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Muon spin relaxation in the spin-ring system Cu3WO6: Quasistatic spin freezing at 7.0 K
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Quasistatic spin freezing is observed atT57.0 K in the muon spin relaxation (mSR) measurements of
polycrystalline Cu3WO6. This material has been widely considered to possess a nonmagnetic spin-singlet
ground state based on the previous neutron scattering and susceptibility studies in which a spin gap was
observed. Zn-doped Cu32xZnxWO6 with x.0, however, exhibit no signature of spin freezing. ThemSR results
of Cu32xZnxWO6 are similar to those of a charge-ordered system NaxV2O5. A few interpretations of the
observed spin freezing will be presented.
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I. INTRODUCTION

Spin gap systems have become a recent topical subje
studies of strongly correlated charge/spin systems. Qu
one-dimensional spin systems often have spin-singlet gro
states associated with the formation of a spin gap. Such
tems include spin-Peierls CuGeO3,1 spin ladder SrCu2O3,2

Haldane Y2BaNiO5,3 and charge-ordered NaV2O5.4 Mag-
netic dilution or charge doping with a very small amount
impurity substitution turns out to destroy the singlet grou
state, and in some cases, leads to a long-range magnet
der as in (Cu,Zn)GeO3 ~Refs. 5,6! and Sr(Cu,Zn)2O3 ~Ref.
7! or even to superconductivity as in (Sr,Ca)14Cu24O411d .8

Doping effects in spin-gap systems have recently garne
additional interest since the existence of a pseudogap, w
appears in the underdoped region of high-Tc cuprates, seem
to be closely related to the appearance of superconducti

Cu3WO6 is a spin-gap system which contains magne
rings consisting of sixS51/2 nearest-neighbor spins couple
antiferromagnetically. The crystal structure of Cu3WO6 has a

cubic unit cell with space groupPa3̄-Th
6 and lattice constan

a59.79 Å.9 It consists of distorted WO6 octahedra and
CuO5 triangular bipyramids, in which only a Cu21 ion ~lo-
cated inside the bipyramid! has a localized spin (S51/2).
Each CuO5 bipyramid shares an edge with two other bipyr
mids and a corner with four other bipyramids. Six adjac
edge-sharing bipyramids then form a ring as shown in Fig
The distance between two Cu21 ions located in two edge
sharing bipyramids is 2.99 Å, while the distance in tw
corner-sharing bipyramids is 3.22 or 3.53 Å. It is conside
that the edge sharing interaction is significantly stronger t
0163-1829/2002/65~17!/174428~10!/$20.00 65 1744
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the corner-sharing ones. This would lead to the domin
nearest-neighbor coupling of sixS51/2 Cu21 spins to form
a spin ring. These six-spin rings, however, are not isola
perfectly since Cu21 ions in a ring are also coupled wit
those in other rings by the corner-sharing coupling.

The magnetic susceptibility of polycrystalline Cu3WO6
exhibits a sharp reduction at low temperatures, indicating
existence of the singlet ground state with a gap energyD
5110 K.10 At high temperatures, the experimental value
the susceptibility is much lower than a theoretical value11

about 2/3 lower around the maximum atT;130 K. This
reduction of the susceptibility has been discussed in term
a possible resonating valence bond~RVB! state.10

FIG. 1. ~Left! A six-spin ring in Cu3WO6, formed by CuO5
bipyramids. Solid and open circles represent Cu21 and O22 ions,
respectively. Cu21 ions in the ring are coupled by the neares
neighbor interactions.~Right! The first (J1), the second (J2) and
the third (J3) nearest-neighbor interactions within the ring.
©2002 The American Physical Society28-1
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In inelastic neutron scattering measurements,12 two peaks
at 11 and 14 meV were observed in constant-Q energy spec-
tra. In theoretical calculations of the singlet-triplet excit
tions, these peak values can be reproduced forJ2 /J150.64
andJ3 /J150.51, whereJ1 , J2, andJ3 are the first, second
and third nearest-neighbor antiferromagnetic superexcha
interactions, respectively, within the ring~Fig. 1!. Note that
J1 is equivalent to the edge-sharing coupling mention
above, butJ2 and J3 are different from the two corner
sharing couplings. However, the observed susceptib
curves could not be reproduced assuming these values o
superexchange couplings. This feature was ascribed in
12 to the existence of interring corner-sharing interaction

