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Muon-spin-relaxation study of the ground state of the two-dimensionalS=1 kagome
antiferromagnet [2-(3-N-methyl-pyridium )-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazol-1-oxyl
3-N-oxide]|BF ,
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Zero- and longitudinal-field positive muon spin relaxatiori(SR) measurements were carried out from 300
K to 30 mK to study a ground state af-MPYNN- BF, which is known to be a two-dimensionkhgome
antiferromagnet withS=1 by ac-susceptibility measurements. An implanted muon is expected to make a
hydrogen bonding state with"Fions in the crystal. Muon-spin depolarization by a dynamically fluctuating
component of an internal field was still observed at 30 mK. This fluctuating component is suggested to be
caused by an intradimer ferromagnetic interaction &f /kg=23.3 K between radicals. No clear long-range
magnetic ordering of the dimer spins was observed down to 30 mK, suggesting that the ground state of
m-MPYNN- BF, was nonmagnetid.S0163-18208)05625-2

Ground states of a two-dimensior{@D) kagomemagnet, exchange interaction temperature. In particular, muon spin
in which magnetic moments dkagomelattices are coupled relaxation wSR) showed the maintenance of strong spin
through an antiferromagnetic interaction, are of interest fronfluctuations even at a ground state, suggesting the possibility
the viewpoint of a frustrated system. Theoretical calculation®f quantum effects.
showed that a 2[kagomeantiferromagne{AFM) had the Quantum-spin states of the frustrated 2D AFM have been
largest frustration, in the sense that an Ising system had thetudied in connection with a 1D quantum AFM. A resonating
largest zero-temperature entropyA Heisenbergkagome valence bond state was proposed for a triangular AFM with
AFM with a large quantum spin number can take a multipleS= } from an analogy with the 1D Heisenberg magh€me
120° spin configuration. This configuration appears not onlycan also expect a 2D spin-gap state with a nonmagnetic
in a coplanar state but also in @Drigami state®®> Some  ground state from the analogy with the 1D quantum AFM-
kagomeAFM with S=2 and § have been studieti® and  like Spin-Peierls syster?. 2D solid *He formed on a graph-
revealed that a long range magnetic transition with statigte is an actual example of th®=3 Heisenberg AFM112
magnetic moments occurred at a far lower temperature thafAlthough magnetic short-range ordering was observed, a
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8§=1/2
S=1/2

\ 2J/ks=-3.1K
2Jo/ks=23.3K

FIG. 1. Model of a crystal structure afi-MPYNN molecule
and kagomestructure ofm-MPYNN- BF,. Two m-MPYNN mol-
ecules form a dimer state witB=1 by a ferromagnetic intermo-
lecular interaction 2,. The dimer couples with the neighboring
dimer by an antiferromagnetic interactiod.2
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FIG. 2. ZFu*SR time spectrum of a single crystal of
m-MPYNN- BF, obtained at 265 K, 100 K, 2.9 K, and 30 mK.
Solid lines are best fit results by using a functioge~*0”. A, at
each temperature is normalized to be 1.

the 1D Heisenberg AFM, which shows a spin-gap state.

Therefore, the&s=1 m-MPYNN- BF, is suggested to show a

2D spin-gap state with a nonmagnetic ground state.
Positive muon spin relaxatioru(" SR) is a good micro-

spin-gap state, or a gapless state of the same ground staégopic probe to sense such a magnetic state of the system. A

has not yet been clarified.

muon spin is completely polarized along a beam direction

To study this matter, it is important to clarify whether or even in the ZF condition, and depolarized after the stop at a

not magnetic transitions exist, and to confirm a nonmagnetigotential-minimum

position in the crystal of

ground state. In this paper, we report results of zero-fieldn-MPYNN- BF, interacting with a local field at a muon

(ZF) and longitudinal-fieldLF) «SR on a single crystal of
the 2D S=1 kagomeAFM m-MPYNN- BF,, which has

site!” A long- or short-range ordering of the dimer spins can
be recognized as a change of the depolarization behavior of

been proposed to show a spin-gap state by an aahe muon spin, because a static or dynamically fluctuating

susceptibility measuremetitWe carried outwSR down to

30 mK, and observed no clear static ordering of magnetienagnetic

moments.
The organic AFM m-MPYNN- BF, [2-(3-N-methyl-

component of the internal field which is accompanied by the
transition affects strongly the muon-spin
polarization!”®

