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Coexistence of double alternating antiferromagnetic chains if\VVO),P,0,: NMR study
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Nuclear magnetic resonan®MR) of 3P and®lV nuclei has been measured in a spin-1/2 alternating-chain
compound (VO)P,0,. By analyzing the temperature variation of tFf# NMR spectra, we have found that
(VO),P,0; has two independent spin components with different spin-gap energies. The spin gaps are deter-
mined from the temperature dependence of the shiff8Riand>'V sites to be 35 K and 68 K, which are in
excellent agreement with those observed in the recent inelastic neutron scattering exp¢Ariénarrettet
al., Phys. Rev. Lett79, 745(1997]. This suggests that (VGP,0O; is composed of two magnetic subsystems
showing distinct magnetic excitations, which are associated with the two crystallographically inequivalent V
chains running along thie axis. The difference of the spin-gap energies between the chains is attributed to the
small differences in the V-V distances, which may result in the different exchange alternation in each magnetic
chain. The exchange interactions in each alternating chain are estimated and are discussed based on the
empirical relation between the exchange interaction and the interatomic dista0d€3-182@9)03533-X]

[. INTRODUCTION maximum around 80 K and decreases rapidly at low tem-
peratures. Johnsteet al! have pointed out that (VQP,0,
Low-dimensional quantum-spin systems with antiferro-has a spin-singlet ground state owing to the ladder configu-
magnetic interactions exhibit various interesting phenomengation of magnetic atoms, although the spin-1/2 alternating
of collective nature. Vanadyl pyrophosphate ()0, isa  Heisenberg antiferromagnetic chains described by the
gapped antiferromagnet with spin 1/2 and had long beemhamiltonian
known as a good model comgg?nd of a two-leg antiferro-
magnetic Heisenberg spin ladder.Recently, dispersion of
the magnetic excitations was measured using the inelastic H:Z (3151 Si+ 1+ J2S0i+1° Sai+2) @
neutron-scattering technique and is found to be inconsistent
with a simple ladder modélAlthough an alternating Heisen- accurately reproduces the susceptibility of (M©)O,. Nu-
berg antiferromagnetic chain is proposed as an alternativeerical calculations of the susceptibility of both the two-leg
magnetic model of (VO)P,0, the suggested direction of ladder and the alternating chain showed that both models fit
the chain is not readily known from the crystal structure andhe susceptibility of (VO)P,O; quite well, so that the sus-
the excitation spectrum is not fully compatible with a simple ceptibility measurement alone cannot distinguish which
alternating spin chain. It is still a controversy what magneticmodel is appropriaté The calculations also showed that the
model describes best the magnetic behavior of (MFD-.
The ladder interpretation of (VQP,0; is based on the (VO),BO,
intuitive consideration of the crystal structure which is
shown schematically in Fig. 1. (VGP,O; belongs to the
monoclinic space group2, and has unit-cell dimensions of
a=7.28 A, b=16.59 A, c=9.58 A, and3=89.98° at
room temperature.The vanadium atoms are tetravalent to
have spin-1/2 degrees of freedom, each of which is coordi-
nated pyramidally by oxygen atoms. The Y@yramids
form pairs in opposite phases in thedirection by sharing
their edges, and are stacked in pairs alongath&is to make
up a two-leg ladder. The ladders are linked by,R€rahedra
and form a three-dimensional lattice structure. The proposed ¢ ‘
b

chain B

chain A

chain B

direction of the alternating chain is along thexis which is

perpendicular to the ladder axis and the chain includeg PO

tetrahedra as one of the important exchange pathtvays. FiG. 1. Polyhedral view of the crystal structure of (UB)Os.

There are eight inequivalent V and P sites in the unit cell, Sq\iso indicated are site indices of the inequivalent V and P atoms

that the ladders and chains are not all crystallographicallyncluded in each polyhedron. The structural units indicated are

equivalent. stacked in thea direction. See text for the labeling of the chains
The magnetic susceptibility of (VQP,O; has a broad directed along thd axis.

