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ABSTRACT: A density functional theory study of the two-
leg spin ladder (CsH,,N),CuBr, reveals antiferromagnetic
interactions through the rungs and legs, although the latter
are significantly smaller. Our work suggests interest in
manipulating the physical behavior of this prototypical
system by doping or chemical modifications.

is(piperidinium) tetrabromocuprate(1I), (CsH;,N),CuBr,,
Bcontainin% coupled spin '/, Heisenberg antiferromagnetic
(AF) ladders,  is one of the most interesting spin-ladder materi-
als. Different physical measurements® > agree in qualifying this
material as a prototypical two-leg spin ladder,® which thus may be
important in testing some issues related to the spin Luttinger
liquid and Bose—Einstein condensation in magnetic insulators.”
Here we report a first-principles density functional theory (DFT)
study concerning the strength of the magnetic interactions and
how they are influenced by the nature of the halogen, counterion,
and structural details.

In the crystal structure of this material," distorted CuBr,*~
tetrahedra form chains of weakly interacting dimeric units
(Figure 1). Two Br- - - Br (4.10 A) contacts link each monomer
into magnetic dimers. These form a double chain running along
the a axis with Br- - - Br contacts of 4.31 A between dimers. The
sum of the van der Waals (vdW) radii of a pair of Br atoms is 3.70
A, so that these Br- - - Br distances are very long. The CuBr,>~
tetrahedra in each dimer are related by a center of inversion,
making the two Cu' ions crystallographically and magnetically
equivalent. Neighboring chains of dimers related by a c-glide
operation form layers in the ac planes (Figure 1). The shortest
Br- - - Br contacts (5.79 A) between neighboring chains are long
enough to neglect interchain interactions. The organic cations
form a network of bridging hydrogen bonds between the
CuBr,”” tetrahedra. The complete crystal structure can be
obtained by the stacking of layers of double chains perpendicular
to the b direction, and the repeat unit of the solid contains two
such layers. The shortest interlayer Br- - + Br contacts (5.66 A)
ensure that the chains are also well isolated in the direction
perpendicular to the layers.

First-principles spin-polarized calculations were carried out
using a numerical atomic orbital DFT approach® implemented in
the SIESTA code.” The generalized gradient approximation
(GGA) and, in particular, the Perdew—Burke—Ernzerhof (PBE)
functional,'® as well as norm-conserving scalar relativistic pseudo-
potentials'" factorized in the Kleinman—Bylander form,'> were used.
Because of the large size (385 atoms) of the double unit cell
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needed to extract the coupling constants, it is important to establish
computational settings providing reliable values at a reasonable
computational cost. Detailed tests concerning convergence with
respect to a basis set and grid of k points were carried out. A basis
set with split-valence triple- and double-{ basis sets including
polarization orbitals for Cu and Br, respectively, and a split-valence
double-C basis set for the atoms in the organic cation (C, H, N),
as obtained with energy shifts of 50 meV for Cu and Br and 100
meV for C, H, and N, were selected together witha 4 x 2 x 4
k-point mesh."* To ensure an accuracy of 1 K for the calculated
coupling constants, the convergence criterion for the elements of
the density matrix was set to 10~ °. The energy cutoff of the real-
space integration mesh was 200 Ry. The room temperature
experimental crystal structure was used in all calculations.
Calculations for discrete dimers were carried out by adopting
the hybrid B3LYP functional'® using the Gaussian 03 code.'®
Basis sets of triple-§ quality for Cu and double- quality for all
other atoms were used."”

