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Muon spin relaxation in the spin-ring system CuWOg: Quasistatic spin freezing at 7.0 K
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Quasistatic spin freezing is observedTat 7.0 K in the muon spin relaxationuSR) measurements of
polycrystalline C4yWOg. 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 Gu,Zn,WOQOg with x>0, however, exhibit no signature of spin freezing. kR results
of Cuz_,Zn,WQq are similar to those of a charge-ordered systemW@s. A few interpretations of the
observed spin freezing will be presented.
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[. INTRODUCTION the corner-sharing ones. This would lead to the dominant
nearest-neighbor coupling of s&= 1/2 C#" spins to form
Spin gap systems have become a recent topical subject & spin ring. These six-spin rings, however, are not isolated
studies of strongly correlated charge/spin systems. Quasperfectly since C&" ions in a ring are also coupled with
one-dimensional spin systems often have spin-singlet grounidiose in other rings by the corner-sharing coupling.
states associated with the formation of a spin gap. Such sys- The magnetic susceptibility of polycrystalline {MOg
tems include spin-Peierls CuGg®spin ladder SrCy0;, ex_hibits a sharp reduction at low tempera_dures, indicating the
Haldane ¥%,BaNiOs,® and charge-ordered Na®@s.* Mag- eX|stenceloof thg singlet ground state W|th_a gap enexgy
netic dilution or charge doping with a very small amount of =110 KAt high temperatures, the experimental value of
impurity substitution turns out to destroy the singlet groundthe susceptibility is much lower than a theoretical valttie:
state, and in some cases, leads to a long-range magnetic bout _2/3 lower around_ t_he maximum '@"V 130 K: This
der as in (Cu,Zn)GeQ(Refs. 5,6 and Sr(Cu,ZmO0;, (Ref. reduct|_on of the su;ceptlb|llty has been d|scul%sed in terms of
7) or even to superconductivity as in (SrGiUpOas 5.2 a possible resonating valence baiRY/B) state.
Doping effects in spin-gap systems have recently garnered
additional interest since the existence of a pseudogap, which
appears in the underdoped region of hiheuprates, seems
to be closely related to the appearance of superconductivity.
CwWOgs is a spin-gap system which contains magnetic
rings consisting of siX6= 1/2 nearest-neighbor spins coupled
antiferromagnetically. The crystal structure of @Oz has a

cubic unit cell with space group a3-Tﬁ and lattice constant
a=9.79 A? It consists of distorted W@ octahedra and
CuQ; triangular bipyramids, in which only a &t ion (lo-
cated inside the bipyramjchas a localized spinS=1/2). ® Cu* — J,
Each CuQ@ bipyramid shares an edge with two other bipyra- o o> g
mids and a corner with four other bipyramids. Six adjacent 3
edge-sharing bipyramids then form a ring as shown in Fig. 1. g, 1. (Left) A six-spin ring in C4WO, formed by CuQ
The distance between two €uions located in two edge- pipyramids. Solid and open circles represenfCand G~ ions,
sharing bipyramids is 2.99 A, while the distance in two respectively. C&" ions in the ring are coupled by the nearest-
corner-sharing bipyramids is 3.22 or 3.53 A. It is considerecheighbor interactions(Right) The first (), the second J,) and
that the edge sharing interaction is significantly stronger tharthe third (J5) nearest-neighbor interactions within the ring.
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In inelastic neutron scattering measureméftsyo peaks 3.0 — —
at 11 and 14 meV were observed in const@nenergy spec- o5l Cu, Zn WO, |
tra. In theoretical calculations of the singlet-triplet excita- '
tions, these peak values can be reproduced §éd,=0.64 2.0 X=0.10 H=50C .
andJ;/J;=0.51, wherel,, J,, andJ; are the first, second, ggf EEC |

and third nearest-neighbor antiferromagnetic superexchange
interactions, respectively, within the rinig. 1). Note that

J; is equivalent to the edge-sharing coupling mentioned
above, butJ, and J; are different from the two corner-
sharing couplings. However, the observed susceptibility
curves could not be reproduced assuming these values of the
superexchange couplings. This feature was ascribed in Ref.
12 to the existence of interring corner-sharing interactions.

In this paper, we report muon spin relaxatiquSR) and
magnetic susceptibility measurements of polycrystalline
Cuz_,Zn,WOg. Muon spin relaxation is a powerful magnetic
probe to study static and dynamic magnetism. It has the ca-
pability to detect magnetic moments as small-a8.01ug
and dynamic fluctuation rates in a rather large time window
ranging between 10-10' s 1. We have observed quasi-
static spin freezing al=7.0 K in pure C4WQg. In Zn-
doped Cy_,Zn,WOg with x=0.01, 0.05, and 0.10, how-
ever, no spin freezing is observed downTe-2.20, 0.10,
and 0.10 K, respectively. We discuss similarities between the Ternperature (K)
gyss?erﬁ‘sﬁgf;z"gfé;nfrgt‘:]vﬁﬁig‘lg‘ii g;tae 3“2,2.9”69‘{;3652 FIG. 2. Susceptibility of polycrystalline Gu,Zn WO, (x=0,
tems. A few possible interpretations of the observed spi 0-01, 0.05, and 0.30specimens used for the presqnER study.
freezing will also be provided.
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I'bpen and closed circles indicate values obtained in field-cooling

and zero-field-cooling processes, respectively. Solid lines represent

Eq. ().

