheme 1a). Eachtemperatures. Such behavior is characteristic of low-
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Figure 5. Relative magnetization of (CPAJuBr, as a function of applied
field at 0.74 K (), 1.5 K (-++), and 4.2 K (- - -).
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Temperature (K) to vary independently, the best-fit parameters were found to

Figure 4. Magnetic _susceptib_ility_ of (CPATuBr. The solid line be 2k = —10.4 K andC = 0.309 emu_K/moma\l: 1.82).
CorreSpondf to the spin ladder fit with the parameteg/R = —11.6 K This fit, represented by the dotted line in Figure 4, produces
and ZJungdk = —5.5 K. In the inset, the dashed and dotted lines correspond J !
to the fits to the linear chain and dimer models, respectively, as described an unphysical value for the Curie constant and has a peak
in the text. which is both higher and narrower than the data. Neverthe-
less, this clearly shows that the interactions between the
dimers are significant within this compound.

The data were then compared to the theoretical prediction
for a spin ladder, with three parametedgi{ Jiung, @andC)
allowed to vary independently. The best fit parameters,
2Jailke = —11.6 K, 2yndks = —5.54 K, andC = 0.438
emu-K/mol @y = 2.16) give an excellent agreement with
the data at all temperatures (solid line in Figure 4). Both the
(fpin ladder and linear chain fits slightly overestimate the data
above 50 K (solid and dashed lines, respectively) compared
to the Curie-Weiss fit which only includes data above 40
K, but the Curie constant obtained with the spin ladder fit,
0.438 emu-K/mol, is physically reasonable and within two
percent of the CurieWeiss value.

dimensionals = %, systems with antiferromagnetic Heisen-
berg exchange interactions. The higher temperature @ata (
> 20 K) are well represented by the Curié/eiss equation
with a small negative intercept on the temperature axis
(Curie—Weiss parameter€ = 0.423 emu-K/mol and =
—7.3 K). This Curie constant for low temperature phase
corresponds to g-factor of 2.12, in reasonable agreement
with the room temperature value 2.17 determined for the
room temperature phase. No anomaly is observed near 26
K (=13 °C) where the structural rearrangement occurs.
The first attempt to model the magnetic behavior used an
expression for the susceptibility of a unifor®+=Y/, Heisen-
berg antiferromagnetic chatA.The justification for this

model is th nsiderably shorter-BBr contact tween . . .
odel is the considerably shorte contacts betwee It has previously been established that the same experi-

2— ani ;
CuBr" anions along the extended axis (3.893 and 3.881 A mental data can be fitted equally well by spin ladder or an

for the low temperature phase) compared to the correspond- ) : )
ing rung Br-+Br distances of 4.396 and 4.519 A. Since the alternating chain model$;the data were then compared to

strength of the antiferromagnetic interaction decreases rapidIyShe Jthzzfgcigféegigm q f?or 3; alitr?éza'g:%ecrn? N:/hhsrk;es i
with bromine-bromine distance, it is plausible that a linear .» “* y - P Y, -

. . . fit parameters were found to bek = —11.5 K, 2,/k =
chain model would effectively describe the data. However, 134 K. andC = 0.427 emu-K/mol — 213) The
the one-dimensional (1D) fit is poor. When baitand the o T U-K/Mol oy = 2.13).

Curie constant are allowed to vary independently, values of predictions of this model are indistinguishable from that of
20k = —13.3 K andC = 0.438 emu-K/mol ga, = 2 1’6) are the spin ladder model (solid line in Figure 4). However, the

. ' ’ : Pt . low temperature structure shows that the spin ladder is the
obtained, but overall agreement is unsatisfactory (dashed Ilnea ropriate maanetic model for this compound
in Figure 4). The model lies significantly below the data near p‘IF')h pf_ ld-d g dent relati i dew ‘ f
the peak but lies above the data at lower temperatures. The | € 'i“ "'. epen eln r(? aC“F/>e szBgng 'Z?]' Msa?:.o a
1D model predicts a finite value of thie= 0 susceptibility, polycrystalline sample of (CPAGUBT, is shown in Figure

but the data decrease rapidly at low temperatures, indicative5 for .data sets cqllected at 0'74.’ 1'5’. and 4.2 K Each of'the
of a singlet ground state. sets is characterized by a low-field linear region extending
The data were then compared to the theoretical predlctlon(l4) Bleaney, B.: Bowers, K. DProc. R. Soc. London, Ser. ¥952 214,

for an isolated antiferromagnetic dimer, described by the 451.
(15) Johnston, D. C.; Troyer, M.; Miyahara, S.; Lidsky, D.; Ueda, K.;

