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Spin fluctuations in S=1 double-linear-chain y-LiV ,05 studied by "Li NMR
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The nuclear spin-lattice relaxation rate T4y of “Li nuclei has been measured in a sﬁiﬁ% double-linear-
chain system with exchange interactid=s 308 K, y-LiV ,Os, in the temperature range from 280 K down to
0.5 K. We observed that T{ shows the minimum at about 0J1 The increase of I/; below and above 0.1
J are well explained by considering the contribution from the staggered-spin fluctuation and the uniform-spin
fluctuation, respectively. Especially, the increase df; delow 0.1J suggests the appearance of the logarith-
mic correction effect which has been recently predicted by theoretical works in an isotropic Heisenberg linear
chain.[S0163-18267)52118-7

Recent experimental studies of low-dimensional magnetic There exist 4 and 5+ oxidation states, ¥ and \P*, for
systems in cupratéfiave advanced precise comparison withvanadium ions iny-LiV ,0s. Magnetic ions withS=3 in
field theoretical or numerical works. Eggart, Affleck, and V4" state and nonmagnetic ions ir*Vstate are surrounded
TakahasHihave analytically shown that the temperature de-by pyramids of oxygen and two kinds of ions form the zig-
pendence of the susceptibilig(T) in spin S=3 Heisenberg Zag chains separately as is shown in Fi@).1Lithium ions
chains deviates from the Bonner-Fisher cdrae low tem-  locate between the layers of the zigzag chains as is shown in
peratures and obeys the relatiodm?y(T)=1+1/ Fig. 1b)."> The susceptibilityy(T) shows broad maximum
{2[In(TyT)]} whereJ is the exchange interaction afg is ~ around 200 K. The temperature dependencg(d) fits well

. _ 1 . . . .
about 7.7J. The logarithmic temperature dependence origi-the calculation fOFS—llz Isotropic Helsenberg model with
nates from S(R) and translational symmetries. The recent =308 K andg=1.8""Two main couplings should be con-
susceptibility data on SEUO, show good agreement with su_jered magnetlcally., i.e., one is the nearest-qelghbor cou-
the theory® On the other hand, Sachdeand Sandvik have pling J, betweerV™™ ions in edge shared pyramids, and the
investigated dynamic susceptibili§i(q, ) by an analytic other is the next-nearest-neighbor couplibgoetween those

. in corner shared pyramids. It is unlikely tha andJ, are
method and quantum Monte Carl@MC) calculation, re- comparable, as there appears no feature in the susceptibility

. ) . 5t Majumdar-Ghosh spontaneous dimerization which would
dence of the nuclear spin-lattice relaxation rat&lldehaves

as 1/T;~InY%(J/T) at low temperatures. The origin of the
logarithmic temperature dependence is the same as that of
the static susceptibility. Experimentally, T/ has been mea-
surede in SICuQ; by Takigawaet al.” The steep increase of
1/T, has been observed at low temperatures and the possi-
bility for the logarithmic term has been discussed.

Another topic inS=3 one-dimensionallD) chains is the
competition between the nearest-neighbor exchange interac-
tion J; and the next-nearest-neighbor exchange interaction
J,. The phase diagram fdy andJ, is investigated using the
renormalization group methdd and the numerical work
The boundary between the spontaneous dimer state and the
spin fluid state is investigated in these works and the critical
valueJ,/J; is obtained ag,? £,° and 0.24'° Such states may
be realized in real zigzag chain materials.

In the present work we have investigated the spin dynam- (b)
ics of a Heisenberg chain systepliV ,0O5 by measuring the
temperature dependence ofT}/of ‘Li nuclei from 280 K
down to 0.5 K. The exchange interactidrobtained from the
susceptibility is about 308 K, then our measurement covers
the wide temperature region in the reduced temperature scale FIG. 1. Crystal structure of-LiV,Os. The shaded and white
with J compared to the studies in cuprates where a typicasquare pyramids show*7Os and \P"Os, respectively. The black
value of the exchange coupling is about 1000—2000 K.  circles represent Li ions.
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6 3 Lot - (ae=a, b, andc), (1)
;: P z o .‘ whereS*#(q,wy), wy, andyy represent the dynamic struc-
32 = !s\ o . ture factor, the nuclear Larmor frequency, and the gyromag-
— 4 0 I R OO netic ratio of ’Li nuclei, respectively. The subscriptsrep-
g 0 50 100 150 200 250 300 resent the directions of the crystal axes anddhe the wave
- . T (K) . number along the chain direction. The chain direction is the
2l . . - crystallographidh axis. Theq dependence of the hyperfine
y-LiV,0; . . " coupling A“(q) (ae=a,b,c) is calculated from the general
L -NMR formula® where the arbitrary field direction has been treated
0 T with respect to an electron coordinate system. We are able to
0.1 1 10 100 calculateA“(q) for an arbitrary field direction by using the
T (K) positions of vanadium and lithium sites identified by x-ray

analysist® The difference among the values Af(q) calcu-
FIG. 2. Temperature dependence of Lineasured at the field lated for the arbitrary field direction is almost less than two.

