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Magnetic Excitations in the S = 1/2 Alternating Chain Compound (VO),P,07
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Magnetic excitations in an array @¥0O),P,0; single crystals have been measured using inelastic
neutron scattering. Until now(VO),P,O; has been thought of as a two-leg antiferromagnetic
Heisenberg spin ladder with chains running in thdirection. The present results show unequivocally
that (VO),P,0; is best described as an alternating spin chain directed along the crystallogtaphic
direction. In addition to the expected magnon with magnetic zone-center energy gap.1 meV,

a second excitation is observed at an energy just bélaw The higher mode may be a triplet two-
magnon bound state. [S0031-9007(97)03725-3]

PACS numbers: 75.10.Jm, 75.10.Hk, 75.30.Ds

Spin gaps are found in many low dimensional inter-accurately reproduced by either a spin ladder (Wijth=
acting quantum spin systems. Some examples includé, ) or by an alternating chain [5,8], the expectation that the
integer-spin Heisenberg antiferromagnetic chains [1]PQ, group would provide a weak superexchange path led
spin-Peierls systems [2], and spin ladders [3,4]. Therdo a preference for the spin ladder interpretation of VOPO.
has been particular recent interest in spin ladders arisinghe proposed spin ladder is illustrated schematically in
from the novel prediction that gaps should be presenFig. 1. Motivated by the detailed theoretical predictions
only in even-leg ladders and the possibility that dopedor the excitation spectrum of a spin ladder [8], Eccleston
ladders may exhibit superconductivity [3]. The insulatinget al. [9] used pulsed inelastic neutron scattering to probe
magnetic salt(VO),P,0; (VOPO) has been widely the dynamic magnetic properties of VOPO powders. Their
considered to be an excellent realization of the two-legneasurement of a spin gap of 3.7 meV was interpreted as
antiferromagnetic Heisenberg spin ladder [5]. In thisfurther support for the ladder model.

Letter we report results from inelastic neutron scattering The surprising discovery of a second spin excitation
experiments using an aligned array of VOPO singlenear 6 meV in a recent triple-axis neutron scattering
crystals. Our results show conclusively that the magnetiexperiment [10] on VOPO powder is inconsistent with a
properties of VOPO are not those of a spin laddersimple spin ladder model. It has long been known that
VOPO is instead found to be an alternating Heisenbergneasurements of static magnetic properties cannot easily
antiferromagnetic chain, with weak ferromagnetic in-distinguish between spin ladder and alternating chain
terchain couplings. Moreover, the magnetic chains in
VOPO run perpendicular to the supposed ladder direction.

The measured alternation parameter describing VOPO is

in the interesting regime in which a novel two-magnon
bound state may occur [6].

The crystal structure of VOPO is nearly orthorhombic,
with a slight monoclinic distortion so that the space group
is P2, [7]. The room temperature lattice parameters
area=773A b=1659A, ¢c=958A and B8 =
89.98°. The magnetic properties of VOPO arise frém=
1/2 V#* ions situated within distorted V{octahedra. H
Face-sharing pairs of V{ octahedra are stacked in
two-leg ladder structures oriented along tlae axis. . PO, ® v+
The ladders are separated by large, covalently bonded b

_Po4 complexgs. _The V'V_ nearest neighbor dIStanCq:IG. 1(color). Schematic depiction of the structure and mag-
in the a direction is approximately.86 A, one half of  netic interactions in VOPO. The spin ladder model previously
a lattice spacing. Along thé (“rung”) direction the thought to describe VOPO has nearest neighbor exchange con-
mean V-V distance is3.2 A within the ladder. The stantsJy along thea (ladder) direction and/, along theb

interladder V-V distance across the Pgroups iss.1 A (rung) direction. In the alternating chain model, nearest neigh-

. . L bor V** ions are alternately coupled by constadisand J,
The structure is illustrated schematically in Fig. 1. along theb (chain) direction. Neighboring spins in adjacent

The susceptibility of VOPO powder was investigated bychains are coupled hy,. Magnetic coupling in the direction
Johnstoret al. [5]. Although the susceptibility could be is negligible.
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models [11], and also that measurements on powders cdheir magnetic origin. The right panel shows a 10 K scan
be difficult to interpret. For these reasons we undertoolat O = (0, —2,0), where the peaks are slightly lower in
studies of spin dynamics in VOPO single crystals. energy and are much more intense tha@iat-2,0). The