0163-1829/99/6(®)/6731(9)/$15.00 PRB 60 6731 ©1999 The American Physical Society



6732 KIKUCHI, MOTOYA, YAMAUCHI, AND UEDA PRB 60

magnitude of the spin gap is different depending on the mod- T T
X : . (VO),P,0,

els, which can be tested by inelastic neutron scatteiiNg) 22.6 MHz .
experiments. The subsequent INS measurement on powder J
sample of (VO}P,0; has detected a spin gap of 3.7 meV,
which favors the ladder mod?2l. J/\

More recently, however, Garrett al* have presented a ;
surprising INS result on the magnetic excitations from an
array of a lot of small single crystals. They found that the
spin excitation is predominantly one dimensional but is di-
rected along the crystalline axis rather than the laddéhe
crystallinea) axis. The exchange interaction along thaxis
is ferromagnetic and is order of magnitude smaller than that
along theb axis, and there is essentially no dispersion along
the ¢ axis. As the most likely model to account for the INS
result, they proposed that (VEB,0; has alternating antifer-

romagnetic chains running in thedirection with unexpect- //\\M
| |
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[
1 |
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180 K

edly strong V-V exchange via the R@omplexes. The ex- 220K

change interactiod, via the PQ complexes is as large as

10-12 meV and the alternation ratlg/J; is estimated to be | 20K

~0.8. A possible importance of the superexchange pathways 1295 13.00 1305 13.10 13.15 13.20

through the PQ complexes was pointed out nearly a decade External Field (kOe)

ago by Beltra-Porteret al. to account for the magnetic prop-

erties of various vanadyl phosphafesnd has recently been FIG. 2. Temperature variation of thi#P NMR spectrum taken

observed by INS in the dimer counterpart VODP@D20.7 at 22.6 MHz. The dashed line indicates the position of the zero shift
Another important but unresolved finding of Garrettal ~ (K=0) for *P nuclei calculated using the nuclear gyromagnetic

is the existence of a second excitation mode whose zondatio *'y,=17.235 MHz/T. Numbering of the peaksee text is

center gap is 5.7 meV. They associated it with the two-shown for the spectrum at 77.4 K.

magnon bound state as it lies just beloww ZA=3.1 meV

being the gap for the one-magnon excitation determined by

Garrettet al) HOWeVer, as they have pOinted Out, the sub- P0|ycrysta"ine Sample of (VQP207 is prepared by fol-
stantial intensity of the second mode is difficult to interpret|owing several steps of reaction. The first step is to synthe-
for the two-magnon bound state. Frustrated interchain cougjze VOPQ-2H,0 as a precursor by intercalating,®sx
pling has recently been suggested to give rise to a triplefyith H,PQ, in ethanol at room temperature for about a
two-magnon bound state just belovA 2vhich is observable  month. The precursor is then heated in air at 650 °C for 2
over a large part of the Brillouin zorfe. However, the model days to remove water completely. The final product
is rather complicated and cannot reproduce correctly the incy0),P,0, is obtained by reducing oxygen from VOR®:
tensity of the second mode especially near the zone centéky atmosphere at 700°C for 2 days. The x-ray diffraction
where the distinct peak of the second mode is observed Opsattern of the obtained sample indicates that there is no trace
posed to the theoretical prediction. o1 of impurity phases. NMR measurements were performed
In this paper, we report on the results 3P and >V with a standard phase-coherent-type pulsed spectrometer.
NMR on (VO),P,0; powder. We have found two indepen- The 3p NMR spectra were taken by integrating the spin-
dent magnetic subsystems existing in (VB)O; whose  echo signal with a box-car averager while sweeping the ex-
spin gaps are exactly the same as those of two distinct modgg,n g magnetic field at a fixed frequency. TA®/ NMR
in the spin-excitation spectrum. The existence of two Magypectra were obtained by Fourier transforming the free-
netic subsystems with different spin gaps is supported by thg\quction-decay signal after a/2 pulse at a fixed frequency
recent high-field magnetization measuremernfrom crys-  and a magnetic field. Nuclear spin-lattice relaxation rates

tallographic considerations and a possible correlation beyere measured by the saturation recovery method with a
tween the exchange interaction and the interatomic dlstancging|e saturation rf pulse for both tH&P and®V sites.

we suggest that (VQP,0; has two inequivalent alternating
antiferromagnetic chains directed along thexis. The role

of the PQ complexes as the exchange media and in deter-
mining the microscopic magnetic properties of (\©)0; A. 3P NMR
will also be discussed in detail.

This paper is organized as follows. We start with describ-
ing experimental details in Sec. Il. The results of the NMR  The field-swept®'P NMR spectra taken at various tem-
measurements will be presented in Sec. lll. The analysis gberatures are shown in Fig. 2. Several peaks are found in the
the line shape, the shift, and the nuclear spin-lattice relaxspectrum as expected from the crystal structure, and the line
ation rates will also be given in Sec. Ill. Section IV is de- shape is strongly temperature dependent. At 4.2 K, a sharp
voted to the discussion of the experimental results and thesingle peak was observed near the zero 3tit0, indicat-
interpretations, followed by a conclusion drawn from theing the nonmagnetic ground state of (\V(B)O,. The width
present experimental findings in Sec. V. of the spectrum is very narrow<(4 Oe) and is attributed to