Il. EXPERIMENTAL PROCEDURE |

show a fairly good agreement with the Zn doping concentra-

tions, corresponding t&/3.00 in Table I. This verifies that
Polycrystalline samples of Gu,Zn,WOg were produced the Curie term originates predominantly fro&+ 1/2 spin,

by the solid state reaction method. Mixtures of CuO, ZnO,each created by on@Cu,Zn substitution. The Curie-Weiss

and WQ;, with an appropriate molar ratio were pressed intoform is used, rather than the Curie for@/(T), to obtain

pellets and heated at 800 °C in an evacuated silica tube fajetter results in the fitting, but the magnitudeséofemain

several days with some intermediate grindings. Although &maller than the lowest temperature limit of 2.0 K in the

diffraction pattern of CuW@_, is detected in the x-ray dif- measurements. Note the susceptibility shows no hysteresis in

fraction measurements for all specimens, the intensity of thiield-cooling—zero-field-cooling processes.

impurity phase remains very weak and has no correlation

A. Sample preparation and characterization

with X. B. Muon spin relaxation technique
Using a SQUID magnetometer, we measured the mag- ) .
netic susceptibility of the specimens used in the pregSR Muon spin relaxation measurements of ;@O were

study. Figure 2 shows the results obtained in applied extern@erformed at thé13 andM 15 muon channels at TRIUMF.
field of 50 G. The susceptibility(T) of both the undoped Several pieces of polycrystalline €uZn,WOs were placed
and the doped specimens exhibits the Curie (1/T) type inon a thin silver plate, and then wrapped with silver or alu-

crease at low temperatures, which indicates the existence §inum foil. The samples were mounted in a He-flow cryostat
dilute free spinsy(T) at low temperatures are fit with and a dilution refrigerator for measurements down to 2.0 and

0.10 K, respectively. Positive muons were implanted in the

specimen with their spin polarized parallel to the beam di-
+K, 1) rection. Muons undergo Larmor precession due to the inter-

nal magnetic fieldH;,, with an angular frequencyw
where the first term represents the Curie-Weiss behavior due y,Hi,, where y, is the gyromagnetic ratio of 2
to free spins, the second term represents the gap excitatioi,13.554 MHz/kG. After precessing during time each
and the third term is a constant. Table | is the list of paramimuon decays into a positron and two neutrinos. Time histo-
eters obtained from the best fit. The numbers of impuritiegramsF(t) andB(t) of muon-decay positrons are recorded
calculated from the Curie term for the case®£1/2 free by two sets of counters placed forward and backward of
spins are also included in Table | and denoted as % impuritgpecimen with respect to the initial muon spin direction. Due
per Cu atom. These % impurities for the Zn-doped specimeto the parity violation of the weak interaction, positrons are

oo C oA
X(M=g—gtAexg — 5
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TABLE I. List of parameters obtained from the best fit of the susceptibiiig. 2) to Eq. (1) at low

temperatures.

X Cx10742 ¢ (K) Ax103%2 A (K) Kx10 %2 % 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

4n units of (emu/C&" mol).

emitted preferentially along the muon spin direction. Thus, In the paramagnetic phase of ordinary magnetic systems,
the counting rates are given as the total amplitude of each spfiundergoes completely ran-
dom fluctuations as illustrated in Fig(a}, which lead to
fluctuations of the local magnetic field at the muon site with
the full amplitude. Figure ®) shows the relaxation function
G(t) expected in these paramagnetic fluctuations in dilute
spin systems which give a Lorentzian field distribution at
) muon sites Dynamic fluctuations with slow fluctuation rate

F’(t)OC[1+A(t)]ex;{—TL> (2)

"

and

3 v/ia<l are reflected in the slow decay of the 1/3 component.
The polarization minimum disappears &s a. One sees the
whereF’(t) andB’(t) indicate background-subtracted his- reductipn of the'depolarization ra(gorresponding to the
tograms, 7, is the muon lifetime of 2.2us, andA(t) is an narrowing e_ffgct In terms of_ma_lgr_letlc resongrirethe fast
asymmetry due to Larmor precessions of muons in the intefluctuation limitv/a>1. In this I'm'th(tﬁ) has the shape of
nal field. Time evolution of the muon-decay asymmeaiy) stretched exponential function dxp(\t)”] with the power