Single crystals of(VO),P,O; were grown using a temperature and dependence of the scattering was used
method described previously [10]. To achieve sufficientto verify the magnetic nature of the peaks for several wave
sample volume for inelastic neutron scattering meavectors, including zone centers and zone boundaries in all
surements, approximately 200 single crystals of typicathree directions.
size 1 X 1 X 0.25 mm’ were aligned, mounted on thin  The solid lines through the 10 K data are obtained
aluminum plates, and assembled into an array. They a least-squares fit of the data to a convolution
resulting sample had an approximate total mass of 1 g anof the full instrumental resolution with delta function
an effective mosaic spread 8f-10° FWHM. Although excitations using dispersion relations discussed below.
not optimal, this proved to be adequate for the preseriThe nonmagnetic background used in the fit consists of
purpose. a Gaussian peak centered at zero energy accounting for

Inelastic neutron scattering measurements were carrigéficoherent and (at some wave vectors) Bragg scattering,
out using the HB1, HB1A, and HB3 triple-axis spectrome-plus a linearly sloping background. At low temperatures
ters at the HFIR reactor, Oak Ridge National Laboratorythe peak widths are resolution limited. The significant
Several different instrumental configurations were uti-intensity difference betweefi, —2,0) and (0, —2,0) is
lized, including fixed incident or fixed final energies of seen to be a consequence of resolution combined with
14.7, 13.5, or 30.5 meV. For temperature control thethe large mosaic spread of the sample. Simple Gaussian
VOPO array was mounted either in a closed cycle refrigfits to obtain the peak positions gave the same results as
erator or in a flow cryostat. Botkw, k,0) and (0, k, [) full convolutions. The peak positions were determined at
scattering planes were used in different experiments.  various wave vectors.

Typical constan® scans are illustrated in Fig. 2.  Figure 3 shows the measured dispersion along the crys-
The left panels show measurements (@t —2,0) at tal axis directions indicated. Several features are immedi-
temperatures of 10 K (lower panel) and 30 K (upperately apparent. The combination of steep dispersion, large
panel). The 10 K scan clearly shows two peaks, and theample mosaic, and two modes gives broadened error bars
reduced intensity at the higher temperature is indicative ofnidway across the zone in tti@, £, 0) direction. The ex-

citation energies have at most a very weak dependence on
the Q. component of the wave vector (middle panel). The

dependence of energy @, (in the “ladder” direction) is

(VO),P,0, E;=14.7meV . ’ . :
5 4 6 much weaker than o®, (in the rung direction). This
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FIG. 2. Typical constan® scans atQ = (1,-2,0) (left o e e e
2 — () — ; 1 12 00 12 1 0 12 1
panels) andQ = (0, —2,0) (right panel). The scans shown
were taken at the HB1A spectrometer with fixed incident 1 13 4

neutron energy of 14.7 meV and collimatiod®’ — 40’ —

40’ — 68'. The energy resolution at zero energy transfer isFIG. 3. Measured dispersion of magnetic excitations in
0.91(2) meV FWHM. The solid lines running through the 10 K VOPO atT = 10 K. When not visible error bars are smaller
data are least-squares fits of a convolution of the instrumentdahan the size of the plotted symbols. Filled circles (open
resolution with delta function excitations obeying the dispersiondiamonds) are points from the lower (upper) energy mode. The
relations of Eq. (2). The solid line through the 30 K data is asolid lines are dispersion curves calculated using parameters
guide to the eye. Intensities are normalized to a fixed numbeobtained by fitting Eg. (2) to the observed peak positions.
of incident neutrons expressed by monitor count units (MCU).Wave vectors are plotted in units corresponding to the VOPO
Some representativier error bars are shown. reciprocal lattice.
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implies that the magnetic coupling which supports spin TABLE I. Anisotropic exchange parameters.
waves is indeeq dqminantly one dimensional, but that theF,(,jm,jlmeter Fit A Fit B
strongest coupling is along tliedirection. Moreover, the
dispersion shows that the exchange in the ladder directiod. (meV) -0.27(2) —0.24(2)
is ferromagnetidn nature. € 0.91(7) 1.13(9)

The observed spectrum of magnetic excitations in/1 (MeV) 10.30(14) 12.32(55)
VOPO is clearly inconsistent with a two-leg spin ladder. J €l 1.16(3) 0.93(5)

. = 7, (meV) 8.7(3) 10.18(15)