Il. EXPERIMENT

Ill. RESULTS AND ANALYSIS

1. Line shape and the shifts
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FIG. 3. Temperature dependence of the shifté'Btsites. o6kt T T T T T]
"I (vO)P,0,
the broadening due to P nuclear dipoles. The absence of - Eﬁ:ﬁz .
inhomogeneous broadening of the spectrum assures the ho- 04 R
mogeneity of the sample in a microscopic scale and the ex- X N
tremely low concentration of paramagnetic impurities. As ;w L i
the temperature increases, the spectrum splits into two peaks 2
at first, and each peak further splits to show fine structure. x 02 ]
Such a fine structure was not observed in the previous re- L J
ports probably because of inhomogeneous broadénitfg. (b)
The multipeak structure can be seen most clearly around 80 0.0 <, ]
K where the resonance lines are most distant fromKhe 0.0 0.2 0.4 0.6
=0 position. There are four peaks visible in this temperature Ka, Kg (%)

region, indicating that there exists at least four distinct P sites

which feel different local magnetic fields from surrounding  FIG. 4. (a) The shift of the peak 3K3) plotted against the shift

V atoms. Note that the number of the observed peaks is les¥ the peak 2 K,) with temperature the implicit parameter. The

than the number of the crystallographically-inequivalent Pstraight line is a fit of the data from 100 to 250 #) Plots ofK; vs

sites. This suggests that the site distinction among some K2 andKj vs K,. The line is a guide to the eyes of which slope

sites is not clear and is indistinguishable in the present excorresponding to the average Af/A; andAz/A,.

periment. In the following, the observed peaks are referred to

as the peaks 1-4 from low-field side to the higher. As thewith the peak). It is obvious from Fig. 4a) thatK ; does not

temperature is increased further, the fine structure is obscale toK, at low temperature@ear the origin of thé;-K,

scured and the spectrum merges into a single peak agafot). There theK; versusK, plot is concave downward,

(although the structure is visible at 250.K which indicates thakK, increases more rapidly with increas-
The nonmonotonous variation of the line shape with tem-ing temperature thak;. This suggests that there are at least

perature suggests the existence of several spin componeritgo independent spin components in (\WB)O; whose

having different spin susceptibilityxpir) . To trace the tem-  xspinS are mutually different.

perature(T) dependence of each spin component, we de- It is interesting to note that at relatively high tempera-

convoluted the spectrum into four Gaussians and determineitires, a nice linear relation is found betwdénandK,. This

the shift of each peak; (i=1, 2, 3, 4. The results are indicates that thd dependence of,,s responsible foK;

shown in Fig. 3 wheré&;’s are plotted as a function of tem- andK, is almost identical in this temperature region. This is

perature. Thel dependences of thk;'s are distinct from  not surprising because at temperatures much higher than the

each other in magnitude but are similar in that they all ex-exchange interactions, spins behave paramagnetically and

hibit a broad maximum around 80 K corresponding to thethe asymptotic relation s~ C/T with C the Curie constant

bulk magnetic susceptibilit}® At low temperatures, all the for S=1/2 is expected to hold for all the spin components.

K,’s decrease rapidly to almost zero owing to the gap in théd=rom the slope of this linear portion, the ratio of the hyper-

spin-excitation spectrum. fine coupling constant®\;/A, is determined to be 0.88
The difference of the shifts at the crystallographically in- +=0.02.

equivalent nuclear sites is usually attributed to the difference  We have made a similar analysis for all possible pairs of

of the hyperfine coupling constants if there is only one kindK;’s and have found that the observed four peaks can be

of spin component. However, this is not the case individed into two groups. These are peaks 1 an@rup )

(VO),P,0;. Figure 4a) shows the shift of peak ¥(;) plot- and peaks 3 and @roup Il), each of which shows distindt

ted against the shift of peak XK¢) with temperature the dependence of the shifts. This indicates that there exist two

implicit parameter. If thel dependence of, andK; is the  independent spin components in (VMB)O,. Figure 4b)

same, theK; versusk, plot should lie on a straight line and shows the plots oK, versusk, andK; versusK, similar to

its slope gives the ratio of the coupling constafitgA, (A, Fig. 4@. A linear relation is found betweel; (K3) and

being the hyperfine coupling constant at P sites associated, (K,), indicating that theirT dependences are identical
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values ofK; andK, with the appropriate scaling factofise.

the ratiosA;/A, and A3/A, determined abovyeand K ;.

The correspondence betwekn (K3) andK, (K,) is quite
good. It should be noted that the estimated 4ap 35 K for

the group | agrees within the experimental accuracy with the
gap of the lower mod€36 K) observed in the INS on single
crystals, while the gapr ;=52 K for the group Il is some-
what smaller than the gap for the upper mdée K).

