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Neutron-scattering study of magnetic excitations in(VO),P,0-
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We report results from inelastic neutron-scattering experiments on powder samples of vanadyl pyrophos-
phate,(VO),P,0, (VOPO). We see evidence for three magnetic excitations, at 3.5, 6.0, and 14 meV. The 3.5
meV mode peaks &=0.8 A~! and is consistent with the one-magnon gap mode reported previously. The 6.0
meV mode is inconsistent with expectations for magnetic excitations in the usual spin-ladder model. Our
results imply that VOPO must be described by a different magnetic Hamiltonian than the simple Heisenberg
antiferromagnetic spin ladd€iS0163-1827)01705-0

I. INTRODUCTION Many unanswered questions remain concerning the dis-
persion relations, spectral weight, and detailed band structure
The antiferromagnetic insulatqvO),P,0-, (Ref. 1) is  of magnetic excitations in VOPO. Despite the good agree-
widely considered to be the prototypical realization of ament with the SHAL model susceptibility, it has not been
Heisenberg spin ladder. Heisenberg spin ladders are interestemonstrated that magnetic interactions in VOPO actually
ing theoretically as intermediaries between one-dimensionalare accurately described by the isotropic SHAL model; note
(1D) Heisenberg antiferromagnets and 2D systems. Theoretfor example that the susceptibility can also be fit by a dimer
cal studies of this model have concluded tiSat1/2 spin  chain modef;” and the gap in the excitation spectrum may
ladders have a gap if they have an even number of chainbe dominantly due to other magnetic interactions than the
but are gapless for an odd number of chains. This is remiladder terms. We have carried out triple-axis inelastic neu-
niscent of the Haldane result that half-integer-spin chains artfon scattering studies of VOPO to investigate these issues in
gapless but integer-spin chains have energy gaps. Studies more detail. In addition to confirming the existence of the
hole-doped two-chain ladders in thel model find that gapped spin wave mode observed previodsbyr results
strongd-wave hole pairing takes place on equal-strength ladfeveal an unexpected magnetic excitation.
ders, so analogues of the high-superconductors might be Most of the theoretical work on the two-chain ladder has
found in hole-doped spin ladders. Additional examples ofbeen concerned with thg=1/2 SHAL model. The spectrum
spin ladders are known, including a Sr-Cu-O sefiasLa-  of low-lying spin waves in this model has been discussed at
Cu-O seried,and Cw(CsH 1N ,) ,Cl 4.5 The subject of spin  length in the literaturé.”!° The one-magnon band can be
ladders was reviewed recently by Dagotto and Rice. approximately described by the function
The magnetic properties of VOPO have been interpreted

in t f the two-chain Hamiltoni ith isotropi -
in terms of the two-chain Hamiltonian with isotropic ex w(K)=[ (0)2co2(K2) + w( ) 2sir(kI2) + CZsir (k) |12

change: o
chains rungs
H=J % Si-§+J, (IEJ) S-S, () wherek is the one-dimensional wave vector in units in which

the intrachain ion separation is set to unity. This dispersion
This model gives an accurate fit to the VOPO magnetiaelation for the one-magnon bang(k) in the SHAL model
susceptibility with the parameterd=J, = 7.8 meV. Theo- with J=7.0 meV(chosen to match the energy gap observed
retical studies of this symmetrig)(=J, ), isotropic Heisen- in the present workis shown in Fig. 1, together with the
berg antiferromagnetic laddéB8HAL) model predict an en- lower edges of the two-magnon and three-magnon continua.
ergy gap ofEy,,=0.5037 F hence the susceptibility results [These are the lowest-energy sunagk,)+ o(k;) and
imply Eqap=3.9 meV. A pulsed neutron scattering experi- w(K;) + w(kz) + w(ks) with the constraink;k;=k.] The pa-
ment on VOPO powdémbserved a gap of 32 meV, con- rameters in(2) are w(0)=1.72J, o(7)=0.5037 J, and
sistent with this expectation. Ccp=1.38 J.
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FIG. 2. Inelastic scattering fromVO),P,0, at Q=0.813
A1, at temperatures 6f=10.8 K and 40.8 K, measured at HB1A