— 14
can then be directly obtained, after normalizing solid angle8_0'5' . .
factors for the forward and backward counters, as .In the ordered state OT magnetic sy_stems, egch Spio-
quires two components, i.e., the effectively static component

B’(t)oc[l—A(t)]exp( - TL

"

A(t)= —F (H-8 (t)_ (4) (a) Satic Lorentzian Relaxation
F'(t)+B'(t) W
A(t) can be compared with a theoretical muon spin relax- 08 [ 5.0 3
ation functionG,(t). ~ I ]
T osf 2.0 7
C. Relaxation functions in various situations “ . 1.0 ]
G,(t) for Gaussian(called the Kubo-Toyabe functipn _Tg’ o4 3 - —1 /3
Lorentzian and some other distributions of random local o2 b 03
fields have been described in Refs. 13,14. As an example, we [ H/a ]
show static relaxation functions for the Lorentzian field dis- 00 Lot R
tribution in Fig. 3a). (Below we will analyze theuSR data 0 1 2 3 4 5 6
of CuisbWOg with these functions.The Lorentzian distribu- at
tion of internalzfielg (2:omp.onents is given b?(Hi) (b) Dynamic Lorentzian in Zero—Field
=(y,/m) x[al(a +7MHi)] (i=x,y,2), where a is the 10 : : : : .
half-width half-maximum of the distribution, and can be con-
structed assuming random freezing of dilute spins. The static S o8r 100 v/a -
relaxation function for the Lorentzian field distribution in m
zero external fieldZF) is given by T o6 | 0
= 10 0155 0.5
Gt(at)= E+ E(1—at)exp(—at) (5) > o4k 5 B
7373 ’ g
02} A =
which is characterized by damping of the 2/3 of the asym- 2
metry at early times and the persistence of the 1/3 compo- 0.0 L L I
nent in the long time limit. Figure (8) also shows the de- 0 ! 2 3 4 5 6
pendence of the relaxation function dth , the external at
longitudinal field(LF) which is applied parallel to the initial FIG. 3. Static muon spin relaxation functions for the Lorentzian
muon spin direction. The 1/3 component in ZF is raised infield distributions(a) In zero external field and applied longitudinal
the applied LF, and approaches to 1y, /a—ce. fields and(b) with dynamic fluctuations.
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FIG. 4. Schematic illustration of various models of spin fluctua- ; 0.050
tions. (&) In the paramagnetic phase, total amplitude of each Spin 2
undergoes random fluctuation®) In the quasistatic phase, spins
(S are divided into static%) and dynamic §) components, such 0.025
that S*=S2+ Sﬁy. (c) Static componentS; are also assumed to be
fluctuating slowly. 0
S, and dynamic componesy,, as illustrated in Fig. @). 0.145 A
In neutron scattering, the static component shoyvs up as the 0.125 Tt 44 ; i
intensity of Bragg reflection. Below the Curie or &ldem- ' T=o00k T H }
perature T or Ty), the static component increases with de- 0100 L | m |
creasing temperature, as shown by the temperature depen ’ tupees, 800K )
dence of the elastic Bragg peak intensligwsit. ; 0.075 L 2.00K +,|,, { | )
The dynamic component is due to thermal and/or quan- & ' TE T +TT
tum spin fluctuations, which originate from various phenom- § 0.050 |- * l
ena, such as spin wave excitations, excitations above a spir2
gap, etc. The energy-integrated intensity of inelastic neutron
scattering, i.e., the intensity,, observed in the so-called 0025 I |
double-axis configuration, is proportional to the instanta- (b) H=133G
neous spin valu&?. If we defineS§y to be proportional to o
the truly inelastic intensitylG— I g), then it is most natural -0.020 I R Y S S S E—
to assumes?=S;+Sj,. o 1 2 3 4 5 6 7 8 9 1
CoexistingS,; and Sy, would make coexisting static and Time (us)
dynamic componentd;andH gy in the local fieldH,, at the . .
muon site. When the fluctuation rateof Hg, is much larger FIG. 5. uSR spectra of polycrystalline GWOg (a) in zero
than the difference of the Zeeman levels of the muon Spi@xternal flel_d andb) in the longitudinal fieldH, =133 G. Solid
due to static external fielth, and/or internal fielcH, i.e.,  lines are guides to the eye.

v>vy,H_andv>y,Hg, thenHg andHg, contribute inde- ) ) L
pendently to depolarization of muon spins. In this case th&trictly correct, but does provide a good parametrization of
relaxation function at each muon site becomes a product dist: @y, @ndw in the limit of ag>ag/v. G(t) andGqy(t),

the static relaxation functio@(t) for Hy and the dynamic N the limit of fast dynamic fluctuations/aqy>1, are given
relaxation functiorG,(t) for Hgy, . The simplest example for

this is a polycrystalline sample of a system in which every

muon site has the same local fiet,. without distribution. Gy(t) =
In this case,G(t) =Gg(t) X Ggy(t), where Gg(t)=(1/3) s
+(2/3)cospt) with w= vy, H represents the muon spin pre-
cession arounttig;, while G (t) =exp(=t/T,) represents the
T, process as Th~(y,Hg) %/ v.