The observed two independent spin components in
(VO),P,0; may be associated with the two crystallographi-
cally inequivalent magnetic chains running along thaxis.

The two chains have different alternation in the V-V dis-
tances, so that the gap may be different from each other. This
4 L would give a natural explanation for the existence of the
0.00 0.04 0.08 0.12 second mode in the excitation spectrum; i.e., the second
mode is not the two-magnon bound state but the independent

10" —T— T
(VO)2P20;

o e0+
e

10

-1 -1
T K magnetic excitation from another alternating antiferromag-
FIG. 5. Plots of K — K, T2 against IT. The data folK, and netic chain with a larger spin gap. The fact that the NMR
K, are plotted by multiplying the scaling factobs /A, andA, /As lines for thg groups | and Il have almost the same intensity
to absorb the difference of the hyperfine coupling constants withiSUpPpOrts this interpretation.
the groups. The lines indicate the activation la—(K g,) T2 If we assume that th& dependence ofsi,'s of the two

«exp(—A/T) with A of 35 K and 52 K for groups | and II, respec- Spin components is identical at high temperatures which is
tively. TheA’s were determined from the least-square fit of the datajustified by the presence of a linear region in g versus
below T<25 K (see text K, plot, the absolute values of th&’s can be estimated
from the slopes of the usu#l-y plots. The plots of th&;’s
aside from theT-independent prefacto®r A;’s). It is sur-  againsty all have linear regions at high temperatures, the
prising that both plots lie on almost the same straight line insjopes of which yield A;=20+2 kOe/ug, A,=17=1
spite of the difference in thd dependence between the kOe/ug, A;=15+1 kOe/ug, and A,=13+1 kOelug.
groups. Indeed, the ratios of the coupling consta#it$A;  These values give the ratidg/A,, A;/A,, andAs/A, con-

=1.15+0.03 andA3/A,=1.18-0.04 agree within experi- sistent with those determined independently from K
mental accuracies. This suggests that both P groups havesgaling shown in Fig. 4.

similar local environment with regard to the site distinction
among P sites within the same group. It is also noted that the
intensity ratio of the two different P groups is close to unity
(I,/1,=1.1+0.1). This indicates that the number of nuclei The existence of two independent spin components with
contributing to the NMR line of each P group is almost thedifferent energy gaps in (V@QP,O; will be demonstrated
same. more directly if the nuclear spin-lattice relaxation rate;1/

As demonstrated in Fig.(d), the difference in thd de-  for the different P groups can be measured separately. How-
pendence of the shifts at P sites belonging to the differeneéver, the peaks overlap severely in the spectrum over a wide
groups is evident at low temperatures. This implies that théemperature range, which makes independent determination
magnitude of the spin gap is different for the individual spinof 1/T, rather difficult. We therefore measuredl'l/in the
components. To estimate the gap of each spin componerimited temperature range from 12.5 to 30 K where the peaks
we analyzed th&;’s based on the susceptibility of a gapped for the different P groups are well articulated, and have suc-
one-dimensional spin systeth® If the magnon dispersion cessfully determined T4 for groups | and L.
along the chain is approximated by the quadratic fei(k) The recovery curves were taken at the peak position of
=A+c?k?/2A near the bottom of the dispersiok€q—=  each resonance line. To avoid excitations of nuclear spins
~0), theT dependence of the susceptibilifyin the low-  belonging to the different group, we used a relatively small rf

2. Nuclear spin-lattice relaxation rates

temperature limifT<A is expressed as exciting fieldH . A typical strength oH, was 14 Oe which
exceeds the width of each peak and is still smaller than the
[ 2A AT line splitting (25—-30 Oe at 31.4 MHz where the measure-
= me ) ments were performedThe recovery curves can be fitted to

