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Observation of Anisotropic Exchange in a Spin Ladder by ESR
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We report on high resolution X-band electron spin resonance (ESR) spectroscopy studies of the spin-
ladder material (C5H12N)2CuBrs. Our experiments provide a direct evidence for the presence of anisotropy in
(C5H12N)2CuBry in contrast to a fully isotropic spin-ladder model employed for this system previously. Low-
temperature angular dependence of ESR transitions is analyzed employing a simple spin-1/2 dimer model with the

symmetric anisotropic exchange interaction.
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1. Introduction

Due to a rich variety of their unusual magnetic prop-
erties, quantum spin ladders continue to attract a lot of
attention. The material (C5H13N)2CuBry, abbreviated
as BPCB, is known as a prototypical realization of the
two-leg spin-1/2 antiferromagnetic ladder system in the
strong-coupling limit (Jieg < Jrung, Where Jieg and Jrung
are leg and rung exchange couplings, respectively) [1]. In
zero magnetic field the ground state of BPCB is gapped
and quantum disordered. The gapless Luttinger-Liquid
phase was observed in BPCB between critical fields 6.8 T
and 13.8 T [2, 3]. In addition, the transition into the
field-induced magnetically ordered phase occurs below
110 mK. The latter can be effectively described in terms
of the Bose-Einstein condensation of magnons [2, 4].

Here, we report on X-band ESR studies of BPCB.
A distinct effect of the anisotropy was revealed at low
temperatures. Using a simplified model with anisotropic
interaction along rungs, the ESR excitation spectrum is
described.

2. Experiment and discussion

ESR experiments were performed at the Dresden High
Magnetic Field Laboratory (HLD), employing the X-
band spectrometer Bruker ELEXSYS E500 at a fixed
frequency of 9.4 GHz. High-quality single crystals of
the deuterated analog of BPCB were used in our ex-
periments. The unit cell of BPCB (space group P2;/c)
contains two crystallographically equivalent spin-1/2 lad-
ders running along the a axis. The two sets of ladders
are characterized by different orientations of the princi-
pal axis of the g tensors, which is consistent with previ-
ous high-temperature observations [5]. However, a much
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more complex ESR spectrum was observed below 7 K. In
Fig. 1 we present the angular dependence of ESR fields
obtained at 3.3 K. The observed angular dependence is
incompatible with the simple isotropic spin-ladder model,
providing a clear signature of additional anisotropic in-
teractions in BPCB. It is important to mention that
the observed behaviour is similar to that obtained for
hydrogenated samples. As follows from their tempera-
ture dependence, the ESR spectra correspond to tran-
sitions within the thermally populated excited triplets.
We applied a simplified spin-triplet model with axial
and in-plane anisotropy terms (D/kp = 0.55 K, and
E/kp = 0.05 K, respectively) for the description of X-
band and high-frequency ESR data previously [6]. Tt is
important to mention that the effect of anisotropy was
observed only at low temperatures (when the effect of
thermal fluctuations is absent) and disappeared with in-
creasing temperature. Due to the thermally activated
exchange-narrowing effect [7] the low-temperature ESR
lines from each ladder merge into a single one above 7 K.
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Fig. 1. The angular dependence of ESR resonance
fields (symbols) measured at 7' = 3.3 K and results of
the simulation as described in the text (lines). Labels
(1) and (2) denote the two ladders with different orien-
tation of the principal axis of the g tensors.
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An antisymmetric Dzyaloshinskii-Moriya (DM) inter-
action and/or a symmetric anisotropic exchange (SAE)
interaction caused by spin-orbit coupling can be proposed
as the main source of the observed anisotropy. By the
inversion symmetry, the DM interaction is forbidden on
the rungs of the ladder, but it is allowed along the lad-
der legs. As shown in Ref. [8], the high-frequency ESR
measurements [6] can be explained by taking into ac-
count the SAE on the ladder rungs and legs. Based on
these results, we use a spin-1/2 dimer model (with spins
in dimers coupled by the exchange interaction including
SAE) given by Hamiltonian

/H:ng'gg-i-gl'f'gg, (1)
where J is the isotropic exchange interaction, [ is the
tensor of the SAE interaction, and S; and Sy are spin
operators [9, 10]. The anisotropy parameters I',, and
(Tye —T'yy), taken from the diagonal components of the
SAE tensor play the same role as the parameters D and F
[10] used for the ESR simulation in Ref. [6]. The ESR an-
gular dependence was analyzed employing Eq. 1 and the
EasySpin simulation package [11]. Results of the simula-
tions are presented in Fig. 1 by solid lines. Good agree-
ment with experimental data was obtained using g, =
2.065, g, = 2.045, g, = 2.29 and I'y,/kp = —0.28 K,
Iy,/kp = —048 K and T',,/kp = 0.76 K (resulting in
Iy — Ty, = 0.2 K). In our simulations, an isotropic ex-
change interaction on the ladder rungs J/kg = 12.9 K
was used [2-4]. The local anisotropy axis of the SAE ten-
sor was found to be tilted counterclockwise by 50° from
the b axis in the bc* plane (¢* L a,b) for ladder (1) and
clockwise for ladder (2), as labelled in Fig. 1. A tiny
splitting of the ESR line was found when rotating the
crystal around the b or ¢* axis. The splitting can be ex-
plained by a small (up to 2°) misalignment between the
experimental axis of rotation and the direction of b or
c*, respectively. In Fig. 2 we present spectra measured
with the magnetic field applied along the local anisotropy
axis of the ladder (1). The simulated relative intensities
of the resonance lines agree well with the experimental
observations.
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Fig. 2. ESR spectrum (shown in grey) for magnetic
field applied along the anisotropy axis of ladder (1) and
simulation (shown in black).

4. Conclusions

The anisotropy of the magnetic interactions observed
in BPCB is an important parameter to be taken into
account when describing magnetic properties of spin lad-
ders close to their quantum critical points. Using a simple
dimer model (with SAE on the rungs), the angular de-
pendence of the ESR absorption was described and ESR
spectra in BPCB were simulated. We have demonstrated
that the used approach is a very powerful tool for detect-
ing the subtle anisotropy effects.
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