One can extend this treatment to calcul&g) for sys-
tems having a Gaussian distributiontdtby using the Kubo-
Toyabe function forGg(t). For the case of systems which IIl. RESULTS AND ANALYSIS OF Cu 3WOjq
involve muon sites with inequivalent field amplitudes, one
has to calculaté&(t) for each site first, and then obtain the
site average afterwards, as described in Ref. 14. For the Figure 5a) shows time spectra of the muon spin polariza-
Lorentzian distribution, this situation of coexistitt, and  tion in polycrystalline C4WQOg in zero external fieldZF).

Hgy can be expressed with three parametgfsag,, andv, Below T=7.0 K, fast reduction of the muon spin polariza-
whereag andag, represent théhalf-width at half maximum  tion is observed at early time<0.4 us, followed by slow
amplitudes of the static and dynamic Lorentzian field distri-depolarization in a longer time range. The depolarization be-
butions, respectively. With site-averaged static and dynamicomes slower with increasing temperatures, and the fast de-
fields, the treatmentG(t)=Gg(t) XGy(t) is no longer polarization is no longer observed above 7.0 K. In the mod-

+ (1_astt)exq_astt) (6)

w| K=
Wl N

and

Gay(t) =exd — (4agt/v)*9]. 7

A. Two different magnetic environments
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erately high longitudinal field ofH =133 G, the slow CuzWOg
depolarization is almost completely suppresgeid. 5(b)] at
any temperature, while about a half of the total asymmetry 0.140
still exhibits depolarization, which becomes slower gradually
with increasing temperature. These features indicate the ex 0.130
istence of two different magnetic environments for muons.

The LF dependence of the slower component confirms | ¢.120
that the depolarization for this component is due to a small =
static internal field. There exists small random static fields € o¢.110
created by nuclear dipolesy (~ wg/1000) throughout the é
entire temperature range. The slow depolarization could be< o.100
attributed to these nuclear dipoles. However, this depolariza-
tion is so slow that it is hard to determine the shape of the 0.090
spectra, and consequently the origin of the depolarization.
Likely reasons for the existence of such muon sites with 0.080 -
almost no internal field could bd&a) Cu spins are divided 0.074 L L1 L1
into inactive spin-singlet pairs and active unpaired spins, and T T
a spatial distribution of regions are created by these kinds of ~ ®™° [ 1
spins, leading to a partial volume fraction with active inter-
nal fields from the unpaired spins at muon sites angpthe
internal field at some muon sites are cancelled due to crysta
symmetry with respect to surrounding Cu moments. Experi-
mentally, we can obtain almost no information from these
low/zero-field muon sites. Therefore, in the following de-
scription, we limit our discussion only to the fast depolariza-
tion of the signal, which is due to muon sites with active
internal magnetic fields. 0.090

0.130

0.120

0.110

Asymmetry

0.100

The effect of nuclear dipolar fields in the spectrum of the Ry 133G
component with the fast depolarization becomes dominant g8 - (b) T=2.0K t L Zero—Field 1
aboveT=20 K in ZF, as indicated by the Gaussian relax- 0.074 [ S R R ' I
ation of the entire asymmetry. A small longitudinal fiegtg 0O 02 04 06 08 10 12 14 16 18 2.0

=133 G eliminates this depolarization at 20 K, confirming

that this depolarization is caused by a small static field. In

Fig. &), we show the spectra id =133 G at early times. FIG. 6. (a) #SR spectra of polycrystalline QWOs in the lon-

This field is sufficiently high to suppress the depolarizationgitudinal fieldH, =133 G at early time. Solid lines represent the

due to the zero/low-field muon sites, as well as the depolarmest fit to Eq.(8) below the freezing temperatuig=7.0 K and

ization due to nuclear dipoles in the fast-depolarization comEq. (13) aboveT;. (b) LF uSR spectra of polycrystalline GWOg

ponent. Therefore, the observed depolarization Hin at T=2.0 K. Solid lines correspond to Eq. 8, with fixed=2.85

=133 G is purely electronic in origin. and v=2.25 us ! obtained from the best fit for the spectraTat
The component with the fast depolarization shows sub=2.0 K. The spectra are decoupled approximately following the

stantial depolarization ik, =133 G at any temperature, in- theoretical line shapes.

dicating the strong dynamic character of the electron spins.

The dynamic fluctuations of the electron moments persisinetry due to the zero/low-field muon sites. We obtaidgd

even atT~2.0 K. The longitudinal field dependence of the =0.061 as the experimental initial asymmetry of the fast

spectra alf=2.0 K[Fig. 6(b)] exhibits a characteristic fea- depolarization component ag,= 0.074 for the slow com-

ture of depolarization caused by quasistatic fields with  ponent.

