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Detection of magnetic order in theS=1 chain compound LiVGe,Og using implanted
spin-polarized muons
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The temperature dependence of the internal field in the one-dimen&erfalchain compound LiVGEg
has been measured using muon-spin rotation. Two muon-spin-precession frequencies are observed, correspond-
ing to two distinct stopping sites. The results demonstrate that Lj@geindergoes a second-order phase
transition to long-range magnetic order B§{=24.5 K. In the paramagnetic regime, we find exponential
muon-spin relaxation which is dominated by fluctuations of thé nuclear moments.
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The study of one-dimensional quantum spin chains hasecond-order phase transition to an AF state. We observe that
been of strong theoretical and experimental interest in receribe local magnetic field at the muon sites is quasistatic on the
years. On the basis of field-theoretic models Haldane conjegnuon time scale. Using this technique, we measure the tem-
tured that antiferromagnetiGAF), integer-spin chains pos- Pperature dependence of the internal field and extract a critical
sess a spectrum in which there is a nonzero energythap €xponent consistent wi.th the three—dim_ensional or_dering.
Haldane gapbetween the ground state and the lowest-lying©Our results also shed light on the possibléerof orbital

excited state$.This prediction has been verified experimen- fluctuations. o _
tally in a number ofS=1 chains, including CsNiG|? LiVGe,Og has a monoclinic structure with space group

AGVP,S: .3 and YBaNiG.*5 In the half-integer spin case, P?llc and consists of |sol_ated chains of.}{G)c_:tahedra,
9VP>Ss Q g P ned at the edges and lying along tleedirection. The

o : i
the excitation spectrum is gapless, unless a magnetoelasﬂ:] ) i
. . . & ted by nonmagnetic Gé€rahedra, so
coupling causes a spin-Peierls transifibmand opens a gap C'aINS are separa J .
bling b h gap that the interchain coupling is much smaller than the intrac-

by dimerizing the chain. Spln-PlelerI_s grognd §tates_ hav?lain coupling. The Vanadium ions exist in théoxidation
been observed in a number 8t 5 spin-chains, including state (312) with an effectiveS=1 moment® Polycrystal-

CuGeQ’ gnd MEM(TCNQ),.” ) , ) line samples were prepared by heating stochiometric quanti-
The discovery of a newS=1 quasi-one-dimensional yjes of GeQ, Li,0, and 05 in a sealed, evacuated Pt tube,
He_|senberg spin system, LiV@8g, was recen_tly rep_orte_’d). with thermal treatment similar to that described elsewfére.
This compound showed unexpected behavior which is subrphe myon-spin rotationi(SR) experiments were carried out
stantially different from that of previously investigat&®l  ysing thewrM3 beamline at the Paul Scherrer InstitdRS))
=1 model systems. The nature of the ground state has beg Switzerland and the EMU beamline at the ISIS Pulsed
a matter of some controversy. A discontinuous change imuon facility in UK. In our »SR'’ experiment, spin polar-
gradient of the temperature dependence of the susceptibiliged positive muonsg*, momentum 28 MeV/c) were im-
was interpreted as a spin-Peierls phase transifiénpreex- planted into polycrystalline LiVG#s. The muons stop
isting Haldane gap would normally preclude such a spinquickly (in <10 ° s), without significant loss of spin polar-
Peierls transition in integer spin chain systems, but it waszation. The observed quantity is then the time evolution of
suggested that the Haldane gap was closed by the presencet®é muon spin polarization, which can be detected by count-
a significant biquadratic exchandeThis interpretation has ing emitted decay positrons forwafénd backward of the
stimulated much theoretical interédt:®> However, “Li initial muon-spin direction: this is possible due to the asym-
nuclear-magnetic-resonanceNMR) ~ measurements  on metric nature of the muon decdywhich takes place in a
LiVGe,Og appear to be more consistent with a first-ordermean time of 2.2us. In our experiments, positrons are de-
phase transition to a magnetic phase which could be eithaected by using scintillation counters placed in front of and
AF or modulated? There is also a peak in the specific heatpehind the sample. We record the number of positrons de-
which is indicative of a clear phase transiti%?nx-ray and tected by forward ;) and backward Nl,,) counters as a
neutron-diffraction experimeritsshowed that no distortion function of time and calculate the asymmetry funct®y(t)
takes place, but indicated a second-order phase transition {gsing
an AF state, a result which is in agreement with a recent
high-field NMR study*® In this paper, we demonstrate, using
muon-spin rotation experiments, that LiV&&® undergoes a
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FIG. 2. Temperature dependence of the muon-spin precession
t (us) frequency v,=v,|B|/2m for each of the two muon sites in

i . LiVGe,Og. The corresponding value of the internal field is also
FIG. .1' Zero f'eIdHSR data(PS) fqr_LlVGezoe at18 K. Two shown. The lines are fits to the ddsee text The inset shows the
precession frequencies are clearly visible.