1.2 T. The inset shows the same data plotted by linear scale. Thehen,A%(q) for the powder sample is obtained by averaging
solid curves represent E¢). all chain directions with respect to the field as

be expected in this case from theoretical works as is men- A“(q)2=2 {[2(1—3ai2—Saj2)/3

tioned above. Therefore, the casés>J, and J;<<J, are Y

posgble. In t_he casélé\]z, the_ system can be treated as +6a1aj(aiaj+,81B,—+717j)]/ri3rj3}eiq(r‘_”),
Heisenberg zigzag chains, and in the reverse case as Heisen-

berg double-linear chains. The treatment as the double-linear 2

chain seems rather possible by considering the fact thg{nere a;, B, v, andr, are the direction cosines and the
a-NaV,0s where 1D chains are constructed only with the gistance ofi-electron spins from a Lithium nucleus, respec-
corner shared coupling has larger couplig0 K) (Ref. 12 tjvely. The other couplingé°(q)2 and A°(q)? are obtained
compared with that of Cs)0s (Ref. 11 (140 K) where in a similar way.S*%(q,wy) can be regarded as isotropic,
dimers are constructed only with the edge shared couplingij.e., S**(q,wy)=5(q, @y), in the case where the damping
The nuclear magnetic resonan@¢MR) at the field ) rate of the spin-correlation function is larger than the elec-
1.2 T was performed for’Li nuclei by using powder tron Larmor frequencyw,. Then, 1T, is given as
samples. The susceptibility data have been cited in Ref. 1£y2[A(q)?S(q,wy)dg/27 where A(q)?==,A%(q)%. This
The "Li-NMR spectra observed ##=1.2 T shows a pow- assumption may be valid in the case where the overdamped
der pattern broadened about 100 Oe due to the electric quadpin wave contributes to I{. Then,A(q)? is given as
rupole effect. The linewidth of the central line is about 20
Oe. The value of the shift was the same within the experi- 2_ B 21743, 3 aid(ri—
mental accuracy100 ppm. No drastic broadening was ob- AQ) _; {[=2+6(aray+ BB+ vy Urirplel i,
served even at 0.5 K. This fact implies that there appears no 3
3D long-range order even at 0.5 K, Dete}lled anaIyS|§ Of. theI'he results of the calculation fdA(q)| are shown by the
powder pattern has already been investigated by H'rShmgesrolid line in Fig. 3. As is seen from the figurbA(q)| is
et al'* by using the magic angle spinning NMR method at g. gureg

i » OUFLI-NMR { istent almost constant.
room temperatures. LurLi- Spectra are consisten It is shown by recent theorig8 that the contributions
with their results.

70 . ) from g=0 andq= give a different temperature depen-
We have measured T for ‘Li nuclei by the saturation  gence for 1T,, therefore the temperature dependence of
recovery method. The recovery curves fit a single exponeny T, qualitatively varies depending on tiedependence of
tial function for nearly two orders of magnitude except for ahe hyperfine coupling. The temperature dependence of
very short time after the comb pulses. The temperature deI/-r1 has been calculated by the QMC methdar the hy-
pendence of ]]71 is shown in F|g 2. The temperature depen— perfine Coup“ngAh(q)j =A+2B cogj whereA andB rep-
dence of 1T, in a linear scale is shown in the inset. As is resent on-site hyperfine and nearest-neighbor transferred hy-
seen from the figure, there appears a minimum of abouperfine interactions, respectively. It is shown thal,lAt
30-40 K which corresponds to 0.1-0.15 J. It should be  high temperatures upturns with increasing temperature due to
noted that the temperature dependence ©f $hows no gap the contribution from uniformg@=0) spin fluctuation for the
like behavior. We first analyze the results in view of the case|A,(0)|=|An(7)|, while for |A,(0)|<|An(w)|, LT, is
double-linear-chain system. almost constant since the contribution from staggered (
The rate 1T, for ’Li nuclei originates from the fluctua- =) spin fluctuation dominates even at relatively high tem-
tion of the electron spins through dipole interaction. The ratgperatures. Our result of T{ corresponds to the former,
1/T, is expressed as while SKLCuG; (Ref. 7) or CaCuO; (Ref. 17 corresponds to
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FIG. 3. g dependence of the dipole coupling between the elec- FIG. 4. Field dependence of Tl measured at 200 K

tron systems and &Li nucleus. The solid line and dots represent
calculated values for the double-linear chain and the zigzag chain,
respectively. given by neglecting theq dependences ofA“(q) and