an exponential function as illustrated in Fig. 6, indicating
wherec is the spin velocity. We fitted thK, (group ) and  that we reliably separate the signal from the different P
K; (group 1) data below 25 K to the formK=Kg, group.
+ aT~ Y2exp(—AIT) whereK 4, is a T-independent diamag- TheT dependences of Tf are shown in Fig. 7. It is clear
netic contribution to the shifts. The obtained values arethat the 17, for the different P groups show an activated
Kgia=—0.016+0.005% for bothK, and K53, «=0.065 behavior with different activation energies. By fitting the
+0.002 K2 and A=35+2 K for K,, and «=0.079 data to an activation form Tjxexp(—A’/T), we obtained
+0.002 K2andA=52+3 K for K5. The results of the fit the gapsA/ =53 K andA =71 K for groups | and I, re-
are shown in Fig. 5 where we plotte K 4,) TY2 against  spectively. The gap is larger for group Il which is consistent
1/T. We also plotted in the same figure the correspondingvith the shift measurement. It is also noted that the ratio of
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FIG. 6. Typical examples of the recovery curve 8P nuclear 51
magnetization. The data were taken at 31.4 MHz and 20 K. The. FIG. 8. T(_empergture_dependence (.)f the SRHC at the *v
. ) " Sites. The solid line is a fit of the data with a gap of 68d€e text
inset shows the field-swept'P NMR spectrum at the same fre- ; 1 - . -
. . - .~ The inset shows'K plotted against the bulk magnetic susceptibil-
quency and temperature. Arrows in the inset indicate the posmonsty
of the external fields where the recovery curves are measured. ’
observed in the INS (Ref. 4 and magnetization
the two gap energied//A/=1.34+0.10 for 1T, agrees measurement$ that needs further examinations. This is
roughly with that of the shiftd  /A,=1.48+0.10. However, partly because P nuclei feel transferred hyperfine fields from
the absolute values of the gap determined from;lare  both spin components, which may result in the ambiguity in
larger than those obtained from the shifts as has been olthe estimation of the gap energy. TA® NMR is free from

served in other gapped quantum-spin systelfig?® such an ambiguity because of a dominant on-site hyperfine
coupling and is expected to give a more precise measure of
B. ®V NMR the T dependence ofp, Of each spin component.

The results of the3P NMR experiments show that An intense free-induction-decafD) signal from V nu-
(VO),P,0, has two independent spin components with gif-clei has been observed at low temperatures. The frequency

ferent energy gaps for the spin excitations. This accounts foyPectrum obtained from the Fourier transform of the FID

quite naturally the existence of two distinct excitation modes>ignal is isotropic with a full width at half maximum

which are likely to come from the two inequivalent V chains (FWHM) of about 70 kHz at 15.8 MHz and 4.2 R.The
running a|ong thdé axis. However, one of the gap energies FWHM is nearIyT Independent and there is no indication of

estimated from the shift does not agree with the ondhe line splitting up to 35 K. We could not trace the signal
above 35 K due both to the poor signal-to-noise ratio and to

the shortening of the nuclear-spin relaxation time which pre-
vents us from observing any transient signals by a pulsed
NMR technique.

Figure 8 shows th@ dependence of the shiffK at the
peak position of the spectrum. The shift is nearly constant
below 10 K and varies strongly with temperature above 10
K. In general, the shifK of a nucleus belonging to the mag-
netic atom can be written as the sum of spin and orbital
contributions,K =K, + K. By assuming thak, van-
ishes afT =0 owing to the spin gap, the orbital shit,,, at
V sites is estimated to be 0.2£®.005%. This is compa-
rable with K,,=0.236+0.005% in the reference material
VOHPOQ,- $H,0 with a similar local environment around V
o groupl atoms? The T dependence oKgyin (=K—Koq) is consis-
10° | | | | tent with that ofy given in Eq.(2), and the energy gap for

002 004 006 008 0.10 the V sites is determined to be 62 K by fitting K, to be
T (K™ proportional toy in Eqg. (2). This value is in excellent agree-
ment with the gap of the second mode observed in the INS

FIG. 7. Temperature dependences OTllbt the 31P sites be- eXperimentS. The observation of the gap of the second mode
longing to groups | and II. Solid lines are the results of the leastvia NMR suggests that the second mode is not a branch for
squares fit of the data to the activation law ftexp(—A'/T) with ~ the two-magnon bound states but is simply a one-magnon
A’ of 53 K and 71 K for groups | and Il, respectively. propagating mode.

[ I [
(VO),P,0;,
31.4 MHz

10°

A'=53K

A”' =71K

| e group |
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' ' ' the observation of two distinct spin gagand ypinS), the
intensity ratio of the resonance lines for the two different P
groups, and the underestimation of one of the spin-gap ener-
gies. This model also accounts for the existence of the two
distinct magnetic modes, which have been thought to be a
one-magnon and the two-magnon bound states of the same
alternating antiferromagnetic chain.