In this paper, we report muon spin relaxation (mSR) and
magnetic susceptibility measurements of polycrystall
Cu32xZnxWO6. Muon spin relaxation is a powerful magnet
probe to study static and dynamic magnetism. It has the
pability to detect magnetic moments as small as;0.01mB
and dynamic fluctuation rates in a rather large time wind
ranging between 107;1012 s21. We have observed quas
static spin freezing atT57.0 K in pure Cu3WO6. In Zn-
doped Cu32xZnxWO6 with x50.01, 0.05, and 0.10, how
ever, no spin freezing is observed down toT52.20, 0.10,
and 0.10 K, respectively. We discuss similarities between
mSR results of Cu32xZnxWO6 and those of a charge-ordere
system NaxV2O5 and other widely accepted spin-gap sy
tems. A few possible interpretations of the observed s
freezing will also be provided.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation and characterization

Polycrystalline samples of Cu32xZnxWO6 were produced
by the solid state reaction method. Mixtures of CuO, Zn
and WO3 with an appropriate molar ratio were pressed in
pellets and heated at 800 °C in an evacuated silica tube
several days with some intermediate grindings. Althoug
diffraction pattern of CuWO42x is detected in the x-ray dif-
fraction measurements for all specimens, the intensity of
impurity phase remains very weak and has no correla
with x.

Using a SQUID magnetometer, we measured the m
netic susceptibility of the specimens used in the presentmSR
study. Figure 2 shows the results obtained in applied exte
field of 50 G. The susceptibilityx(T) of both the undoped
and the doped specimens exhibits the Curie (1/T) type
crease at low temperatures, which indicates the existenc
dilute free spins.x(T) at low temperatures are fit with

x~T!5
C

T2u
1AexpS 2

D

T D1K, ~1!

where the first term represents the Curie-Weiss behavior
to free spins, the second term represents the gap excita
and the third term is a constant. Table I is the list of para
eters obtained from the best fit. The numbers of impurit
calculated from the Curie term for the case ofS51/2 free
spins are also included in Table I and denoted as % impu
per Cu atom. These % impurities for the Zn-doped specim
17442
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show a fairly good agreement with the Zn doping concen
tions, corresponding tox/3.00 in Table I. This verifies tha
the Curie term originates predominantly fromS51/2 spin,
each created by one~Cu,Zn! substitution. The Curie-Weiss
form is used, rather than the Curie form (C/T), to obtain
better results in the fitting, but the magnitudes ofu remain
smaller than the lowest temperature limit of 2.0 K in th
measurements. Note the susceptibility shows no hysteres
field-cooling–zero-field-cooling processes.

B. Muon spin relaxation technique

Muon spin relaxation measurements of Cu3WO6 were
performed at theM13 andM15 muon channels at TRIUMF
Several pieces of polycrystalline Cu32xZnxWO6 were placed
on a thin silver plate, and then wrapped with silver or a
minum foil. The samples were mounted in a He-flow cryos
and a dilution refrigerator for measurements down to 2.0 a
0.10 K, respectively. Positive muons were implanted in
specimen with their spin polarized parallel to the beam
rection. Muons undergo Larmor precession due to the in
nal magnetic field H int with an angular frequencyv
5gmH int , where gm is the gyromagnetic ratio of 2p
313.554 MHz/kG. After precessing during timet, each
muon decays into a positron and two neutrinos. Time his
gramsF(t) andB(t) of muon-decay positrons are recorde
by two sets of counters placed forward and backward
specimen with respect to the initial muon spin direction. D
to the parity violation of the weak interaction, positrons a

FIG. 2. Susceptibility of polycrystalline Cu32xZnxWO6 (x50,
0.01, 0.05, and 0.10! specimens used for the presentmSR study.
Open and closed circles indicate values obtained in field-coo
and zero-field-cooling processes, respectively. Solid lines repre
Eq. ~1!.
8-2
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TABLE I. List of parameters obtained from the best fit of the susceptibility~Fig. 2! to Eq. ~1! at low
temperatures.

x C31024 a u (K) A31023 a D (K) K31025 a % impurity x/3.00 ~%!

0 2.49 0 4.70 96.5 9.52 0.0663 0
0.01 14.0 -0.51 4.17 93.9 8.81 0.373 0.33
0.05 52.2 -1.14 2.67 87.3 12.9 1.39 1.66
0.10 88.3 -1.61 1.91 82.6 24.4 2.35 3.33

aIn units of (emu/Cu21 mol).
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emitted preferentially along the muon spin direction. Th
the counting rates are given as

F8~ t !}@11A~ t !#expS 2
t

tm
D ~2!

and

B8~ t !}@12A~ t !#expS 2
t

tm
D , ~3!

whereF8(t) and B8(t) indicate background-subtracted hi
tograms,tm is the muon lifetime of 2.2ms, andA(t) is an
asymmetry due to Larmor precessions of muons in the in
nal field. Time evolution of the muon-decay asymmetryA(t)
can then be directly obtained, after normalizing solid an
factors for the forward and backward counters, as

A~ t !5
F8~ t !2B8~ t !