ratio of the fields at the two sites as a function of temperatiis
is approximately constant except closeTip where the frequencies

where ag,, is an experimental calibration constant and dif- become difficult to determine precisgly

fers from unity due to nonuniform detector efficiency. The

quantityG,(t) is then proportional to the average spin polar-sjon signal corresponds to the entire volume fraction of the
ization P,(t) of muons stopping within the sample. The sample throughout the ordered temperature region. At 1.8 K,
former quantity has a maximum value less than one since thge higher frequency is found to be16 MHz and corre-
positron decay is only preferentially, not wholly, in the sponds to 85%—90% of the signal, while the lower frequency
direction of the muon spinP,(t) has a maximum value s ~2.5 MHz.
of one. The muon-spin precesses around a local magnetic The frequencyv,, = y,|B|/2m of the two precession sig-
field B (with an angular frequencyy,|B[, where nals as a function of temperature is shown in Fig. 2. The
¥,=2mX135.5 MHz T %). frequency of both components follows a similar temperature
A polycrystalline sample of LiVGgs was packed in a dependence, and both frequencies fall to zero at 24.5
silver foil and mounted on a Hecryostat situated in the (.1 K which we identify as the N temperaturdy. The
mM3 beamline. The measured asymmetry function may thesimilar temperature dependences show that the order param-
be fitted using eter itself has a unique temperature dependence but the po-
sition of the muon sites differently scales the magnitude of
Go(1) = AsPo(1) + Ang. 2) the observed frequency in each case. The order parameter
where Ag and A,q represent the asymmetry contributions varies continuously and falls smoothly to zerdlat, behav-
from muons stopping within the sample and silver backingior which is consistent with a second-order phase transition,
plate, respectively. In a magnetically ordered stag(t) in agreement with Refs. 15 and 16 but in disagreement with
may be written as Ref. 14. The solid lines in Fig. 2 are fits using the phenom-
enological form® v, (T)=v,(0)[1—(T/Ty)“]#, with Ty
N
B 1 _y7® 2 _yT® =245+0.1 K, «=4.1+0.2, andB=0.52+0.02. For com-
Pz(t)_Z«l fiige "+ ze "2 cogy,Bit)|, (3  parison, a mean-field fit is shown as a dotted line. The criti-
cal regime can be fitted usingL(T)oc[l—(T/TN)]B (shown
where the sum is taken over thepossible muon sited; is  as dashed lines, plotted between 10 K drd although the
the fraction of muons stopping at thth site, and ) and fits were made to the data only between 20 K drgl. This
1T are, respectively, the longitudinal and transverse relaxyields 8= 0.40+0.05, in agreement with the behavior of the
ation rates for the muon at théh site. frequency shift in’Li NMR on polycrystalline LiVGegOg,
Figure 1 shows rayu SR data for LiVGgOg at 1.8 K and  though a value closer to 0.3 was obtained for a single-crystal
at 23.7 K. A precession signal is observed in both tracespecimert® These values are consistent with bulk three-
demonstrating unambiguously that the local field at the muorlimensional orderindthe higherg values obtained for the
sites is quasistatic on the microsecond time scale. Two frepolycrystalline samples in both NMR andSR experiments
quencies are clearly visible at both temperatures. Hence, thaay reflect a distribution of ).
data can be fitted using E@3) with N=2 since the two In many oxides it is found that ™ stops about 1 A from
signals correspond to two separate muon sites. The precesn oxygen anion. We have performed dipole-field calcula-
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in Fig. 3(@) by comparing the data for 23.8 K and 29.R his
loss of polarization can be followed as a function of tempera-
300K 5mT ture, as shown in Fig.(B).

The observed relaxation can be fitted with a sirgjefor
both muon sites so that a fitting function of the fof(t)
=G,(0)e M is appropriate. Below the transition tempera-
ture, the observed relaxatipshown in Fig. 8c)] is only due
to the first term on the right-hand side of E§). Close to the
transition, there is a small peak in relaxation rate correspond-
ing to slowing down of fluctuations. At temperatures well
above the transition, there is a little change in spin relaxation
rate between 25 K and 300 [see also Fig. @)]. In the
presence of fluctuations at rateand in a longitudinal field
B., the relaxation rate is given by\=2A2p/(v?
+(v,BL)?) (see, e.g., Ref. 19whereA/y, is the width of
the local field distribution. We find that the application of a
longitudinal fieldB, =5 mT at 300 K largely quenches the
relaxation, demonstrating thatin this regime is of the order
of y,B., i.e., a few megahertz. The high-temperature relax-
B Gy o ation rate in zero field is-0.1 MHz, so thatA can be esti-