The preparation procedures ofi-MPYNN- BF, have

pyridium)-4,4,5,5 - tetramethyl - 4,5 - dihydro-1H-imidazol - 1 been described elsewhéfeBecause a typical size of a piece

-oxyl 3-N-oxide], comprises magnetic layers of annitro-
nyl nitroxide cation allyl radical f--MPYNN) with S=1.14

of the crystal was about>22x2 mnt, we prepared more
than 30 pieces for the«™ SR measurement. The samples

Figure 1 shows a model of a crystal structure ofwere mounted on a high-purit$N) Ag sample holder like a

m-MPYNN-BF, constructed by then-MPYNN unit mol-
ecules. The radical spin has an isotropicalue of 2.006 like
other allyl radical spins. Twan-MPYNN molecules make a
dimer state by an intradimer ferromagnetic interactidg .2
The dimers form &agomelattice through an interdimer AF
interaction 2. Both 2], and 2 were obtained by the sus-
ceptibility measurement to be 23.3 and-3.1 K,
respectively:> The kagomelattices form a 2D layer struc-
ture. One-third of B molecules are located at interstitial
spaces of th&agomeattice, and two-thirds of the BFmol-

mosaic, and fixed by an Apiezon-N grease. The alignment of
the crystal axes was not considered. The sample area was
about 30 mm in diameter, which was comparable to a muon
beam spot size at a sample position.

ZF- and LFu*SR were carried out at Meson Science
Laboratory in KEK(KEK-MSL) by using a pulsed surface
nt beam with an energy of 4 MeV. A top-loading-type di-
lution refrigerator was used for low temperature measure-
ments down to 30 mK. A conventional gas-flow-type cry-
ostat was used for the temperature region from 2 to 300 K.

ecules sit in between layers. Because of the strong ferromadrorward and backward counters are positioned along the

netic intradimer interactionm-MPYNN- BF, can be re-
garded as the 2Dkagome AFM with S=1 below the
temperature of 2,/kg.*°

A heat-capacity measurement omMPYNN- BF, sug-

beam line. An asymmetry parameter of the muon spin at time

t, At), is defined as[F(t)—B(t)]/[F(t)+B(t)], where

F(t) andB(t) are muon events counted by the forward and
backward counters, respectively.

gested a short-range ordering of the dimer spins below 1.4 K. Figure 2 shows ZF+ " SR time spectra obtained at 265 K,
This temperature is half of the exchange interaction temperat00 K, 2.9 K, and 30 mK. The asymmetry at each tempera-
ture of 2J|kg=3.1 K3 The susceptibility showed a peak at ture is normalized to 1 at=0, to compare the difference of
240 mK, and almost zero at 30 mK along each crystal ¥xis. the depolarization behavior. The depolarization behavior
This susceptibility behavior is completely different from the cannot be described by either a simple Gaussian function or
spin-glass behavidf, but quite similar to that observed in a Lorentzian function. For convenience’s sake, the obtained
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1.5 = ——rrrrm 0.3 TABLE |. Static-local field distribution at the muon site and
E B, ¢ 8 ] dynamical depolarization rate obtained at 30 and 700 mK.
z g A tte L] *« * é
S ouf S e o 090 Jo2 3 30 mK 700 mK
aEf O,\ o 1 £ Hre (G  AH(G)  Ap(ush)  AH (G Ne(psh)
200 \ ] &
ER: . / . L ] > 5 8.1+0.05 0.60-0.04 7.7#0.1 0.5%0.01
25 05L i Jo1 =
S8 Il S N o A qor= 10 9.0-0.02  0.40-0.06
g g o, ] 20 8.8:0.6  0.43-0.05
F - 0o 30 11.4:0.04 0.40:0.02 10.1:0.1 0.50:0.1
0Lt i el e il ) 60 10.4-0.1  0.93-0.02
001 01 ! T(K)m 100 1000 100 11.9-3.6  0.42:0.19 10.6:0.3 0.64-0.03