F8~ t !1B8~ t !
. ~4!

A(t) can be compared with a theoretical muon spin rel
ation functionGz(t).

C. Relaxation functions in various situations

Gz(t) for Gaussian~called the Kubo-Toyabe function!,
Lorentzian and some other distributions of random lo
fields have been described in Refs. 13,14. As an example
show static relaxation functions for the Lorentzian field d
tribution in Fig. 3~a!. ~Below we will analyze themSR data
of Cu3WO6 with these functions.! The Lorentzian distribu-
tion of internal field components is given byP(Hi)
5(gm /p)3@a/(a21gm

2 Hi
2)# ( i 5x,y,z), where a is the

half-width half-maximum of the distribution, and can be co
structed assuming random freezing of dilute spins. The st
relaxation function for the Lorentzian field distribution
zero external field~ZF! is given by

GL~a,t !5
1

3
1

2

3
~12at!exp~2at!, ~5!

which is characterized by damping of the 2/3 of the asy
metry at early times and the persistence of the 1/3 com
nent in the long time limit. Figure 3~a! also shows the de
pendence of the relaxation function onHL , the external
longitudinal field~LF! which is applied parallel to the initia
muon spin direction. The 1/3 component in ZF is raised
the applied LF, and approaches to 1 asgmHL /a→`.
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In the paramagnetic phase of ordinary magnetic syste
the total amplitude of each spinSundergoes completely ran
dom fluctuations as illustrated in Fig. 4~a!, which lead to
fluctuations of the local magnetic field at the muon site w
the full amplitude. Figure 3~b! shows the relaxation function
G(t) expected in these paramagnetic fluctuations in dil
spin systems which give a Lorentzian field distribution
muon sites.14 Dynamic fluctuations with slow fluctuation rat
n/a,1 are reflected in the slow decay of the 1/3 compone
The polarization minimum disappears asn;a. One sees the
reduction of the depolarization rate~corresponding to the
narrowing effect in terms of magnetic resonance! in the fast
fluctuation limitn/a@1. In this limit Gz(t) has the shape o
stretched exponential function exp@2(lt)b# with the power
b50.5.14

In the ordered state of magnetic systems, each spinS ac-
quires two components, i.e., the effectively static compon

FIG. 3. Static muon spin relaxation functions for the Lorentzi
field distributions.~a! In zero external field and applied longitudina
fields and~b! with dynamic fluctuations.
8-3
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Y. FUDAMOTO et al. PHYSICAL REVIEW B 65 174428
Sst, and dynamic componentSdy , as illustrated in Fig. 4~b!.
In neutron scattering, the static component shows up as
intensity of Bragg reflection. Below the Curie or Ne´el tem-
perature (Tc or TN!, the static component increases with d
creasing temperature, as shown by the temperature de
dence of the elastic Bragg peak intensityI B}Sst

2 .
The dynamic component is due to thermal and/or qu

tum spin fluctuations, which originate from various pheno
ena, such as spin wave excitations, excitations above a
gap, etc. The energy-integrated intensity of inelastic neu
scattering, i.e., the intensityI da observed in the so-calle
double-axis configuration, is proportional to the instan
neous spin valueS2. If we defineSdy

2 to be proportional to
the truly inelastic intensity (I da2I B), then it is most natura
to assumeS25Sst

21Sdy
2 .

CoexistingSst and Sdy would make coexisting static an
dynamic componentsHst andHdy in the local fieldH loc at the
muon site. When the fluctuation raten of Hdy is much larger
than the difference of the Zeeman levels of the muon s
due to static external fieldHL and/or internal fieldHst, i.e.,
n@gmHL andn@gmHst, thenHst andHdy contribute inde-
pendently to depolarization of muon spins. In this case
relaxation function at each muon site becomes a produc
the static relaxation functionGst(t) for Hst and the dynamic
relaxation functionGdy(t) for Hdy . The simplest example fo
this is a polycrystalline sample of a system in which eve
muon site has the same local fieldH loc without distribution.
In this case,G(t)5Gst(t)3Gdy(t), where Gst(t)5(1/3)
1(2/3)cos(vt) with v5gmHst represents the muon spin pr
cession aroundHst, while Gdy(t)5exp(2t/T1) represents the
T1 process as 1/T1;(gmHdy)