Using a single cell, we obtain a value for the exchange coupling
constant within the dimers, Jung of —33.0 K, which is slightly
larger than twice the experimental value obtained from fits of the
magnetic susceptibility (—12.9 or —13.3 K).>~*'® This is the
same ratio that was found when comparing coupling constants
calculated with GGA-type functionals and the hybrid B3LYP
functional, which is well-known to reproduce accurately the
experimental coupling constants.'”*® The coupling between
tetrahedra in different layers is very small (—0.2 K) and in any
case below the accuracy in our calculations (~1 K). To obtain
avalue for the exchange coupling constant for the legs of the spin
ladder, we used a supercell with a doubled unit cell in the a
direction for which we find Jiyng = —33.3 K, practically the same
value as that obtained from the single-cell calculations, and
Jieg = —3.3 K, which compares pretty well with the experimental
result (—3.6 or —3.8 K),> * an agreement that, in view of the
small value, is most probably due to some error compensation.
The calculated ratio of rung-to-leg coupling constants is thus 10;
i.e., the coupling within the dimers is significantly larger than that
between dimers, in good agreement with experiments.”*

Even-leg spin ladders are good candidates to induce super-
conductivity from an insulating state by injecting a small number of
carriers®*' provided that there is a nonnegligible energy disper-
sion. Thus, we calculated the band structure of (CsH,N),CuBr,
to see if, despite the long Br- - - Br distances between tetrahedra,
the system acquires some band dispersion. Shown in Figure 2 is
the band structure for the most stable configuration of the single
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Figure 1. Crystal structure of (CsH,;,N),CuBr, viewed along the b axis
showing one layer of CuBr,”~ tetrahedra. H atoms are not shown for

clarity.
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Figure 2. AF band structure calculated for (CsH;,N),CuBr, using a
single unit cell. T = (0,0,0), X=("/,,0,0), Y=(0,/,,0),Z=(0,0,'/5),
and M = (*/,,0,'/,) in units of the monoclinic reciprocal lattice.

unit cell. For simplicity, we have chosen this spin configuration,
which leads to ferromagnetic instead of AF interactions along the
legs (but an AF interaction within the rung), to avoid doubling of
the number of bands and because the smallness in the strength of
the interaction along the legs hardly introduces any significant
change with respect to that of the fully AF state. All bands in
Figure 2 are, of course, a couple of identical bands associated with
the spin-up and spin-down electrons, each located on one of the
two different but equivalent CuBr, tetrahedra of the spin ladder.

It is clear that there is some dispersion in the direction of the
chains (I" — X), whereas the bands are almost completely flat
along the b* and ¢* directions. The bands shown in Figure 2
are those formally based on the d orbitals of copper. Those at
around —6.1 eV are the highest filled ones. The two bands
around —35.7 eV are thus empty for a Cu" d” configuration. It is
quite remarkable that, despite the very large Cu- - - Cu distances
and tetrahedral separation (i.e., Br- - - Br distances considerably
larger that the sum of the vdW radii), some bands, including the
highest filled and lowest empty ones, exhibit a nonnegligible
dispersion. Note that the upper filled bands undergo two avoided
crossings with lower bands, so that the intended dispersion is
around 0.2 eV. When one looks at the orbital nature of these
bands, it is found that, although they are formally based on Cu d
levels, there is a large delocalization toward the Br atoms, which
are those implicated in the contacts along the ladder direction.

Such delocalization is clearly evidenced by calculation of the spin
densities, which are quite delocalized over the whole CuBr,>~
tetrahedron, with as much as 60% of the unpaired electrons on
the Br atoms. Such delocalization is essential for the calculated
nonnegligible band dispersion. In view of this observation and
the prototypical even-leg ladder behavior, it would be of utmost
interest to undertake chemical doping studies of this phase by
slightly altering the cationic network.

We also carried out calculations for the magnetic coupling
constants of discrete dimeric units. The reason is 2-fold. First, it is
by now quite well established'”*® that the best numerical
accuracy for calculation of the exchange coupling constants is
obtained when using the hybrid B3LYP functional. > Because, for
practical reasons, such calculations are not possible within the
present periodic approach, we have carried them out for discrete
units. Given the structural and physical details discussed above,
this discrete approach should be appropriate here. Second, by
doing discrete calculations, we do not need to keep the electro-
neutrality of the system and we can test the possible role of
cations.”