FIG. 3. Temperature dependence?gf \, andB obtained from
the best fit of the ZFR+ SR time spectra using a power function uted static internal field. The decoupling behavior can be
Age~ M. A is normalized to be 1 at 50 K. The susceptibility was described by the modulated Kubo-Toyabe functiGy
obtained by Wadat al. (t, AH A (£,H.£),Y" A dynamically fluctuating component of

the internal field at the muon site is also taken into account
ZF-u "SR spectra were analyzed by a power functionas a parameter of . AH is a half-width of the distribution
Aoe*(“)ﬁ, whereA, is the initial asymmetry at=0 and\ is of the static internal field at th.e muon siﬂe_JLF.is th_e LI_:
the depolarization rate. The solid lines in Fig. 2 are the bestPPlied along the muon-spin direction. Solid lines in Fig. 4
fit results obtained by using this power function. are the best-fit results. The obtainadd and\ ¢ are sum-

Figure 3 shows the temperature dependencioh , and man;e@ in Tablc_a I Error_s in Table I are statistical errors of
3 obtained from the best-fit analysi&, is normalized to be thg fitting. The field distributions at 30 and 700 mK are ob-
1 at 50 K. The temperature dependence of the susceptibilitiin€d to be about 10 G on average, and show almost no
which was obtained by Wadet al® is also shown in the difference between two temperatures within the experimental
same figure. All parameters show a temperature indeper/Tor of £2 G. , , _
dence up to about 100 K, showing that static and dynamical !t 1S known that the muon implanted into a crystal which
properties of the local field at the muon site are temperatur@onta,'nslg: ions forms a strong kF state through hydrogen
independent. This fact is different from other types ofPonding:” In this case, the distance between theién ang
kagomemagnet~’ in which a strong enhancement of the the muon is similar to_ a nominal Fionic radius of 1.16 Al
depolarization rate caused by a critical slowing down behay£SSuming that the distance between the stopped muon and
ior of magnetic moments is observed around a magnetic trarti€ “F nucleus im-MPYNN - BF, is the nominal F ionic
sition temperature. A slight decreasexofbove 150 K is due  radius, the dipole field of the® nucleus at the muon site is
to the motional narrowing effect, indicating that the muonestimated to be about 8.5 G. This value is comparable to the
starts to diffuse through the crystal. obtainedAH=10*2 G. Although the reason for the missing

To investigate an origin of the ZF depolarization of the MUON-Spin precession, which has been observed in other
muon Spin’ the LF was app“ed a|ong the muon_spin direc.ﬂuorldes, IS St.lll UnClear, it can be CO”Clud.ed that the m-
tion at 30 and 700 mK. The system is predicted to be nonPlanted muon is expected to stop near theién, forming
magnetic at 30 mK, but magnetic at 700 niKFigure 4 hydrogen bonding, and that the static internal field at the
shows the LF dependence of the SR time spectrum ob- Muon site originates from th&F nuclear dipole field.
tained at 30 mK. The asymmetry is almost recovered by the |f an additional field due to a long-range magnetic order-
LF of 100 G, showing the decoupling behavior of a distrib-ing of the dimer spins appears, the internal field at the muon

site is expected to be modified by the additional field. The
. T . T T distance between the center of the nearest dimer spin and the
L m-MPYNNBF, 7] 19F nucleus near to which the muon stops is estimated to be
- 30mK LF=100G  10G ] about 4.3 A. Assuming this distance, the additional dipolar
i field by the nearest dimer spin is expected to be about
230 G/lug. This value is much larger than the observed
internal field at the muon site, so that the nuclear dipole field
at the muon site is overcome, and the change of the depolar-
ization behavior of the muon spin is expected.