2/n.
One can extend this treatment to calculateG(t) for sys-

tems having a Gaussian distribution ofH by using the Kubo-
Toyabe function forGst(t). For the case of systems whic
involve muon sites with inequivalent field amplitudes, o
has to calculateG(t) for each site first, and then obtain th
site average afterwards, as described in Ref. 14. For
Lorentzian distribution, this situation of coexistingHst and
Hdy can be expressed with three parametersast, ady , andn,
whereast andady represent the~half-width at half maximum!
amplitudes of the static and dynamic Lorentzian field dis
butions, respectively. With site-averaged static and dyna
fields, the treatmentG(t)5Gst(t)3Gdy(t) is no longer

FIG. 4. Schematic illustration of various models of spin fluctu
tions. ~a! In the paramagnetic phase, total amplitude of each spS
undergoes random fluctuations.~b! In the quasistatic phase, spin
~S! are divided into static (Sst) and dynamic (Sdy) components, such
thatS25Sst

21Sdy
2 . ~c! Static componentsSst are also assumed to b

fluctuating slowly.
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strictly correct, but does provide a good parametrization
ast, ady , andn in the limit of ast@ady

2 /n. Gst(t) andGdy(t),
in the limit of fast dynamic fluctuationsn/ady@1, are given
by14

Gst~ t !5
1

3
1

2

3
~12astt !exp~2astt ! ~6!

and

Gdy~ t !5exp@2~4ady
2 t/n!0.5#. ~7!

III. RESULTS AND ANALYSIS OF Cu 3WO6

A. Two different magnetic environments

Figure 5~a! shows time spectra of the muon spin polariz
tion in polycrystalline Cu3WO6 in zero external field~ZF!.
Below T57.0 K, fast reduction of the muon spin polariz
tion is observed at early timet,0.4 ms, followed by slow
depolarization in a longer time range. The depolarization
comes slower with increasing temperatures, and the fast
polarization is no longer observed above 7.0 K. In the m

-

FIG. 5. mSR spectra of polycrystalline Cu3WO6 ~a! in zero
external field and~b! in the longitudinal fieldHL5133 G. Solid
lines are guides to the eye.
8-4
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MUON SPIN RELAXATION IN THE SPIN-RING . . . PHYSICAL REVIEW B65 174428
erately high longitudinal field ofHL5133 G, the slow
depolarization is almost completely suppressed@Fig. 5~b!# at
any temperature, while about a half of the total asymme
still exhibits depolarization, which becomes slower gradua
with increasing temperature. These features indicate the
istence of two different magnetic environments for muon

The LF dependence of the slower component confir
that the depolarization for this component is due to a sm
static internal field. There exists small random static fie
created by nuclear dipolesmN (;mB/1000) throughout the
entire temperature range. The slow depolarization could
attributed to these nuclear dipoles. However, this depolar
tion is so slow that it is hard to determine the shape of
spectra, and consequently the origin of the depolarizat
Likely reasons for the existence of such muon sites w
almost no internal field could be:~a! Cu spins are divided
into inactive spin-singlet pairs and active unpaired spins,
a spatial distribution of regions are created by these kind
spins, leading to a partial volume fraction with active inte
nal fields from the unpaired spins at muon sites and/or~b! the
internal field at some muon sites are cancelled due to cry
symmetry with respect to surrounding Cu moments. Exp
mentally, we can obtain almost no information from the
low/zero-field muon sites. Therefore, in the following d
scription, we limit our discussion only to the fast depolariz
tion of the signal, which is due to muon sites with acti
internal magnetic fields.

The effect of nuclear dipolar fields in the spectrum of t
component with the fast depolarization becomes domin
aboveT520 K in ZF, as indicated by the Gaussian rela
ation of the entire asymmetry. A small longitudinal fieldHL
5133 G eliminates this depolarization at 20 K, confirmi
that this depolarization is caused by a small static field.
Fig. 6~a!, we show the spectra inHL5133 G at early times.
This field is sufficiently high to suppress the depolarizat
due to the zero/low-field muon sites, as well as the depo
ization due to nuclear dipoles in the fast-depolarization co
ponent. Therefore, the observed depolarization inHL
5133 G is purely electronic in origin.

The component with the fast depolarization shows s
stantial depolarization inHL5133 G at any temperature, in
dicating the strong dynamic character of the electron sp
The dynamic fluctuations of the electron moments per
even atT;2.0 K. The longitudinal field dependence of th
spectra atT52.0 K @Fig. 6~b!# exhibits a characteristic fea
ture of depolarization caused by quasistatic fields withn/a
<1. This quasistatic field is decoupled by longitudinal fiel
~LF’s! of 133 G,HL,1 kG. The magnitude of the interna
field estimated from this decoupling isH int;30 G. There is,
however, no sign of coherent oscillation of the muon s
polarization in zero field, indicating the broadness of the d
tribution of the local field.