(13) Johnston, D. C.; Kremer, R. K.; Troyer, M.; Wang, X.; Kiper, A,; Azuma, M.; Hiroi, Z.; Takano, M.; Isobe, M.; Ueda, Y.; Korotin, M.
Bud’ko, S. L.; Panchula, A. F.; Canfield, P. €hys. Re. B 2000 A.; Anisimov, V. |.; Mahajan, A. V.; Miller, L. L. Eprint at http:/
61, 9558. arXiv.org/abs/cond-mat/0001147.
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several tesla, followed by an increasing upward curvature 1.0F T T T Sool

with an inflection point near 14 T. At higher fields the sets ° A

are marked by downward curvature until they approach or 0.8} °/ -

achieve saturation. The lowest temperature data set saturates'_ /0

by 20 T, reaching a saturation magnetization of 5650 emu/ § 06| .

mol, a value about 6% smaller than expected foGan Y/, §

system withg = 2.16. However, this discrepancy lies within 0.4 7

the calibration uncertainty of the magnetometer used. 02k ]
At T =0, spin ladders are predicted to be in a cooperative

singlet ground state with zero moment. Application of an 0.0 1 1 1 L

external field will lower the energy of the lowest (triplet) 5 10 15 20 25

excited state until it crosses the singlet state and becomes uoH (T)

the new ground state at the critical fieltl;. At the critical Figure 6. Comparison of the relative magnetization of (CE2)BI; at

: i ; ; ; 0.74 K (—) and the results of Quantum Monte Carlo calculation for a spin
field, a moment is induced dlsconthOUSIy in the ladder. ladder 0) and an alternating chainOj using the best-fit parameters

For finite temperatures the triplet state is thermally populated gescribed in the text.
even in zero field so all magnetization curves are smooth.
The derivative 8M/dH can nevertheless show a maximum equally well up to about OB, with the spin ladder model
atH, for temperatures low compared to singtétplet gap dropping below the experimental curve for higher fields and
A. A recent theoretical papérpredicts that the maximum  the alternating chain rising faster than the data in the same
in dM/dH at Hc; will become increasingly small as the region. The disagreement between the models and the data
temperature increases aboVe= 0 and vanish for temper- may be due to our neglect of the fact that the magnetic
atures greater than 13% of the gap energy. Low temperatureexchange parameters along the rails of the ladder will not
experimental studies of other spin ladder compounds with be exactly identical.
accessible critical fields have found the magnetization
anomalies corresponding to the critical fields: (S5IAP),- Magnetostructural Correlations
CuBI42H,0, Hep = 8.3 TE¢ (BNAP)LCUBI;H,O, Hep = 7.6
T;84.22(pipH),CuBmn;, Hey = 6.6 T8 However, no maximum
was observed in theM/dH of (CPA)CuBr even at the  jhcjyde the bond lengths and angles at the metal center in
lowest experimental temperature of 0.74 K. the ion itself as well as those resulting from the packing of
Knowledge of the gap energy for (CPAUBL is neces-  species in the crystal. Structural and magnetic data for a wide
sary to understand the temperature dependence of itsyariety of complexes of the general form@uBr, have been
magnetization. The gap energy can be estimated using reported, and data for several of these compounds are
the exchange parameters determined from the susceptibilityreported in Table 6. These compounds represent a variety
data. Numerical calculatiofsindicate that there is a nonzero  of packing motifs including chair®,laddersé¢d and square
spin gap for all interchain couplinglung < 0 with the spin  |attices’eWe note that some authors have interpreted their
gap relatively small forJundJai < 0.5. More detailed  results in terms of a superexchange pathway involving a
calculation$® show that, in the regiodundJrai < 0.66, the  combination of hydrogen bonding:-stacking, and double

Numerous structural parameters affect the magnitude of
the double halide exchange between C#Bions. These

spin gapA = 0.412Jung. For our systendiungJrai = 0.48, halide interactions. We have presented the structural data as
and henceA/k = 2.26 K. Our lowest temperature of 0.74 K it app”es to halide-halide contacts On|y_
corresponds to 0.38 well beyond the value of 0.1¥8for It is clear from the data in Table 6 that the exchange

which the maximum of M/dH is expected to vanish. The parameters determined for (CR&uUBK (—5.5 and—11.6
magnetization data are therefore consistent with the spin K) are well within the range usually observed for double
ladder model, but temperatures below 200 mK will be pajide exchange. In cases where other structural parameters
required to detect an anomaly in the magnetization. (6, 7) are similar, there is an inverse relationship between

In Figure 6, the magnetization data set of 0.74-K) (s the magnetic exchange and the nonbonding:Br distance
compared to the predictions for the magnetization curves at(entries 5-7). However, other parameters clearly affect the
that temperature for a spin ladd&f)(and an alternating chain  exchange as well, as can be seen by comparison of entry 4
(O), in each case using the set of exchange parametersyith entries 5-7, or entries 4 and 8. In these cases, entry 4
obtained from the susceptibility fit to the corresponding exhibits a shorter Br-Br contact distance, but also a smaller
model®® It is seen that the two models describe the data J value.