A. Qualitative aspects

Before discussing the experimental results in detail, let us
review the crystal structure of (VGP,O,. As has been
noted previously, (VO)P,O; has eight inequivalent V and P
10 ; 1'0 1'5 2'0 o5 sites, and 36 oxygen sites in the unit cell. This makes a

crystallographic difference between the two kinds of V
chains running along thk axis. Chain “A” consists of V

FIG. 9. Temperature dependence of [LAt the 5V sites. The ~ atoms on V1-V4 sites and chain “B” includes V5-V8 sites
solid line represents the activated temperature dependence withas shown in Fig. 3 The V-V distancesl,, s in both chains
gap of 66 K. A and B alternate to give rise to the alternations of the ex-

change interactions, but the alternationsl{g’s are slightly

The inset of Fig. 8 is a plot oP'K versus bulky with different between the two chains.
temperature the implicit parameter. It is obvious from the The difference of the spin gap and the resultant difference
figure that the>'K does not scale to the bujk The *’K-x  of Xspin DEtween the chains can be understood qualitatively
plot is convex upward, which indicates theg,, responsible by considering that the different alternationsdip, results in
for the observedK decreases more rapidly with decreasingthe different alternations in the exchange interaction as well.
temperature than the bulk. The result of the®K-x plot  This is very likely because the exchange interaction is ex-

also suggests that the bytkincludes an additional contribu- hected to depend sensitively on the interatomic distance
tion from thglspln component with & gap smaller than thai,rgh the overlap of the related electronic orbitals. In the
observed Vi ,V NMR. Unfortu_nately, we cquld not detecta alternating antiferromagnetic chains, the shape of ¢HE
transient V signal corresppndlng to the spin component wit urve varies strongly with the ratie=J,/J,.%4 Therefore, if

a smaller gap energy, which .results probably.from the shorChains A and B have different values of owing to the
nuclear spin-spin relaxation time, of such V sites.

The T dependence of T measured for the observed FID different alter,nations iy, they exhibit differentr depen-
signal is shown in Fig. 9. The recovery 8% nuclear mag- 9€Nce OfxspinS. The difference of the spin gap can also be
netization is exponential in all the temperature region and aff*Plained because the spin gap of the alternating chain de-
activated behavior with a gap of 62 K has been observed P€nds on the ratiar as well as the magnitude dj andJ,.
down to 14 K. Below 14 K, however, the Ty starts to We did not mention explicitly the excr_lange pathways in
deviate from the activation law. It is probable that the devia-the above argument. Garret al. have pointed out that the
tion comes from extra relaxation processes due to impuritgxchange via the PQtomplexes in thé direction is essen-
and/or defect spin&, although the origin of the exponential tial in determining the magnetic properties of (VAB)O; as
recovery in this temperature region is unknown. The ob-alternating antiferromagnetic chaifidost of the present ex-
tained gap for I¥; agrees quite well with that determined perimental results are consistent with such exchange path-
from the >'K measurement, which is expected in the [Bw- ways and are compatible with the two-chain model as de-
limit.?2 This is contrasted with the result at P sites where thescribed below.
gap energies for the shifts andTl/s are different. The rea- For the magnetic connection along theaxis, two PQ
son for this difference between V and P sites is not clearcomplexes in between the \d@yramids should be the im-
although the different wave-vector dependence of the hypeportant exchange pathways. In chain A, the exchange be-

fine form factor is likely to be the case. tween V1 and V4AV2 and V3 sites is mediated by the RO
complexes containing P6 and FB5 and PY sites. It in-
IV. DISCUSSION cludes the distant V-O-P-O-V paths. There is also the ex-

change coupling between V4 and V23 and V1) sites via
It is now evident from our NMR experiments that the shared V@ pyramidal edge having shorter V-O-V paths.
(VO),P,0; is composed of two independent magnetic sub-This is illustrated in Fig. 10 together with the exchange paths
systems with different spin-gap energies. Since the differenfior chain B. As a natural consequence of the exchange via
magnetic properties of the system generally come from th@Q, along theb axis, eight inequivalent P sites are divided
different crystallographic environment, it is reasonable to asinto two groups depending on to which chain they belong as
sociate them with the two crystallographically inequivalentthe exchange paths: P5-P8 sites belonging to chain A and
V chains running along thb axis which (VO)P,0; inher-  P1-P4 sites belonging to chain B. This is consistent with the
ently possesses. The two-chain model gives consistent explabservation of two different P groups vidP NMR. In ad-
nations for most of the present experimental results such adition, since the number of the sites is same for both P
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Although the contribution from the different kind of chain
to the hyperfine fields at P sites is considered to be small, it
affects the estimation of the gap energies frimandKg.

