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Magnetic behavior of a two-leg organic spin-ladder compound
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Zero-field and longitudinal field x*SR measurements as a function of temperature on
[(DT-TTF),][Au(mnt),] have confirmed that this compound is a molecular material with a two-leg spin-ladder
configuration. The results corroborate the theoretical expectations for the absence of magnetic order in even-leg
spin ladders with the quantum spin-liquid state realized, despite the somewhat strong ladder-ladder interactions
present. Slowly fluctuating local fields are evident below 20 K and could originate from chain breaks.
[S0163-18299)13729-9

The magnetic properties of low dimensiorf@ne- and  critical ground state for LaCug, as a result of the ladder-
two-dimensional(1D) and (2D)] quantum antiferromagnets |adder interaction)’ being larger than the critical valug,
have attracted a lot of interest both from the theoretical and. 113, In such a case, a guantum phase transition between
the experimental point of view. The behavior of 1D strongly the spin liquid and a magnetically ordered state occurs.
correlated systems and spin chains is by now relatively well The family of potential spin-ladder compounds was
understood. This is not the case for 2D strongly correlated recently enriched with the synthesis of the organic
systems, in which many questions still remain. In view of charge-transfer ~ salt, [(DT-TTF),[Au(mnt,] (DT-TTF
this, spin-ladder systems, which consist of a finite number ot iipiophenetetrathiafulvalene, mmmaleonitrile  dithio-

strongly coupled chains are intermediate between 1D and 2 te).1 At room temperature, the DT-TTF and funt)
systems and their magnetic properties are of particular inter-. - ' 2

est. Theoretical calculatiofis’ have predicted that spin lad- molecules form.regular stacks of donqr DT-TTF and accep-
tPr Au(mnt), units along the monoclinic crystallographic

ders with an even number of legs have a ground state is. The DT-TTF stacks are arranged in pairs related by a

correlated spin singlet pairs. The first excited state is sepa- fold . d isolated f h other by th
rated from the singlet ground state by a spin gap energy o olold Scréw axis and are Isolated irom each other by the

~0.5J, whereJ is the intraladder antiferromagnetic coupling ~U(Mnd. stacks. Pairs of organic donor molecules are
constanf*°1t has been also predicted that light hole dopingstro_ngly linked by three interstac®...S close contacts, re-
of two-leg ladders can even lead to superconductivity due t§ulting in a structural two-leg ladder. Below 220 K, the DT-
the remaining spin gap. On the other hand, spin-ladder comL TF stacks are dimerized giving rise to the two-leg spin
pounds with odd number of legs are in a magnetically ordadder in which thd(DT-TTF); ] dimers are the spin carry-
dered state because singlet pair formation on their rungs i®g units. Magnetic measuremetitsevealed that the elec-
not possiblé. tronic static susceptibility shows a Curie-Weiss behavior at
Examples of families of compounds, which possess spinhigh temperatures and a thermally activated temperature de-
ladder structures have been extremely rare. The first experpendence below 70 K. The susceptibility data were success-
mentally realized series of even- and odd-leg ladder strucfully fitted with the Troyer expressidnfor a two-leg spin
tures was provided by the cuprates, SiICu,,; 10,5, (N ladder system with the energy gap,in the spin-excitation
=3,5,...)1° 4SR experiments revealed both the occurrencespectrum found to be equal to 78'RThe exchange inter-
of static magnetic order below 52 K in 8u:0,, (the three-  actions along the leg], and along the rung], (Fig. 1) of
leg laddey and the absence of any magnetic order down tdhe ladder were also extracted for this system—&38 and
25 mK in SpCu,0q (the two-leg ladder'! in excellent —142 K, respectively. These values are qualitatively in
agreement with the theoretical predictions. Another cuprat@greement with the calculated transfer integrals,
system, LaCu@s (Ref. 12 was also originally described in =36 meV andt, =21 meV, once the dimeric nature of the
the literature as a two-leg spin ladder on the basis of thepin carrier units of the spin ladder is taken into accdfint.
observed temperature dependence of the magnetic susceplire temperature dependence of the susceptibility was thus
bility. However, bothuSR (Ref. 13 and NMR (Ref. 14  interpreted as  providing clear evidence that
experiments later revealed the presence of static magneti€DT-TTF),J[Au(mnt),] is the first purely organic system
order below 125 K, despite the absence of an anomaly in thwith a two-leg spin-ladder configuration. However, the cal-
measured susceptibility at this temperature. This behaviotulated interladder transfer integréll=6 meV (Ref. 16 im-
was rationalized by Troyeet al!® who proposed a nearly plies that the ladder-ladder interactiod$, (Fig. 1) are quite
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FIG. 1. Schematic representation of the spin-ladder structure in ~ 4 0
[(DT-TTF),[Au(mnt),], showing the intraladder coupling3, and )
J, together with the ladder-ladder interactiods,

P

sizeable and their effect on the nature of the low-temperature
magnetic state of this compound needs to be explored.