The spectra inHL5133 G belowTf57.0 K have been
analyzed with the function

A~ t !5A1G~ t;HL!1A2 , ~8!

where the first term represents the fast quasistatic/dyna
depolarization and the second term the decoupled full as
17442
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metry due to the zero/low-field muon sites. We obtainedA1
50.061 as the experimental initial asymmetry of the fa
depolarization component andA250.074 for the slow com-
ponent.

B. Results atTÄ2.0 K

In our first attempt to fit the results atT52.0 K in vari-
ous LF values, we assumed the model of coexisting st
and fast dynamic local fields, both having Lorentzian dis
butions, with a single value ofn, and assumedG(t) to be
given by Gst(t;ast,HL) ~Ref. 14! multiplied to Gdy(t)
5exp@2(lt)0.5#, similarly to the case ofHL50 given in Eqs.
~6! and ~7!. Figure 7~a! compares the observed results
LF-mSR in Cu3WO6 with this model forast52.0 ms21 with
the values ofl at variousHL in Fig. 7~b!. From the field
dependence ofl, we obtainady51.7 andn512.0 ms21.

FIG. 6. ~a! mSR spectra of polycrystalline Cu3WO6 in the lon-
gitudinal field HL5133 G at early time. Solid lines represent th
best fit to Eq.~8! below the freezing temperatureTf57.0 K and
Eq. ~13! aboveTf . ~b! LF mSR spectra of polycrystalline Cu3WO6

at T52.0 K. Solid lines correspond to Eq. 8, with fixeda52.85
and n52.25 ms21 obtained from the best fit for the spectra atT
52.0 K. The spectra are decoupled approximately following
theoretical line shapes.
8-5
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The full amplitudea5@ast
21ady

2 #0.5 becomes 2.7ms21. As
shown in Fig. 7~a!, this model reproduces well the observ
decoupling by longitudinal external fields and the slow dec
in a long time scalet.500 ns atHL>133 G. However, this
model gives too fast damping of the initial decay at ea
times t,200 ns, presumably due to the sharp change of
square-root exponential dynamic function neart→0. It also
fails to reproduce the moderate decay atHL550 G observed
aroundt5500 ns.

To improve these difficulties, we next attempted fitting t
data with an exponential distribution for the local field

P~Hi !5
gm

2d
e2gmuHi u/d ~ i 5x,y,z!, ~9!

instead of Lorentzian distribution. The exponential field d
tribution has worked quite well for fitting the results ofmSR
in a Zn-doped two-leg ladder systems Sr(Cu,Zn)2O3,15,16 a
system where a small perturbation induces spin freezin
some volume of Cu moments, with the ordered moment s
having a wide spatial variation, while the spin-gap featu
still survives in inelastic neutron scattering studies.18 The
present system might have similar features, since its s
order might be due to some perturbation to an otherw
complete spin-gap system. For this distribution, the st
function is given as

Gst~ t !5
1

3
1

2

3 H 12~dt !2

@11~dt !2#2J , ~10!

FIG. 7. ~a! Fits toA1Gst(t)3Gdy(t) assuming Lorentzian distri
bution of fields. The asymmetry is shifted byA250.074. ~b! l
versus applied fieldHL assuming Lorentzian distribution. Solid lin
representsl54ady

2 n/@n21(gmHL)2#.
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and the dynamic one as

Gdy~ t !5
1

11lt
, ~11!

with l54d2/n.17

Figures 8~a! and 8~b! show the fit with this exponentia
field distribution, again usingG(t)5Gst(t)3Gdy(t) with
dst53.0 ms21 to parametrize the coexistence of static a
fast-dynamic field amplitudes. The field dependence ol
gives ddy52.6 ms21 with the fluctuation rate
n518 ms21.17 Since the widthsd anda correspond to ex-
ponential and Lorentzian distributions, respectively, defin
in the two different models, we can only make a crude co
parison between the results. The model functions with
exponential field distribution reproduce the early-time init
damping rather well. For this distribution, the dynamic co
tribution Gdy(t) does not exhibit an overly sharp behavi
neart→0. A difficulty still remains, however, regarding th
moderate damping inHL550 G att;500 ns.

As our third attempt, we tried to use the paramagne
model with a Lorentzian field distribution. It is rather ph
nomenological to use this model for the results obtained
low the spin freezing temperature. However, this model
used witha as a temperature dependent parameter, can
sibly cover quasistatic slow fluctuations ofSst and thusHst
with the time scale ofn;ast. This situation is illustrated in
Fig. 4~c!.