The Jiung and Jie; coupling constants were calculated both
without the cations f [(CuBr,),]*" dimeric units) and including
them (the same dimeric units and two cations as those found
in the crystal, ie., [(CuBr4)2(C6H5N)2]27 discrete units). The
calculated values were found to be (in K) Juung = —16.5 and
Jieg = —11.0 without cations and Jiyng = —14.3 and Jig = —0.3
upon inclusion of the cations. Thus, whereas ] ,ng, which is always
larger in absolute value, is practically unaffected by inclusion of
the cations, this is not the case for Ji.;. The calculated value for
Jrung denotes AF interaction and is in very good agreement with
the experimental values. Considering the coupling along the legs,
it is observed that, without inclusion of the cations, the Jiung/Jieg
ratio is smaller than 2. In contrast, when they are included, Ji, is
more than one order of magnitude smaller, pointing to a clear
influence of the cation on the ratio of magnetic couplings. It is
important to remark also that the tiny value of Ji., causes small
absolute errors in its prediction (a few Kelvin) to lead to very
different Jiung/Jleg ratios. That Jiung/Jieg > 1 can be easily
rationalized by comparing the spin densities for the two models.
As for the periodic calculations, the spin density is largely
delocalized toward the Br atoms. A larger spin density is found
on the nearest Br atoms of the two tetrahedra that are in the rung.
This is also true for the periodic calculations. These two tetrahedra
are associated with two short Br- - - Br distances, whereas there is
only one between two tetrahedra in the leg. Moreover, the
shortest Br- - -Br distances are noticeably smaller in the rung
than in the leg. In addition, inclusion of the positive cations subtly
relocalizes part of the charge and spin density toward the outer Br
atoms of the ladder at the expense of one of the Br atoms
implicated in the interaction through the legs. This hardly affects
the interaction in the rung but considerably decreases the
interaction through the legs. In the absence of the cations, the
coupling constants are more similar because all Cu—Br bond
lengths are quite comparable and the spin density is more
uniformly distributed between the four Br atoms. Thus, the
nature and location of the cation subtly affects the magnetic
coupling through the legs, which again suggests the possibility of
exerting some chemical control on the physics of this system by
cation manipulation.

Finally, we considered how the nature of the halogen could
affect these results. (CsH;,N),CuCl, is also known and is isostructural
with (CsH,,N),CuBr,.>* The periodic GGA calculations for this
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salt led to values of Jryng = —10.9 Kand Ji,, = —1.9K, i.e., a severe
decrease (between 2 and 3 times smaller) with respect to the
values for (CsH;,N),CuBr,, something that was corroborated
by calculations for the discrete models. The more likely reasons
for this reduction are (i) a smaller delocalization of the unpaired
spin within the CuCl,*" units and (i) a less favorable crystal
packing. The GGA periodic calculations led to values of the spin
density that are only marginally different from those found for
the CuBr,” units. The average spin density of the halogen atoms
is 0.15 for the bromine compound and 0.13 for the chlorine
compound. This very small decrease in the spin density cannot
be the driving force for the severe reduction in the magnetic
interactions. Thus, we suspect that the reason must be found in
the details of the crystal packing. Indeed, analysis of the crystal
structure shows that in the chlorine compound the Cl---Cl
close contacts, which are 4.11 A in the rung and 4.21 A in the legs,
are 0.61 and 0.71 A longer than the sum of the vdW radii of a pair
of Clatoms (3.50 A). In the bromine compound, the correspond-
ing values are only 0.40 and 0.61 A, respectively. This means that
the vdW interactions in these salts are less favorable for chlorine
than for bromine pairs. This leads to the comparatively longer
X+ -X distances and, consequently, to noticeably smaller mag-
netic coupling constants for the chlorine compound. Thus, it
would be very interesting to explore isostructural systems with
CuCl,Br,_, mixed-halogen tetrahedral anions. The difference in
the X+ + +H (X = Br, Cl) hydrogen-bond strength may be enough
to avoid disorder and selectively change the Jiyng/Jieg ratio by
modifying the X+ + - X contacts. In view of the hydrogen-bonding
network, the CuBr,Cl, salt appears especially appealing.

In summary, the present first-principles computations suggest
that (CsH/,N),CuBr, may be susceptible to chemical manipula-
tions that could bring extremely interesting variations in the
physical properties of this remarkable prototypical even-leg spin-
ladder material.
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