This is serious for the P group belonging to the chain with a
larger spin gap for the following reason. Suppose that the
spin gapAg of chain B is smaller than the spin gay, of

.V1V4V2V3\gh'A
chain

& &) 2 @ chain A. Then)(';"’pin starts to grow at lower temperatures than
TN JoB AN JoB Xépin and there may be a temperature region in Wh@;\n
‘ "/ ehaink idly with i ing t t i, is still
V5 V7 V6 V8 V5 grows rapidly with increasing temperatures ww@)in is sti
@) @& vanishingly small. In such a temperature regi&ia, may be
aly p g y

approximated byaggx5,, because bottag and x4, are
small. Hence the value oAg will be estimated correctly
N o from Kg. On the other hand, for P sites in chain A, the
contribution from the different kind of cha'mABXEpm may be
b O PO, comparable with, or greater than that from the same chain
aAAXQpin. As a result,K, would start to increase at lower
FIG. 10. Schematic description of the exchange interactions iiemperatures thawsApm. This is inevitable as far ag,g is
(VO),P,0;. The assignment of the inequivalent P sites to eachfinite andA,>Ag, and will result in the underestimation of
alternating chain is also shown. A, .% In the present NMR experiment at P sites, the Aap
of group 1l is smaller than the gap of the upper mode in the
excitation spectrum, whild, agrees well with the gap of the
lower mode. In the light of the above argument, the under-
. estimation ofA,, is considered to result from the small but
experiments. ) _ . finite contribution from V sites in the different kind of chain
The exchange coupling via the P@omplexes explains ity a smaller gap. At this point, we may associate the P
why the susceptibility of each spin component can be tfacegites belonging to group (Il with the chain having a larger
selectively by means of thé'P NMR. In the two-chain  (smallej spin gap. The value of the gap determined from the
model, the shiftK, at P sites in chain A can be written as 5%/ NMR experiment agrees well with the INS result and is
KAZaAAxﬁpiﬁ aABXSBpm. Here xﬁpm and )(SBpm the spin sus- considered to be more accurate for the larger spin-gap en-
ceptibilities of chains A and Baaa anda,g are the coupling  ergy.
constants at P sites in chain A for the hyperfine fields trans-
ferred from the V sites in chains A and B, respectively. Simi-
larly, for P sites in chain B, the shif{z can be written as

K= apaX&pint 888X spin With @gs andagg defined in a man- Most of the present experimental results can be explained
ner similar toaa, anda,g. Since the transferred hyperfine qualitatively in terms of the two-chain model by taking ac-
field at nuclear sites in between the exchange-coupled magount of the relatively strong V-V exchange via Pia theb
netic atoms arises from the electron-spin transfer similar talirection. The model is consistent also with the INS result
that for the exchange, the hyperfine field at the P site isnd therefore seems to be appropriate for the description of
expected to come mainly from the V atoms in the samehe magnetic behavior of (VGQP,0,. However, one crucial
chain. This means thdtsg| and |aga| are much smaller question arises here whether the small differencek,jncan
than |aaa| and |agg|, indicating K, and Kg to be roughly  make the spin gaps of the two alternating chains be different
proportional toxépm and XEpin’ respectively. by a factor of nearly 2. To answer this question, we esti-
It is expected that the interchain exchange coupling in thenated the exchange interactions in each alternating chain. It
c direction is weakened by the presence of the intrachaiis found that the difference of the exchange is not very large
coupling via the PQ complexes. This is because molecularand may be accounted for by the strong dependence of the
orbitals of the PQ complex should be configured to connect exchange interaction on the interatomic distaf?cé?
the neighboring V atoms in thie direction, which may be a For the analysis, we take the values of the spin gap to be
microscopic origin of the dominant hyperfine coupling be-35 K and 68 K. The former is the one determined from the
tween the P nucleus and the V moments in the same chaishift at P sites belonging to group I, and the latter from the
As expected, the magnetic-excitation spectrum ofshift at V sites. Both are in excellent agreement with the
(VO),P,0, exhibits a very weak dispersion in the zone-center gaps for the lower and upper modes in the spin-
direction* We notice here that the weak ferromagnetic cou-excitation spectrum, respectively. The zone-boundary energy
pling in thea direction acts between the same kind of chainezg taken from the spin-wave dispersion along thexis is
so that chains A and B are magnetically decoupled. It is to bd5.4 meV <179 K) and is assumed to be the same for both
emphasized that the periodicity of the lattice is unchanged byhains‘.‘ ThenJ=(J;+J,)/2 is calculated from the relation
the resultant grouping of V and P atoms: the magnetic unitrJ/2= ez to give the ratioA/J, and the alternation param-
cell is identical with the chemical one for both magnetic eter§=(1—«a)/(1+ «) is determined by using thé depen-
chains. Therefore, the spin-wave dispersion is observed idence ofA/J presented by Uhrig and SchidZ.From the
exactly the same Brillouin zone. This is consistent with thevalues ofJ and &, the exchange interactiody and J, are
INS results. calculated. The results are summarized in Table I.

groups in this model, the intensity of the NMR lines should
be the same. This is what was observed in fie NMR

B. Quantitative aspects
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TABLE I. Spin gaps and exchange interactions in (¥&0;.  The small difference irdyy’s between the two crystallo-
graphically inequivalent chains is therefore considered to be