(CPA)CuBI, is different from other spin ladders in two

(16) Wang, X.; Yu, L.Phys. Re. Lett.200Q 84, 53995 5 100 ways. First, its rung interaction is only half as strong.(/k

" f?rgfg’e_T" Dagotto, E.; Riera, J.; SwansonPBys. Re. 3 = — 5.5 K) as that along the rails of the ladded{z2k =

(18) Greven, M.; Birgeneau, R. J.; Wiese, UPhys. Re. Lett. 1997, 77, —11.6 K). The other reported copper bromide spin ladders
1865.

(19) These results were obtained using an extensive Quantum Monte Carlo(Table 6) either have dominant rung interactions (SIARS

simulation of the magnetization of the individual models using the
described parameters. We thank Professor Mathias Troyer of the ETH- (20) Luque, A.; Sertucha, J.; Castillo, O.; Ramd. Polyhedron2002
Zurich for making these results available to us. 21, 19.
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Table 6. Structure and Magnetic Exchange Parameters f@uBr, Compounds

compd lattice pathway  fcu-gr--Br dar---Br Opr---Br—cu TCu-Br-++Br—Cu 2J/k (K) ref
1 (CPARCuUBI ladder rungs 105.3 4.396 133.8 —-62.5 —-55 this work
132.1 4519 103.2 63.4
rails 150.1 3.893 149.8 —55.9 —-11.6
151.0 3.881 148.8 64.3
2 (51AP)%CuBI4 - 2H,0 ladder rung 151.9 3.58 151.9 180 —13.0 8c
rail 122.0 4.23 95 98 —-1.15
3 (5NAP)%CuBI-H,0 ladder rung 148.6 4.067 92.3 —7.6 —20.4 8d, 22
rail 1325 3.931 146.5 —-3.6 —-19.5
4 (3-Etpy)CuBr chain 109.1 4.213 151.4 3.8 —2.44 20
5 (5MAP),CuBr, square 133.7 4.55 143.8 16.0 —6.6 e
6 (5BAP),CuUBI4 square 138.9 4.39 136.7 21.6 —6.94 7d
7 (5CAP)CuBI4 square 138.9 4.30 137.0 21.9 —8.7 Te
8 (4-Etpy)CuBry alternating 142.0 4.02 142.0 180 —4.32 20
chain 136.4 4.46 136.4 180 —3.46
9 (pipHRCuBry ladder run§ 133.7 4.10 115.1 47.3 -13.3 6a, 8b
rail 146.0 4.31 153.5 53.0 —-3.8

a| ow temperature phaseTwo identical contacts between CuBr units. CPA= cyclopentylammonium; 5IAR= 5-iodo-2-aminopyridinium; SNAR=
5-nitro-2-aminopyridinium; 3-Etpy= 3-ethylpyridinium; 5SMAP= 5-methyl-2-aminopyridinium; 5BAR= 5-bromo-2-aminopyridinium; 5CAP= 5-chloro,
2-aminopyridinium; 4-Etpy= 4-ethylpyridinium; pipH= piperidinium.

K/—1K. pipH: —13.3/3.8 K), or rung and rail interactions  data and extensive theoretical work will be required before
which are equivalent (5SNAP+19.5/~20.4). The non-copper  complete understanding of the effects of the various structural
bromide spin ladder [(DT-TTR)JAu(mnt),] has considerably ~ parameters is possible.

stronger exchange strengths, but once again the rung interac-

tions dominate (Zundk = —142 K; 2Ja/k = —83 K)21 Conclusion

Theoretical studies have shown that ladders for which the _

\Junddraill > 2 may be readily described with a perturbation ~ (CPARCUBIL has been shown to undergo a first order
model in which isolate® = ¥/, dimers are weakly coupled structural transition rteaIL13 °C .to a low temperature
by the rail interaction, with the triplet states being converted Structure corresponding to a spin ladder packing of the
into a narrow band of bandwidth. As the ratiolJungJail CuBr42‘_ anions. Magnetic Sttjdles of the onv temperature
decreases, the perturbation model rapidly becomes inap_phase mdrcete that the coupling down the rails of the ladder
plicable, and the full description of the ladder becomes a (711.6 K) is considerably stronger than the exchange
many-body problem. Although (CP#GuBr, is struc- strength across the rtrngs%.S.K_). This is the first known
turally similar to the other copper bromide ladders of Table SPIN ladder with dominant rall_ interactions. The exchange
6, its magnetic energy spectrum is expected to be greaWstrengths of (CPAXLuBr, are typical of those found for other

different. lattices of packed CuBt~ anions, but there is not yet a clear
The second difference between (CRB)BI; and the other ~ Set of correlations between structural parameters and strength
spin ladders is that the two rails of the ladder in (CFABT, of magnetic interactions.

are not identical by symmetry. They have very similar values
for the Br+Br contact distances (3.881 and 3.892 A) and
Cu—Br---Br anglesf (150.7, 151.0) so we do expect
similar values for the two rail exchange strengths. The value
reported represents the effective value for this compound.
The two Br—Br contact distances are only slightly shorter
than the value of 3.931 A seen for the rails in (SNAR)Bry*
H,O (entry 3), but the effective interaction1s30% weaker.
The 6 values for the two compounds are similat10%),
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