A better model must account for the strong dispersion 6 1.12(2) 0.85(4)

in the b direction, the presence of a spin gap, and be
compatible with the crystal structure of VOPO. The most
likely model is that of weakly coupled antiferromagnetic  Fits to the observed dispersion require strong V-V ex-
alternating chains running in the direction. The gap change through the BQgroups. A similarly strong ex-
is a consequence of the spin dimerization inherent in thehange mediated by a RGomplex has recently been
VOPO crystal structure. found in the chemical precursor compound of VOPO,
A correct theory for VOPO must also explain the pres-VODPQ, - % D,0 [14], which contains magnetically iso-
ence of two magnetic modes. Since the high temperaturated S = 1/2 V-V dimers. Relatively strong superex-
limit of the magnetic susceptibility [5] is exactly that ex- change through the POgroups is possible because
pected forS = 1/2, g = 2, the possibility that the upper of coherent molecular electron orbitals in the complex.
mode is a low lying single ion excitation can be ruled out.Beltran-Porteet al. [15] anticipated the importance of su-
One potential explanation for a second mode is splittingperexchange through RGn VOPO and proposed an al-
of a triplet magnon level by anisotropy. Using the threeternating chain in thé direction, which is in agreement
inequivalent exchanges, J,, andJ, shown in Fig. 1 the with the present result.

Hamiltonian can be written Although Eq. (2) gives an excellent account of the data,
N v oa o v o N considerable exchange anisotropy is necessary to account
H = ZZ Z a St Sim + I Siom—1 Siom for the mode splitting. Recent single crystal magnetic
m a=x,y,z

wa e oa susceptibility measurements [16] were quantitatively con-

+ I3 Siom Siam 1} (}) sistent with the previous powder results [5] and found
where the index/(m) runs over spin sites in thé(b) little, if any, evidence for anisotropy. Further, the ex-
direction. The anisotropic exchange is represented bghange coupling in the precursor compound VORQPO
diagonal matriceg¢® = J,[6% + €,(8** + §*”)] for 1 D,0 was found to be isotropic [14]. These facts sug-
v = 1,2,a. Herez is an arbitrarily chosen unique axial gest that one should seek another explanation for the sec-
direction for exchange anisotropy. ond mode.

The excitation energies can be calculated using a In a recent paper [6], Uhrig and Schulz have consid-
pseudoboson technique appropriate for dimerized chainsred the excitations of an alternatiig= 1/2 Heisenberg
[12]. To first order this agrees with perturbation theorychain with isotropic exchange [Eq. (1) with = e, = 1
from the isolated dimer limit [13]. In this approximation andJ, = 0] in the continuum limit using field theoretical
the anisotropy leads to asf = 0 longitudinal (L) mode methods. The basic excitations are triplet magnons with an
and a doubly degeneraté = =1 transverse (T) mode, energy gap\. The magnitude oA depends on the alterna-
wg = {e;Ji[€1]; — JrcosmwQ,) + 2J,codmQ,) /3, ti(%n p:arameteﬁ =(B - 1){1(/3 + rll)wherel,B =le/12.

T The limit 6 = 0 corresponds to the usual antiferromag-
wg =1l + €)/21(1 + €)/2 = e2J2CodmQy) netic Heisenberg chain for which the excitations are free

+ 2€,J, codm Q). (2)  spinons resulting in the well known continuum excitation
The solid lines in Fig. 3 are the result of a least-squarespectrum [17]. Fors > 0 a gap opens in the spectrum
fit of Eq. (2) to the data. Two equally good descriptions[6,18] and the lowest lying magnetic excitation is a well
of the data are possible depending on whether the uppelefinedS = 1 triplet mode. For smalb one expects a
mode (A) or lower mode (B) is chosen as the longitudinalsecond gap to the remnant of the original continuum at
branch; the results are summarized in Table I. an energy of2A. Both the continuum [19] and second

In principle, theQ dependence of the mode intensity gap [20] have been reported in CuGe@or which § <
should allow one to distinguish between the L and T0.05. The theory further predicts that fér= 0.082 a sec-
modes if the model is applicable. In the present experiond sharp triplet mode appears at energies just below the
ment this is complicated by the large effective samplecontinuum [6]. This mode is a two-magnon bound state.
mosaic which dominates the observed changes in mod&ssuming isotropic exchange the alternation parameter de-
intensity as the direction of is varied. Nevertheless, scribing VOPO is5 = 0.1, in the regime where this mode
it can be stated that both modes appear with similashould be visible. Given the evidence in favor of isotropic
intensities for all directions measured. This is unexpecteéxchange in VOPOQ, it is plausible that the observed second
in the anisotropic exchange model. mode is, in fact, the two-magnon bound state.
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X4 the expected neutron scattering response would be of great
interest. Light scattering measurements may be sensitive
to two-magnon states and should also be instructive.

In the presence of a sufficiently strong external
magnetic field the predicted mode splittings of the two
proposed models are very different. Unfortunately such
i experiments are extremely difficult with the VOPO
samples available to date. A suitably largiagle crystal
(VO),P,0, T =10K is necessary for this as well as for careful investigations of

Energy (meV)

4 —— 2 magnon the mode intensities as a funption@fan_d T. Continuing
1 magnon efforts are underway to obtain the desired sample.
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