: mated, yielding a width ot=0.4 mT. Hence, we conclude
f‘%ﬁﬂ“ﬂﬂ E%z 3 5 that this relaxation is most likely the result of very small,
P ¥ ¥ e ﬁ Pyt slowly fluctuating moments. These moments cannot be elec-

0.2

0.15

G.(1)

0.1

tronic in origin since(i) they are too small an@i) we expect
that the electronic moments will be fluctuating extremely

: rapidly in the paramagnetic state, probably at the exchange
0.0 —— '1'0 O '1(')0 — frequency which would be well above the maximum resolv-
N able fluctuation rate resolvable usipgSR. The fluctuations
T (K) of the electronic moments are thus expected to be “motion-

” > H
FIG. 3. (a) #SR data(ISIS) for LiVGe,0g just below and just ally narrowed” for T>T, and hence cannot be responsible

o . o for the observed relaxation. The significant nuclear moments
above the transition in zero applied magnetic field and at room

; 7 51 ; 7
temperature in zero field and with a longitudinal field of 5 (). In LiVGe,0p are ‘Li and >V. It is known that the Li

Temperature dependence of the initial asymmetlyTemperature r_luclear moments would be effectively static on the muon
dependence of the muon-spin relaxation rate. time scale since they have;>0.01 s for all temperatures

studied'® A static nuclear moment distribution would, how-
ever, yield Gaussian muon-spin relaxation, while the mea-
sured relaxation is exponential. Recent experimériave
tions using the AF structure proposed by neutronsearChed for élv NMR Signal which should be eaSily ob-

measurement8but in which the moments are aligned along Servable since the nuclear momentd¥ is large. The ab-
the c axis® We find several candidate sites 1 A from oxygenSence of such a signal has been attributed to a very short
anions for the higher frequency 16 MHz precession fre-T1<2'“_S' The width of the f|e!d dlstr|but|_on at the muon site
quency, located within 2—3 A of the ions. In this struc- 'S, also in good agreement with what might be expected for
ture the \#* ions lie in the planesz/c=0.25 andz/c V moments by scaling the low-temperature value of the

—0.75. Candidate sites corresponding to the 2.5 MHz prei_nternal field due to the electronic V. moments by the ratio of

51y H
cession frequency are found near the plagbs=0 and the >*V nuclear moment (5.1%,) to the known electronic

- L j moment (1.14g). We, therefore, conclude that tHe>T,
z/c=0.5, roughly equidistant between_neareél*\r’ons, and e laxation is dominated by fluctuatim}V moments.
hence experiencing a much smaller dipolar field.

. . One possible interpretation for the observed susceptibility
#SR experiments were also carried out at the pulseq, | jyGe,0, involves midgap states and removes the need
muon facility at ISIS and raw data are shown in Figa)3 5 inyoke a magnetic phase transithOur results are in
The small size of the sample necessitated the use of “flygjear contradiction to this view since the phase transition to
past” mode, in which muons missing the sample are forceqong-range magnetic order is demonstrated, supporting pre-
to stop at a large distance away from the main part of thejous NMR*6 and neutron-diffractiol? experiments. In a
spectrometer, leading to little or no background contributiongapless chain system, a transition to long-range AF order
to the signal. The pulsed nature of the source means that thguld be induced by a very small interchain coupling. How-
fast spin precession signals in the ordered state are unobsemwver, the interchain coupling needs to be much larger in a
able due to temporal broadening by the 80 ns pulse widthHaldane system to induce AF order, larger than expected to
Thus, the presence of the sharp magnetic transition at 24.5 Ke the case for LiVG#g.1° However, the absence of a spin-
is observable as a loss of initial polarizatin(0) [as seen flop transition in experiments up to 44.%Ts evidence for a
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large uniaxial anisotropysuggesting a rather small splitting tions of the >V nuclear moments that may be very relevant
Ack of the tyy orbitals into a ¢, ,d,,) doublet and §,,) in this context.

singlet, since the anisotropy arising from the spin-orbit cou- In conclusion, ouruSR measurements yield clear evi-

pling Asol-S is ~A3JAc9). This uniaxial anisotropy dence showing that LiVG®s undergoes a second-order

could be responsible for closing the Haldane®ap signifi-  phase transition to long-range AF magnetic order. In view of
cantly weakening the effective intrachain interactions so thathe importance of orbital fluctuations, further investigations
the one dimensionality of the system is redutetf,pushing  of the orbital occupancy and possible orbital ordering would
the system beyond the critical ratio of interchain to intrac-be highly desirable.

hain exchange necessary to promote AF of#&tThe small

orbital splitting, consequently, ensures that a description of The authors would like to thank the staff of the PSI and
the system purely in terms of a spin Hamiltonian must beSIS muon facilities for their assistance, in particular, A.

modified by the inclusion of orbital degrees of freedom. InAmato and S. P. Cottrell. This work was supported by
particular, thewSR results provide evidence for fast fluctua- EPSRC(UK).
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