Xq(T) and substituting the value of=0 for all g as

the latter. The ¥, of Cu nuclei in these cuprates is almost
constant at high temperatures. The weight @ 7 in
|An(q)| becomes larger tham=0 due to the existence of the
transferred hyperfine interaction on Cu sites, which yields
qualitative differences from our results. On the other hand, ajyherel", andI", are damping rates of the longitudinal and
low temperatures the staggered spin fluctuation becomes ingransverse spin-correlation functions with respect to the field,
portant for both casegAn(0)|=|Ay(m)| and [An(0)|  respectively. The, is obtained as 2+(27,D¢H).'® The
<[An()|. The upturn of 1T, towards low temperatures is coupling for the field directioA,(0)| and that for the per-
expected to appear by the logarithmic correction effectpengicular directionfA, (0)| are calculated as 0.11 and 0.16
InY4(J/T) (Refs. 5 and Bfor both cases. Then, the crossover ymol/cm 3, respectively. The field dependence oF 4t 200

of the dominant contribution between=0 and 7 is €x- js shown in Fig. 4. We have estimated the valueE péind
pected to appear at 0.2~03 J for the case|Ay(0)] T from the experimental results as 10" and 6.9
=|An(7)|.% Our experimental results also show logarithmic X 102JH sec, respectively. The value b, is estimated

increase at low temperatures and the minimum dh Jdc- 493 4¢ 1012 sec L. The value is close to that obtained from
curs at 0.1J which is lower than the theoretical value. The the classical calculation at high-temperature liniX,

lresuIFshat. low tempera:clfjres suggest the appearance of t@\]/h\/m, 2.5¢10" sec’, and that from the
0916_‘:[ mic c_grrgchofn € e_ct. is domi | recent renormalization group analy8is2.8x 10*® sec’®. It
tures igg;:k%'in Jrggg t_hgt Ifsro om;ngtr;;it b‘;"\:];erlneré?;' shoulq be not_ed that the value Bf estima.ted in. the present
then 1T i : d 58 m 9 ' experiments is also close to that obtained in a typigal
en Ll 1S expresse =5/2 Heisenberg linear chain, (GENMnCl; (TMMC).
The value has been estimated from the experiments as
UT,= (A yeynN)2A(m)2(ADI1Ikg)INY2AIT), (4  1x 10" sec’.'® The field dependence of 1 and the ad-
equateness of the value fbrg in our experiments also sup-

where D represents a constant originating from theport that the uniform spin fluctuation is dominant at high
asymptotic equal-time spin-correlation function. The valuetemperatures. The field dependence df;1lhas been mea-
of |A(m)| is calculated as 0.191 mol/ch The solid curves ~sured in S5Cu0;,” however, it is negligibly small since the
in Fig. 2 represent Eq4) where the value ob is chosen as g= fluctuation is quite large even at room temperatures.
0.046. As is seen from the figure, the curve fits the experiThe diffusion constant is estimated as a large value (1
mental results well. X 10°-4x 10" sec)) from the 1A/H dependence of
The contribution frong=0 is dominant at high tempera- 1/T;. However, the IYH dependence is derived under the
tures aboveT>0.1 J. The effect of the spin diffusion ap- condition that they=0 fluctuation is dominari In the case
pears through the damping rafe-D.q? (Ref. 18 where that theq= fluctuation is dominant, more sophisticated
D, is the diffusion coefficiert of the transverse spin- analysis may be needed to estimate the diffusion constant.
correlation function with respect to the field direction. The It should be noted that in the present case we have ana-
dynamic structure factors become anisotropic for the fieldyzed our results in the viewpoint of the double-linear chain.
direction and the perpendicular directions due to this effect|n the viewpoint of the zigzag chain, the wight g=0 in
unlike the case of the overdamped spin wave. Thefy, I§  |A(q)| becomes larger tham== as is shown by the

UT1~37ike TX(T)[AL0)YT -+ A (05T ], (5)
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dots in Fig. 3. Our experimental results can also be explainefq=0) and the staggeredj& 7) spin fluctuations by con-

in this viewpoint sincelA(0)|=|A(#)| also holds for this
case.

sidering theq dependence of the hyperfine coupling. The
temperature dependence ofT1/at low temperatures sug-

In the present work, we have observed that the minimungests the appearance of the logarithmic correction effect.

of 1/T, appears around 0.1 and explained the fact as a

These results are experimental evidence for the recent theo-

crossover of the dominant contributions from the uniformretical predictions for th&=1 quantum Heisenberg chain.
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