<1. This quasistatic field is decoupled by longitudinal fields

(LF’'s) of 133 G<H <1 kG. The magnitude of the internal

field estimated from this decoupling li,,~30 G. There is,

however, no sign of coherent oscillation of the muon spin  In our first attempt to fit the results &=2.0 K in vari-

polarization in zero field, indicating the broadness of the disous LF values, we assumed the model of coexisting static

Time (us)

B. Results atT=2.0 K

tribution of the local field. and fast dynamic local fields, both having Lorentzian distri-
The spectra irH, =133 G belowT;=7.0 K have been butions, with a single value of, and assume&(t) to be
analyzed with the function given by Gg(t;ag,H.) (Ref. 14 multiplied to Gg/t)
=exd —(\t)%®], similarly to the case ofi, =0 given in Egs.
A()=A;G(t;H ) +A,, (8)  (6) and (7). Figure Ta) compares the observed results of

LF-uSR in CuWOg with this model forag=2.0 us ! with
where the first term represents the fast quasistatic/dynamitie values ofA at variousH_ in Fig. 7(b). From the field

depolarization and the second term the decoupled full asynmdependence ok, we obtainay=1.7 andv=12.0 us L.
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(a) G(t) for Lorentzian Distribution {a) G(t) for Exponential Distribution
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FIG. 7. (a) Fits to A;G4(t) X Gg(t) assuming Lorentzian distri- FIG. 8. (a) Fits to A;G(t) X Gg,(t) assuming exponential dis-
bution of fields. The asymmetry is shifted B,=0.074.(b) \ tribution of fields. The asymmetry is shifted #,=0.074.(b) A
versus applied fieltH, assuming Lorentzian distribution. Solid line versus applied fieldH, assuming exponential distribution. Solid
represents, = 4a3 v/[ v?+ (y,H)?]. line represents =483 v/[ v+ (y,H,)?] (Ref. 17.

The full amplitudea=[a%+a3]°® becomes 2.7us % As ~ and the dynamic one as
shown in Fig. 7a), this model reproduces well the observed

decoupling by longitudinal external fields and the slow decay

in a long time scalé>500 ns aH =133 G. However, this

model gives too fast damping of the initial decay at earlywi,[h N=482p 17
timest<<200 ns, presumably due to the sharp change of the |
square-root exponential dynamic function neaf0. It also
fails to reproduce the moderate decaydat=50 G observed
aroundt=500 ns.

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

Gay(t)= 11

1+At’

Figures 8a) and 8b) show the fit with this exponential
field distribution, again usings(t)=Gg(t) X Gg/(t) with
5s=3.0 us ! to parametrize the coexistence of static and
fast-dynamic field amplitudes. The field dependence\ of
gives  J4=2.6 us ! with the fluctuation rate
v=18 us 1! Since the widths5 anda correspond to ex-
ponential and Lorentzian distributions, respectively, defined
in the two different models, we can only make a crude com-
parison between the results. The model functions with an
exponential field distribution reproduce the early-time initial
damping rather well. For this distribution, the dynamic con-
tribution Ggy(t) does not exhibit an overly sharp behavior
Iqeart—>0. A difficulty still remains, however, regarding the

Y o~ s o
P(H;)= Z—Se valHilld (i=xy,2), 9)
instead of Lorentzian distribution. The exponential field dis-
tribution has worked quite well for fitting the results oBR
in a Zn-doped two-leg ladder systems Sr(CuZmw*%a
system where a small perturbation induces spin freezing i AN
some volume of Cu moments, with the ordered moment siz oderate damping i, =50 G aftt~500 ns.

having a wide spatial variation, while the spin-gap feature As our third attempt, we trlgd to use the. paramagnetic
still survives in inelastic neutron scattering studiéshe model with a Lorentzian field distribution. It is rather phe-

present system might have similar features, since its Statieomenologmal to use this model for the results thalned b.e'
order might be due to some perturbation to an otherwiséow the spin freezing temperature. However, this model, if

complete spin-gap system. For this distribution, the statid".Sed witha as a Femperature depen_dent parameter, can pos-
function is given as sibly cover quasistatic slow fluctuations 8f; and thusHg;