However, the temperature independence of the internal
field distribution at the muon site indicates that such a large
. | . | . additional internal field does not appear. The difference of

0 5 10 15 the internal field distribution between 700 and 30 mK is less
t (useo) than 2 G, even though the experimental errors are taken into

FIG. 4. Longitudinal-field dependence of the SR time spec- account. If we try to explain this small difference of the
trum. A, at each temperature is normalized to be 1. The asymmetrjnternal field distribution, assuming the existence of a long-
is almost decoupled by the field of about 100 G, showing the defange ordered state of the dimer spins, we have to expect the
coupling behavior of the distributed static internal field made bymagnitude of the moment of the dimer spin to be less than
18F_nuclear dipoles. 0.01 ug at 700 mK. Such a small magnetic moment cannot
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explain the susceptibility behavior in this temperature region. From a molecular orbital calculation, the shortest distance
In addition, the critical slowing down behavior of the dimer between the radicals on two singly occupied molecular
spins is missing. These facts mean that a clear long-rangsrbitals (SOMO) and the muon is estimated to be about 2 A,
magnetically ordered state of the dimer spins vtal, like  because the two SOMO’s are spread in a wide area on the
a spin-glass state which was observed in anoltegyome  dimer. If the magnetic moment of the radical spin is assumed
AFM,*"" does not appear im-MPYNN- BF, down to 30  {g be 1ug, several kG of the dipolar field can be achieved at
mK. Therefore, taking into account the previous results ofhe muon site. Based upon this model, the depolarization rate
the susceptibility measuremelit,t is concluded that the should show a temperature dependence abovg/kg
ground state ofn-MPYNN- BF, is nonmagnetic. =23.3 K, because is given asv=kgT/%. Detailed ZF#SR

Although the static and dynamical properties of the dimerstudies onm-MPYNN- BF, at a higher-temperature region

spin seem not _to change at around 24(.) .”?K from the MICO% e also in progress to compare qualitatively with this model.
scopic viewpoint of uSR, the susceptibility measurement The quantum around state of th&=% Heisenber
shows the large change of the net spin system OI<a 9 9 2 9
m-MPYNN- BF,. A possible explanation for this difference

gomeAFM has been calculated as a perturbation of a tri-
is due to the fact that the dimer spins make a singlet statd'®' staté” Although the trimer state has a spin gap, there is
through the AF interdimer interaction ofJ&g below 240

no conclusive answer to the spin-gap state of kagome
mK. This feature looks to support the spin-gap state whicHAFM. Quantum tunneling between multiple 120° structures

was suggested by Waed al* A detailed ZFzSR measure- 9IVes the spin-gap stafé.Thgse calculations, however, give
ment with high statistics is carried out to clarify the changen© exact solution for the spin-gap state of e 1 Heisen-
of the dimer spin state at around 240 mK. From the preserergkagomeAF magnets.
uSR study, a sign of the short-range ordering of the dimer In conclusion, the ZF- and Lz SR measurements were
spins, which has been predicted by the heat-capacity me&tudied on a single crystal @i-MPYNN- BF, from 300 K
surement, was not clarified. to 30 mK to investigate the quantum magnetism. The
A nonzero\ ¢ on the order of 0.5:s ! is still maintained  temperature-independent depolarization behavior which is
even at 30 mK, as shown in Table I. The dynamical quantundue to the distributed static internal field induced by the
fluctuation of the dimer spin caused by the intradimer inter-1%F-nuclear dipoles at the muon site was observed down to
action of 2J3/kg=23.3 K can be an origin of this depolar- 30 mK. The width of the field distribution was H2 G. No
ization behavior. Below this temperature, the quantum exelear long-range magnetic ordering of the dimer spins was
change frequency between two radicals in the dimer is observed. Taking into account the results of the previous
estimated to be about 2&L0'? s~ from the relationship of ~ susceptibility measuremeht, the ground state of
v=2JyS/%. In the motional narrowing limit, the depolariza- m-MPYNN- BF, is concluded to be nonmagnetic. The dy-
tion behavior of the muon spin is described asr  namically fluctuating component of the internal field at the
=2(6H ylu)zlv, where 6H is an alternative field amplitude muon site was still observed at 30 mK. This dynamical de-
and y, is the gyromagnetic ratio of the muon spin#2 polarization behavior can be explained by the exchange fluc-
X 13.55 MHz/kQG. If SH is assumed to be about 7 kG, the tuation of the dimer spin witls=1, which is caused by an

value of v of about 0.5us* could be explained. intradimer ferromagnetic exchange interaction df Xg .
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