In this paper, we employ the positive muon spin relax-
ation (u* SR) technique in its zero fielZF) and longitudi-
nal field (LF) variants in an attempt to authenticate the true
magnetic ground state of(DT-TTF),][Au(mnt),]. The
1SR technique in its various forms has proven extremely
powerful in the field of small-moment magnetism and, in all
cases, when magnetic order is of random, very short range, . AL MA SRR AR A
spatially inhomogeneous or incommensurate natlie.is 0.0 2.5 5.0 7.5 10.0
also valuable for studying local-field fluctuations with a t (usec)
characteristic time window between 10to 10 °s, where
other experimental techniques may be insensitive.
[(DT-TTF),J[Au(mni),], the u* SR results suggest that th
electronic local fields remain dynamic on th&R time scale
down to 85 mK, in agreement with the proposed quantu
spin-liquid state.

The [(DT-TTF),][Au(mnt),] sample used in the present
work was synthesized by electrocrystallization from a
CH,CI, solution containing the DT-TTF donor and the tet-
rabutylammonium salt gfAu(mnt),]~ using H-shaped cells
and Pt-wire electrodes. The crystalline material obtained -+
from different batches was characterized by infrared, neal’th
infrared, and electron-spin resonance spectroscopy a
showed the same behavior, as reported béeforeowder
x-ray-diffraction profiles of the whole samplémass
=118 mg were in excellent agreement with that simulated
from the single-crystal x-ray-diffraction data, confirming its 1
high-quality single phase nature. Static magnetic susceptibil- P.()=A exp(—)\t)ex;{ - Eaztz), 1)
ity of the sample follows the same magnetic behavior previ-
ously reported® Analysis of the susceptibility data in the
temperature range 2—-50 K shows the presence-2# of  whereA is the magnitude of the asymmetry, andnd o are
paramagnetic defects, resulting from crystalline defects antlorentzian and Gaussian relaxation rates, respectively. The
chain breaks that disrupt the ladder. We collected ZF and Lisecond Gaussian term with a relaxation rate;

(10 to 1000 G w* SR data o (DT-TTF),J[Au(mnt),] at the  =0.44(1)us ! is characteristic of the presence of weak
Paul Scherrer InstitutéPS)), Villigen, Switzerland with the  static nuclear dipole moments. This muon relaxation arises
GPS(2-100 K and the LTF(0.085-0.8 K spectrometers principally from the hydrogen nuclear moments, which ap-
using low-energy(surfacé muons on theu ™ SR-dedicated pear frozen into a disordered spin configuration, producing
7M3 beamline on the PSI 600 MeV proton accelerator.an essentially temperature-independent distribution of local
100% spin-polarized positive muong () are implanted fields with a width(AB2)Y?~15G. In addition, the.* spin

into the solid sample and, after they come to rest at an intelis also relaxed by the rapidly fluctuating electron spins,
stitial site, they can act as highly sensitive microscopic localvhich give rise to the exp{At) component in Eq(1) with
probes. In the presence of local magnetic field,), they =~ N=0.04(2)us . Above 20 K, \ is temperature indepen-
will precess with a frequency given by, = (y,/2m)(B,), dent. This suggests that the relaxation at high temperatures is
where (y,/2m)=13.55kHz G In the absence of an ap- probably due to the exchange fluctuations of the ladder spins.

In FIG. 2. The time evolution of the zero-field™ spin polariza-
€ tion in [(DT-TTF),J[Au(mnt),] at selected temperatures.

rrblied external field, the appearance of a precession signals
the onset of an ordering transition. Moreover, application of
a magnetic-field parallel to the initigk™ spin polarization
(LF) allows the decoupling of the™ spin from the static
internal fields.