with the time scale o ~ag,. This situation is illustrated in

1 2 1-(o0)? Fig. 4(c).
Gy(t)==+{ —————+, (10) Figure Gb) shows the results of this attempt with
3 3|[1+(81)%? =2.85 us ! andr=2.25 us *. Now the moderate relax-
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ation in low fields around~500 ns is reproduced well. 4 — T T T T T
This suggests the strong effect of slow and quasistatic spin 3 B Cu.WO N
fluctuations withv~a and also a possible wide distribution o i \"qi e i
in the time scalev of the local field fluctuations. All three B o * -
analyses, however, indicated the existence of a quasistatic fn\ v - i'\‘-
local field having an effective amplitude afy,~30 G. = 1T \‘ (@) o
In general, one could even try different models by assum- 9 L L L
ing that the moderate relaxation is due to additional muon 5 0 — T T T ]
sites having a different effective field amplitude. However, c o b) A i
we consider that providing further freedom to data analyses £ 10 F g ( E
. . . . . o E ""2 ol ] 3
will simply introduce too many assumptions, which can T, - ;f % . 133G 3
hardly be verified. Therefore, we shall proceed with the fol- o E - v o 5006 .
lowing analyses al>2 K, resorting to a simpler phenom- gt L . A i e =
enological procedure. e E -® e 3
C. Results atT>2.0 K 02 L T‘ _
In the long-time limit in the magnetically frozen state, any P— : : : : : : : =
function for coexisting static and dynamic depolarization can
be approximated a&(\,t) ~Ajexd —(\t)?], where\ is the - i () 8 7
dynamic depolarization rate. The valueAf depends on the g T [ aifisieene . 3 3 3 -
ratio y,H /a; A; takes the value 1/3 for the zero-field case, | 285 %008 4 40 |
and approaches 1 ag,H, /a—. The stretching poweg a N
has a valugd=1/2 for the case of spatially dilute spin sys- 0 5 0 5 20

tems(and B=1 for dense spin systemsvith a single dy-
namic fluctuation rateB often takes different values in spin
glass systems, reflecting a distribution of dynamic fluctuation
rates. To obtain the dynamic depolarization, we therefore fit FIG. 9. Temperature dependencesafthe static depolarization

Temperature (K)

the spectra fot>0.5 us with the function ratea, (b) the dynamic depolarization ralg and(c) the stretching
exponentg, defined in Eqs(8)—(13), in polycrystalline CygWOg.
A(t)=Alexd —(\)P]+A,. (120  Broken lines are guides to the eye.

A] is left as a free parameter aydis allowed to vary in the

range3<1.0. In the paramagnetic phase, the depolarizatiodhe quasistatic field amplitude divergence of the dynamic

is entirely due to the dynamic process of the electron spinglepolarization rate\, and decrease of the stretching expo-

Above T¢, the LF spectra iftH =133 G are thus analyzed nentg near the freezing temperature are all characteristic

using features of systems with random spin freezing. The static
depolarization ratea gives the internal field at which the

A(t)=Aexd — (A D)P]+A,, (13)  probability distribution of the field magnitudeP(|H|)
=(y3/m?) x[al(a®+ y2H?)1*x 4wH? takes its maximum
value, anda=2.85 us ! at T=2.0 K corresponds to the

given value of 0.061. field of H,,,=a/y,=34.0 G. We define this amplitude of
In high longitudinal fieldH, =500 G, the fast Static de- - oo i to"{;*ao e ine his ampiitu

polarization at low temperatures is almost completely sup-
pressed, and the persisting observed depolarization is due
only to the dynamic processes of the electron spins. Thus, the
spectra inH_ =500 G are analyzed with Eq13) for the _ } )
entire temperature range_ We can estimate the ﬂuctuat|0n ralteof the ﬂuctua“ng

In order to account for the temperature dependence of th&oments in the paramagnetic phake T, assuming that
quasistatic internal field amplitude below the freezing tem-the full-amplitude fluctuation o, which leads to the rela-
perature, we fitted the early time part of the observed spectrionship\ =4ag/v. Since the stretched exponential function
using the slowly fluctuating paramagnetic model and allow-with 8<1.0 has a very sharp reduction at early times, the
ing temperature dependence of the parametaithough the  depolarization rata resulting from the stretched exponential
actual instantaneous magnitude of the local field would nofit with the low 8 values tends to underestimate an average
depend on temperature, the present fitting procedure allowdepolarization rate. In order to compensate this effect, we
us to obtain the magnitude of quasistatic local fields. calculate\ ;,,= 1/T1,=M/In(2)Y2, whereT,,, is the time for

In Figs. 9a), 9(b), and 9c), we show temperature depen- the muon polarization to drop to 1/2 of the initial value. To
dence of the quasistatic field amplitudethe dynamic depo- compare with the usually measuredTi/ we use \*
larization rate and the stretching exponeftobtained from  =A\,In(2). Figure 10 shows the the average fluctuation rate
the data analyses mentioned above. The sharp reduction of ~a2/\*. Comparing with thermal activation behavior

for the entire time range, witlh\; fixed to the previously

D. Spin fluctuation in the paramagnetic state
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Temperature (K) T T T
100 |mag 7F