Figure 6~b! shows the results of this attempt witha
52.85 ms21 and n52.25 ms21. Now the moderate relax

FIG. 8. ~a! Fits to A1Gst(t)3Gdy(t) assuming exponential dis
tribution of fields. The asymmetry is shifted byA250.074. ~b! l
versus applied fieldHL assuming exponential distribution. Soli
line representsl54ddy

2 n/@n21(gmHL)2# ~Ref. 17!.
8-6
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MUON SPIN RELAXATION IN THE SPIN-RING . . . PHYSICAL REVIEW B65 174428
ation in low fields aroundt;500 ns is reproduced well
This suggests the strong effect of slow and quasistatic
fluctuations withn;a and also a possible wide distributio
in the time scalen of the local field fluctuations. All three
analyses, however, indicated the existence of a quasis
local field having an effective amplitude ofa/gm;30 G.

In general, one could even try different models by assu
ing that the moderate relaxation is due to additional mu
sites having a different effective field amplitude. Howev
we consider that providing further freedom to data analy
will simply introduce too many assumptions, which c
hardly be verified. Therefore, we shall proceed with the f
lowing analyses atT.2 K, resorting to a simpler phenom
enological procedure.

C. Results atTÌ2.0 K

In the long-time limit in the magnetically frozen state, a
function for coexisting static and dynamic depolarization c
be approximated asG(l,t);A18exp@2(lt)b#, wherel is the
dynamic depolarization rate. The value ofA18 depends on the
ratio gmHL /a; A18 takes the value 1/3 for the zero-field cas
and approaches 1 asgmHL /a→`. The stretching powerb
has a valueb51/2 for the case of spatially dilute spin sy
tems ~and b51 for dense spin systems! with a single dy-
namic fluctuation rate.b often takes different values in spi
glass systems, reflecting a distribution of dynamic fluctuat
rates. To obtain the dynamic depolarization, we therefore
the spectra fort.0.5 ms with the function

A~ t !5A18exp@2~lt !b#1A2 . ~12!

A18 is left as a free parameter andb is allowed to vary in the
rangeb,1.0. In the paramagnetic phase, the depolariza
is entirely due to the dynamic process of the electron sp
Above Tf , the LF spectra inHL5133 G are thus analyze
using

A~ t !5A1exp@2~lt !b#1A2 , ~13!

for the entire time range, withA1 fixed to the previously
given value of 0.061.

In high longitudinal fieldHL>500 G, the fast static de
polarization at low temperatures is almost completely s
pressed, and the persisting observed depolarization is
only to the dynamic processes of the electron spins. Thus
spectra inHL5500 G are analyzed with Eq.~13! for the
entire temperature range.

In order to account for the temperature dependence of
quasistatic internal field amplitude below the freezing te
perature, we fitted the early time part of the observed spe
using the slowly fluctuating paramagnetic model and allo
ing temperature dependence of the parametera. Although the
actual instantaneous magnitude of the local field would
depend on temperature, the present fitting procedure all
us to obtain the magnitude of quasistatic local fields.

In Figs. 9~a!, 9~b!, and 9~c!, we show temperature depen
dence of the quasistatic field amplitudea, the dynamic depo-
larization ratel and the stretching exponentb obtained from
the data analyses mentioned above. The sharp reductio
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the quasistatic field amplitudea, divergence of the dynamic
depolarization ratel, and decrease of the stretching exp
nent b near the freezing temperature are all characteri
features of systems with random spin freezing. The st
depolarization ratea gives the internal field at which the
probability distribution of the field magnitudeP(uHu)
5(gm

3 /p2)3@a/(a21gm
2 H2)#234pH2 takes its maximum

value, anda52.85 ms21 at T52.0 K corresponds to the
field of Hmax5a/gm534.0 G. We define this amplitude o
the local field to bea0.