A (K) J1 (K) J2 (K) 213, crucial in making them magnetically distinct from each
Chain A 68 136 92 0.67 other. Quantum chemical calculation of the exchange inter-
Chain B 35 124 103 0.83 action via the PQ complexes is desirable for a more thor-

ough understanding of the magnetic properties of
. ) fVO)ZPZOT

We have assigned chain A to have a larger exchange al-

ternation(i.e., a larger value ob), resulting in a larger spin

gap. This is based on the following two assumptididsthe V. CONCLUSION
exchange via the PQOcomplexes is stronger than that .
through the shared ViOpyramidal edge, an€®) the interac- We have presented the results of the extensive NMR

P tudy on the quasi-one-dimensional gapped quantum antifer-
tion is weaker for longedyy, for both the exchange paths. ° ) .

The V-V distance via th\éVPpcompIexes in chain A is romagnet (VO)P,0O;. As revealed by the detailed line-shape
514 A which is shorter than that in chain B of @nalysis of the*’P NMR spectra and the measurement of
~516 A i31 The largest exchange coupling,= 136 K) is 1/T, at 3P sites, (VO)P,0, has two independent spin com-
therefore assigned to the V-O-P-O-V paths in chain A. Th onents with different gap energies for the spin excitations.
V-0-V path in chain A is then assigned automatically to he gap energies are determlgled from the temperature de-
have the smallest coupling constad$€ 92 K) without any pendence of the shifts aﬁlp and. V sites to be 35 K'and 68
additional assumptions. The V-V distance i50.02 A K, and are found to coincide with those observed in the INS

: - . N experiments.
longer than the correspondinty,, in chain B of ~3.21 A The agreement of the gap energies between NMR and

and hence the assignment is self-consistent. Even if we r S ) A s that the t r des |
gard the shared pyramidal edge as a dominant exchan experiments suggests that the two magnetic modes n
Ne excitation spectrum arise from the two distinct magnetic

pathway, the assignment can be made in the same way wit ' i
out inconsistency and now the spin gap of chain A should b§UbSy3temS which (VQP,0, mh_erently possesses. We pro-
smaller than that of chain B. posgd that two crys.tallographlcally mquw_alent Vv chgms
It appeared that the exchange interactions of chain Aunning along thé axis are magnetically distinct to contrib-
should differ from those of chain B by-10 K (~10% in ute independently to the spin-excitation spectrum. The two
relative strengthsto give rise to the observed difference of chgins have different exchange a!ternation; and spin 9aps,
the spin gap between the two chains. Since the two-chaiffich may result from the smgll difference in the V-V dis-
model is based on the crystallographic inequivalence of théancels betweetn thetﬁha!ns. Itt|s talso suggeks]ted that ttlﬂe PO
chains, the difference of the exchange should be ascribed mpiexes act as the important Superexchange pathways.
the small differences £0.02 A for both the exchange his is _essentlal in d|V|gI|n_g the P sites into two groups and in
paths in d With regard to the V-V exchange via the observing the susceptibility of each alternating chain selec-
shared pyr\évﬁidal edge, the difference may be attainable béiyely via *'P NMR. Quantitative estimates of the exchange

: ; ehari ) nteractions show that the difference of the exchange is not
cause in some copper salts with edge-sharing Cu-O borKglery large and may be attributed to the difference in the V-V

ings, the 0.02 A difference in the Cu-Cu distance gives rise,. ;
to the difference in the exchange by100 K2 The strong distances between the two chains. .
dependence of the exchange on the interatomic distance js To conglgde, (VO).P207 ISa gomphcated magnetic sys-
also known empiricall§’-2° putting the basis on the depen- tem containing two kl_nds qf ant|ferromagnet_|c Ilnea_r chains
dence of overlap integrals on distance. For V-V pairs sharin ith different altgrnatlo_ns_m the e_xchang_e Interaction. T_he
common pyramidal edge, the empirical law predicts the ex- nergy fo_r th? Spin excitations is d|ffe.re.nt in each allternatmg
change to decrease with increasitig, as (dyy) %2 The _chaln, wh|ph is the origin of the two distinct magnetic modes
application to (VO}P,0; yields ~6% decrease of the V-V in the excitation spectrum.

exchange on increasing,, from 3.21 to 3.23 A, which is
comparable with the above estimation. Although such an em-
pirical relation is not known for V-V pairs connected by the
PO, complexes because of the complicated and unresolved This work was partly supported by a Grant-in-Aid for
interaction pathways, it is plausible that the exchange is als&cientific Research on Priority Areas from the Ministry of
sensitive tadyy as the exchange via the common y&dge.  Education, Science, Sports and Culture.
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