30 20 12.5 10 3 7 6 |
o T T T T T T T > oa0
0 i ] = U N
3 : <o CU3WOG : g |
~ \\ =
N 100 F N ® 133G - g oso .
° : AN o 5006 ] - .
- [ ~ E O
o L LI . N 040 o x=0 (T=110K) 7
c | heN i g - e 0.01(22K) -
o 0 F o~ S ‘Za 020 b % 005 (0.1) - ~
e F \9\ 3 L o 0.0 (0.K) 2
2 i S0 ] i
5 ~. ] o b———————— - ———— .
E , v* < exp(—44.6K/T) ' ' ' ' ' ' ' L 1T

10 F S o 1 2 3 4 5 6 7 8 9 10
E | 1 | L | 1 | L | 1 | L | E
0.04 006 008 0.10 0.12 0.14 0.16 Time (us)
1 /T (K'1) FIG. 11. ZFuSR spectra of polycrystalline Gu,Zn,WOg at

low temperatures. The ZF spectra of purg; @D at T=110 Kiis

FIG. 10. Temperature dependence of the average fluctuation rafiSC included for comparison.
v* of the fluctuating local fields in polycrystalline @WOg. The
broken line corresponds to the thermal activation behapim.  Small at very low temperature, and thus there is no sign of
(14)]. critical slowing down nor phase transition of electron spins.
We note that the depolarization rate is slightly increased with
E increasing Zn-concentration We would rather expect the
v*ocexp( - ﬁ) (14)  reduction of the depolarization rate by Zn substitution be-
B cause Zn has no nuclear spin{0) while Cu had =3/2 and

we obtain a gap energ,=44.6 K, which is roughly half ~because ZH" has larger ionic radius than €. The origin
of the spin-gap energy E,~110 K obtained in of this effect is unclear at this moment. Fully polarized spec-

susceptibility® and neutron measurementqut much larger  tra in LF of 100 G atT=2.0 K confirm the absence of
than the freezing temperatufg=7.0 K. critical slowing down and/or phase transition in the doped
compound at low temperatures.

IV. SUPPRESSION OF SPIN FREEZING BY MAGNETIC
DILUTIONS V. DISCUSSION

Cu;WOg can be magnetically diluted by substituting non- ~ Nonmagnetic ground states of quasi-1D systems, such as
magnetic ZA™ (spin-0 for magnetic C&" (spin-1/2 ions.  CuGeQ(Refs. 5,6 and SrCyO;,” are usually altered to an-
In Cu;_,ZnWOg , a sharp reduction of the susceptibility tiferromagnetic order by slight magnetic dilution. Recently,
towardsT— 0 is suppresse(Fig. 2), indicating the suppres- hole-induced long-range order was also discovered in a new
sion of a spin-gap formation. Gap energyydecreased with Haldane system PbhWV,0g." Quasistatic spin freezing in a
increasing Zn concentration(Table |).

Figure 11 shows ZR:SR spectra of Cyu ,ZnWOg with 0.300 -
x=0.01, 0.05, and 0.10 at low temperatures. The fast depo-— r

larization caused by nearly static electron spins observed ir'e  0.250 - Cu3.2n W0, .
pure CuWOg no longer exists, and only a slow depolariza- = C

tion due to nuclear dipoles are observed. A small amount of<1§ 0.200 [ .
(Cu,Zn substitution is thus enough to enhance the fluctua- © r s (]

tion of electron spins drastically and eliminate the quasistaticty  ¢.150 _

= o
component. x .
The spectra are consistent with(t)=AGC®(A yat), 5 0.100 7
where 5 5 ]
X C
- 0.050 - -
2 [0} [
nuclt2 o r

(19

G 1 2 _ A
G (Anuclat):§+§(1_Anuclt yexp — 2

| L | L | L | L |
0 002 004 006 008 0.10 0.12

b

0
is the Gaussian Kubo-Toyabe function, afg, is a static

depolarization rate due to random local fields created by

nuclear dipoles. Figure 12 shows tRedependence of the FIG. 12. Zn concentratior versus depolarization ratk,,,. de-
depolarization rateA,,. The depolarization rate remains fined in Eq.(15).

/n—Concentration x
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spin-ring system CJWQg, and its suppression by Zn doping & small effect in susceptibility.

is quite peculiar compared to the above examples of 1D spin The possibility of a muon-induced effect was proposed to
systems. On the other hand, static spin freezing behavior h&Plain the spin-glass-like behavior in KCuCP In that
been detected bySR in other widely accepted spin gap Study it was postulated that the presence of ghe could
systems, such as a plaquette spin system CgiRef. 20 dgstr(_)y smglet_ pairs and those liberated spins deyelop a qua-
and a zig-zag chain system KCuGt Remarkable similari- S|stat|c'behaV|or' in part of vo[ume, while rquUyer slow
ties to the present case are found in fh8R results of the fluctuations persist in the remaining volume. Similar muon-

i 4 .~ induced static freezing is also proposed for organic spin-
charge-ordered system N&0s. Pure Na.Os has a spin Peierls MEM(TCNQ).?’ These muon effects are analogous
ladder structure, and is thought to undergo a charge-ord