D. Spin fluctuation in the paramagnetic state

We can estimate the fluctuation raten of the fluctuating
moments in the paramagnetic phaseT.Tf , assuming that
the full-amplitude fluctuation ofa0 which leads to the rela-
tionshipl54a0

2/n. Since the stretched exponential functio
with b!1.0 has a very sharp reduction at early times,
depolarization ratel resulting from the stretched exponenti
fit with the low b values tends to underestimate an avera
depolarization rate. In order to compensate this effect,
calculatel1/251/T1/25l/ ln(2)1/b, whereT1/2 is the time for
the muon polarization to drop to 1/2 of the initial value. T
compare with the usually measured 1/T1, we use l*
5l1/2ln(2). Figure 10 shows the the average fluctuation r
n* ;a0

2/l* . Comparing with thermal activation behavior

FIG. 9. Temperature dependences of~a! the static depolarization
ratea, ~b! the dynamic depolarization ratel, and~c! the stretching
exponentb, defined in Eqs.~8!–~13!, in polycrystalline Cu3WO6.
Broken lines are guides to the eye.
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n* }expS 2
Eg

kBTD , ~14!

we obtain a gap energyEg544.6 K, which is roughly half
of the spin-gap energy Eg;110 K obtained in
susceptibility10 and neutron measurements,12 but much larger
than the freezing temperatureTf57.0 K.

IV. SUPPRESSION OF SPIN FREEZING BY MAGNETIC
DILUTIONS

Cu3WO6 can be magnetically diluted by substituting no
magnetic Zn21 ~spin-0! for magnetic Cu21 ~spin-1/2! ions.
In Cu32xZnxWO6 , a sharp reduction of the susceptibili
towardsT→0 is suppressed~Fig. 2!, indicating the suppres
sion of a spin-gap formation. Gap energyD decreased with
increasing Zn concentrationx ~Table I!.

Figure 11 shows ZF-mSR spectra of Cu32xZnxWO6 with
x50.01, 0.05, and 0.10 at low temperatures. The fast de
larization caused by nearly static electron spins observe
pure Cu3WO6 no longer exists, and only a slow depolariz
tion due to nuclear dipoles are observed. A small amoun
~Cu,Zn! substitution is thus enough to enhance the fluct
tion of electron spins drastically and eliminate the quasist
component.

The spectra are consistent withA(t)5AGG(Dnucl,t),
where

GG~Dnucl,t !5
1

3
1

2

3
~12Dnucl

2 t2!expS 2
Dnucl

2 t2

2 D ~15!

is the Gaussian Kubo-Toyabe function, andDnucl is a static
depolarization rate due to random local fields created
nuclear dipoles. Figure 12 shows thex dependence of the
depolarization rateDnucl. The depolarization rate remain

FIG. 10. Temperature dependence of the average fluctuation
n* of the fluctuating local fields in polycrystalline Cu3WO6. The
broken line corresponds to the thermal activation behavior@Eq.
~14!#.
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small at very low temperature, and thus there is no sign
critical slowing down nor phase transition of electron spin
We note that the depolarization rate is slightly increased w
increasing Zn-concentrationx. We would rather expect the
reduction of the depolarization rate by Zn substitution b
cause Zn has no nuclear spin (I 50) while Cu hasI 53/2 and
because Zn21 has larger ionic radius than Cu21. The origin
of this effect is unclear at this moment. Fully polarized spe
tra in LF of 100 G atT52.0 K confirm the absence o
critical slowing down and/or phase transition in the dop
compound at low temperatures.

V. DISCUSSION

Nonmagnetic ground states of quasi-1D systems, suc
CuGeO3~Refs. 5,6! and SrCu2O3,7 are usually altered to an
tiferromagnetic order by slight magnetic dilution. Recent
hole-induced long-range order was also discovered in a
Haldane system PbNi2V2O8.19 Quasistatic spin freezing in a

te

FIG. 11. ZF-mSR spectra of polycrystalline Cu32xZnxWO6 at
low temperatures. The ZF spectra of pure Cu3WO6 at T5110 K is
also included for comparison.

FIG. 12. Zn concentrationx versus depolarization rateDnucl de-
fined in Eq.~15!.
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spin-ring system Cu3WO6, and its suppression by Zn dopin
is quite peculiar compared to the above examples of 1D s
systems. On the other hand, static spin freezing behavior
been detected bymSR in other widely accepted spin ga
systems, such as a plaquette spin system CaV4O9~Ref. 20!
and a zig-zag chain system KCuCl3.21 Remarkable similari-
ties to the present case are found in themSR results of the
charge-ordered system NaxV2O5.4 Pure NaV2O5 has a spin-
ladder structure, and is thought to undergo a charge-o
transition atTc535 K from a state of a mixed valence o
Vanadium ions V4.51 aboveTc to a localization ofd elec-
trons to form a spin-singlet belowTc . A gap energy in sus-
ceptibility is suppressed in a charge-doped system (x,1).22

Quasistatic spin freezing at 11 K has been detected bymSR
in the pure system (x51) while the freezing is suppressed
the charge-doped system (x,1).23 The magnetic behavior o
pure and charge-doped NaV2O5 detected bymSR is very
similar to that of Cu3WO6.