In Fig. 2, we show representative ZF time-dependent
SR spectra of(DT-TTF),[Au(mnt),] at various tempera-

res between 0.085 and 100 K. No oscillating signal is seen
any temperature. The "SR spectra at 100 K were best
fitted by the double-relaxation functidfi:
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polarization in[(DT-TTF),[Au(mnt),] at 2 K and applied fields,
FIG. 3. Temperature dependence of fé spin depolarization H, =0, 50, and 100 G.
rate, \ in zero-field(H_=0 G, solid circle$ and in a longitudinal
field (H_=25G, open squargsThe dotted lines are guides to the |onger times. Instead it was found that the electronic contri-
eye. The inset shows the field dependence @t 2 K. The solid  pution still causes some slow relaxation, up to a longitudinal

line is a fit to Eq.(2). field of 100 G, as shown in Fig. 4. This observation suggests
. _ that the source of the observed relaxation is dynamic.
We can estimafé the exchange fluctuation ratey Further support for the fluctuating nature of the local

=\Zkgd; ;SIi~10"¥s™t with Z=3, J;;=100K and S fields experienced by the muons below 20 K in
=1/2. This enables us to calculate the width of the randomf(DT-TTF),][Au(mnt),], comes from the field dependence of
field distribution in the narrowing limit with the expression, \ at T=2 K (Fig. 3 insel. When theu™ spin is exposed to
A=2A?v, to beA/y,~5kG. randomly fluctuating local magnetic fields, the field depen-
The time-dependent * SR spectra remained essentially dence of the relaxation rate, T is given by
unchanged down to 20 K. Below this temperature, their
shape begins to change considerafffig. 2. We find that
the double-relaxation function of Eql) still describes the N = i: 72(<BZ>+<BZ>) Tc 2
data well. However, while the Gaussian relaxation rate T, AT Y1+ (o7
remains temperature independent, the exyj part damps
faster with decreasing temperature. The relaxation xdte Here B, and B, are the fluctuating transverse field compo-
creases continuously below 20 K @glecreases, finally ap- nents,. is the correlation time, anaé = y,H, is the muon
proaching a value of 0.29) us * below 1 K (Fig. 3. The  Larmor frequency. From the fit of the experimental ddtig.
source of the observed relaxation can be either fluctuating inse}), we estimate the correlation time 2 K to be 7,
and/or static internal fields. If the local fields would be static=6(1)x 10" ’s. Equation(2) also predicts a maximum ix
the value of the relaxation rate implies a distribution of whenw, 7.=1. The temperature dependencexafi a longi-
local fields with a width(AB?)Y/2~6.8(2) G at the muon tudinal field, H_=25G indeed shows a maximum &t
site. On the other hand, if the local fields were still fluctuat-=8 K (Fig. 3). The correlation time at this temperature is
ing, the observed increaseXnwould signify a slowing down  7.=1/w, =5%X10 ’s.
of the local-field fluctuations, as they now fall inside the The indicated dynamic nature of the electronic local fields
n SR time window. at the muon site has important consequences for the under-
In order to distinguish between the static and dynamicstanding of the low-temperature magnetic properties of
nature of the internal fields, we performed complementany(DT-TTF),][Au(mnt),]. It confirms the spin-liquid nature of
longitudinal field (LF)x "SR experiments between 10 and the magnetic ground state. Unlike LaCu3? 152 which
1000 G at a temperature of 2 K. These experiments allow thbecomes antiferromagnetic at low temperatures, the ladder-
depolarization due to dynamic or fluctuating moments to bdadder interactions in the present sample, while sizeable, are
decoupled from that due to static components. In the case efot strong enough to destroy the spin-liquid ground state at
static order, the effect of applied LF is to lead to a recoverylow temperatures. The overall temperature and longitudinal
of the asymmetry at long times. The typical longitudinal field field dependence of the relaxation rateresembles those
which decouples th@™ spin relaxation in the static case is measured in other spin-liquid systefi€! In these systems,
in the order of the field distribution widthA(~10 G) esti-  the increase ol at low temperatures was ascribed to un-
mated from the ZF experiments above. On the other hand, jpaired spins, which originate from chain breaks. The pres-
the ™ spin relaxation is of dynamic origin, the relaxation ence of chain breaks iR(DT-TTF),[Au(mnt),] is indeed
persists to longitudinal fields much larger than those sugeuite pronounced, as evidenced by diffuse x-ray-scattering
gested by the ZF relaxation rate. Fits of thé SR spectra experiments, and limits the effective length of the ladders to
obtained with applied longitudinal fieldsl, >50 G, withthe  about 40 rungs on average-150 A).}® The presence of
Kubo-Toyabe relaxation function appropriate for the staticchain breaks is also evident in the susceptibility measure-
local field case, failed to describe tlag spin polarization at ments, in which a Curie tail appears below 14 K. The ex-
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tracted magnitude of the correlation time, also favors the ments being principally of dynamic nature and most likely
defect origin of the local-field fluctuations, as it is much tooassociated with chain breaks, present in the ladders of the
long to be associated with the fluctuation rate of the tripletnvestigated sample.
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