I CPRPR 28,29
" X %6 an effect of(Ge,S) substitution in CuGe@“*“*The pres-
transition atT,=35 K from a state of a mixed valence of o ;
. . o ence of a positive char could cause local strain to
Vanadium ions V-°* aboveT, to a localization ofd elec- P 9%(')

o ) perturb the lattice, prevent spin-singlet formations, and in-
trons to form a spin-singlet beloW, . A gap energy in SUS™ duce static freezing of spins aroupd . In SR experiments
ceptibility is suppressed in a charge-doped systemX). not more than one muon is allowed to be in a specimen at a

Quasistatic spin freezing at 11 K has been detectet8R  time. Therefore, even when a muon perturbs its surround-
in the pure systemx(= 1) while the freezing is suppressed in ings, the existence i * cannot induce any many-body pro-
the charge-doped system< 1) ** The magnetic behavior of cess. If the correlation time of unpaired spins aroynd
pure and charge-doped Na@s detected byuSR is very  becomes slower than 18 s, those spins would look static
similar to that of C4WOg. to u*. This case cannot de distinguished from many-body
The observed energy gap in susceptibility and neutrorspin freezing.
scattering measurements strongly supports a singlet ground We shall note, however, that in undoped CuGg£®
state in CyWOs. The gap energyE,~44.6 K is much Y,BaNiOs,*" and SrCy0O;,"***we did not find evidence of
larger than the freezing temperatufe=7.0 K, which indi- spin freezing byuSR. These three systems exhibit spin
cates the existence of two distinct electron systems. Thus, fteezing by magnetic dilution and/or charge doping with a
is probable that part of the spin system forms a spin-singletery small impurity concentration. FurthermoeSR mea-
state while the remainder undergo spin freezing belgw  surements in such doped systems found spin freezing tem-
As Zr?" are doped, some holes cut the spin-ring and leave iperature consistent with the results from susceptibility mea-
as a finite spin chain. Spins within a finite chain are generallysurements. These features clearly demonstrate absence of
expected to fluctuate without any spatial correlations to eacimuon-induced effects in these three representative spin gap
other, which can lead to a disappearance of the gap energystems. Further studies with other nonperturbing magnetic
observed in the susceptibility. These fluctuations then inducprobes, such as neutron scattering, NMR and ac susceptibil-
fluctuations of the spins corresponding to the freezing spingly, are necessary to clarify this aspect.
in the undoped compound.
The magnetically inequivalent muon environments ob- VI. CONCLUSIONS
served in the ZF spectra beloly could be attributed to two
kinds of the spin states at low temperature as proposed Magnetic properties of the pure and doped spin-ring sys-
above. Let us consider several scenarios of the two differeiem Cuy_,Zn WO, were studied utilizing theuSR tech-
spin states. If active nonsinglet Cu spins exist over the volhique. Quasistatic spin freezing is observed beldw
ume in a way similar to dilute alloy spin glasses, we expect=7.0 K in pure C4WOjg in contrast to the previous neutron
that the internal field at the muon sites would have Lorentzscattering and susceptibility studies in which an energy gap
ian distribution over the entire volume. In this case, we carwas observed. Zn-doped €uZn,WOg with x=0.01, 0.05,
not expect division of muon environment into two different and 0.10, however, exhibit no signatures of spin freezing
groups. Moreover, the Curie term in the susceptibility of ourdown to T=2.20, 0.1, and 0.1 K, respectively. TheSR
specimen corresponds to 0.0663% of free spin-1/2 momentesults of Cy_,Zn,WQOg are similar to those of a charge-
(Table ), which could create only~0.5 G of internal ordered system N¥,0s, where we have also observed
field 1*2* while the observed static field i#l,,~30 G. static spin freezing in an apparently gapped pure system (
Therefore, we can disregard the possibility that the isolateé=1) and the suppression of the freezing in a charge-doped
S=1/2 impurities undergo spin freezing in a way similar to system &< 1). Although additional measurements are nec-
dilute alloy spin glasses. The existence of two different magessary to confirm the observed spin freezing, as well as to
netic environments, with the better fittings of the line shapeanvestigate a possibility of muon-induced effect on spin-gap
to exponential distribution which describes the field distribu-systems, availablg SR results favor a picture of static spin
tion for magnetic clusters with spatially varying frozen mo- freezing in C4WOs.
ment size, indicates that the spin freezing occurs in such
magnetic clusters which occupy about a half of the volume
fraction of the sample. The freezing state of;@B(0Og may
resemble the ordered state of spin-ladder $@uin which This work was supported financially by NED@nterna-
an S=1/2 spin liberated by impurity and/dCu,Zn) substi- tional Joint Research Granfrom Japan, and NSKGrant
tution can be shared by many Cu momemsThis could Nos. DMR-95-10453, 10454, 98-02000, and 01-0276@m
result in a large effect for muon internal field, yet with quite U.S.A.
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