The observed energy gap in susceptibility and neut
scattering measurements strongly supports a singlet gro
state in Cu3WO6. The gap energyEg;44.6 K is much
larger than the freezing temperatureTf57.0 K, which indi-
cates the existence of two distinct electron systems. Thu
is probable that part of the spin system forms a spin-sin
state while the remainder undergo spin freezing belowTf .
As Zn21 are doped, some holes cut the spin-ring and leav
as a finite spin chain. Spins within a finite chain are gener
expected to fluctuate without any spatial correlations to e
other, which can lead to a disappearance of the gap en
observed in the susceptibility. These fluctuations then ind
fluctuations of the spins corresponding to the freezing sp
in the undoped compound.

The magnetically inequivalent muon environments o
served in the ZF spectra belowTf could be attributed to two
kinds of the spin states at low temperature as propo
above. Let us consider several scenarios of the two diffe
spin states. If active nonsinglet Cu spins exist over the v
ume in a way similar to dilute alloy spin glasses, we exp
that the internal field at the muon sites would have Loren
ian distribution over the entire volume. In this case, we c
not expect division of muon environment into two differe
groups. Moreover, the Curie term in the susceptibility of o
specimen corresponds to 0.0663% of free spin-1/2 mom
~Table I!, which could create only;0.5 G of internal
field,14,24 while the observed static field isH int;30 G.
Therefore, we can disregard the possibility that the isola
S51/2 impurities undergo spin freezing in a way similar
dilute alloy spin glasses. The existence of two different m
netic environments, with the better fittings of the line sha
to exponential distribution which describes the field distrib
tion for magnetic clusters with spatially varying frozen m
ment size, indicates that the spin freezing occurs in s
magnetic clusters which occupy about a half of the volu
fraction of the sample. The freezing state of Cu3WO6 may
resemble the ordered state of spin-ladder SrCu2O3, in which
an S51/2 spin liberated by impurity and/or~Cu,Zn! substi-
tution can be shared by many Cu moments.7,25 This could
result in a large effect for muon internal field, yet with qui
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a small effect in susceptibility.
The possibility of a muon-induced effect was proposed

explain the spin-glass-like behavior in KCuCl3.26 In that
study it was postulated that the presence of them1 could
destroy singlet pairs and those liberated spins develop a
sistatic behavior in part of volume, while relatively slo
fluctuations persist in the remaining volume. Similar muo
induced static freezing is also proposed for organic sp
Peierls MEM(TCNQ)2.27 These muon effects are analogo
to an effect of~Ge,Si! substitution in CuGeO3.28,29The pres-
ence of a positive charge (m1) could cause local strain to
perturb the lattice, prevent spin-singlet formations, and
duce static freezing of spins aroundm1. In mSR experiments
not more than one muon is allowed to be in a specimen
time. Therefore, even when a muon perturbs its surrou
ings, the existence ofm1 cannot induce any many-body pro
cess. If the correlation time of unpaired spins aroundm1

becomes slower than 1026 s, those spins would look stati
to m1. This case cannot de distinguished from many-bo
spin freezing.

We shall note, however, that in undoped CuGeO3,30

Y2BaNiO5,31 and SrCu2O3,15,32 we did not find evidence of
spin freezing bymSR. These three systems exhibit sp
freezing by magnetic dilution and/or charge doping with
very small impurity concentration. Furthermore,mSR mea-
surements in such doped systems found spin freezing t
perature consistent with the results from susceptibility m
surements. These features clearly demonstrate absenc
muon-induced effects in these three representative spin
systems. Further studies with other nonperturbing magn
probes, such as neutron scattering, NMR and ac suscep
ity, are necessary to clarify this aspect.

VI. CONCLUSIONS

Magnetic properties of the pure and doped spin-ring s
tem Cu32xZnxWO6 were studied utilizing themSR tech-
nique. Quasistatic spin freezing is observed belowTf
57.0 K in pure Cu3WO6 in contrast to the previous neutro
scattering and susceptibility studies in which an energy
was observed. Zn-doped Cu32xZnxWO6 with x50.01, 0.05,
and 0.10, however, exhibit no signatures of spin freez
down to T52.20, 0.1, and 0.1 K, respectively. ThemSR
results of Cu32xZnxWO6 are similar to those of a charge
ordered system NaxV2O5, where we have also observe
static spin freezing in an apparently gapped pure systemx
51) and the suppression of the freezing in a charge-do
system (x,1). Although additional measurements are ne
essary to confirm the observed spin freezing, as well a
investigate a possibility of muon-induced effect on spin-g
systems, availablemSR results favor a picture of static sp
freezing in Cu3WO6.
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