%o '0'5‘ — '1'0' — '1‘5' 0 with E;=14.728 meV and collimation 4620’-20’-70’. The gap
' ' ' ' | mode at 3.5 meV and the 6.0 meV mode are clearly visible in the
k/n 10.8K data. The neutron counisee text are normalized to counts

observed in 1250 monitor units; each monitor unit corresponds to
FIG. 1. Spin waves predicted in the SHAL model of abou 1 s ofcounting time.
(VO),P,07 with J, =J;=7.0 meV. The one-magnon baisblid)
and the onset of the two-magnon and three-magnon continua are were maintained during the entire crystal growth proce-
shown. dure. An independent oxygen sensor was used to monitor the
oxygen partial pressure in the furnace. TheO4L*P,O5
The lowest-lying one-magnon excitation occurs at theglass was heated to 1050 °C, maintained at that temperature
one-dimensional antiferromagnetic pok 7, with an en- for 6 h, and then cooled at 1 °C/h to 480 °C, after which the
ergy of w(m)=Eg,,. Exact calculations of the dynamical fymace was turned off. The resulting material consisted of
structure faCtOS(k,w) on a 2x8 |attice7’13 indicate that the several hundred mm sized Sing|e Crysta|$\®)zpzo7 em-
spectral weight of the one-magnon band peaks strongly negjedded in a polycrystalline matrix ofvO),P,0, and a
k=, so this should be the most prominent feature seen igmall amount £5-15 %) of an additional phase, tentatively
neutron scattering. The nekt= 7 excitation expected in the jdentified as \(PO3) 5 by neutron powder diffractioht
SHAL model is the beginning of the three-magnon con- |nelastic neutron scattering measurements were carried

tinuum, at 3E gap. out using the HB1A and HB3 triple-axis spectrometers at the
High Flux Isotope Reactor at Oak Ridge National
Il EXPERIMENTAL DETAILS Laboratory** The sample consisted of 18 grams of finely

ground VOPO powder sealed in a 0.5 in. diameter thin-

To prepargVO) ,P,0+, stochiometric amounts of X5  walled Al cylinder under a helium atmosphere. For the initial
(44.1 grams, 99.99%and NH,H,PO, (55.9 grams, 99.9% experiment on the HB1A spectrometer the sample was
powder were mixed and loaded into a platinum crucible. Thanounted in a standard He closed-cycle refrigerator with a
mixed powders were heated to 500 °C at 1 °C/minute andemperature range of 10 to 300 K. A double-crystalG0z)
held at 500 °C for 6 hours. This initial heating allowed the monochromatofM) was used to provide an incident neutron
ammonia and water to escape from the crucible during thbeam with a fixed energy of 14.7 meV. The incident beam
decomposition of NHH ,PO, to P,Os. The prereacted mix- intensity was monitored using a fission counter, and contami-
ture was heated further to a temperature of 1100 °C and theation of the beam by higher-order Bragg reflections was
resulting liquid was allowed to homogenize for severalremoved using the standard PG filter method. Neutrons scat-
hours. The platinum crucible was removed from the furnaceered by the sampléS) were reflected by a P@02) analyzer
at 1100 °C and the liquid was “cast” into a cold, shallow (A) into a 3He detector (D). Effective beam collima-
platinum crucible measuring 204X 2 cm?®. The rapid cool- tions pre-M, M-S, S-A, and A-D of 4040’-40'-70' or
ing of the V,05*P ,05 liquid resulted in the formation of a 40'-20"-20'-70" were used.
homogenous glass with a dark green to black color. The A second experiment utilizing the HB3 spectrometer em-
above steps were all performed in air. ployed PG002 monochromator and analyzer crystals with a

The shallow platinum crucible containing the ,@;  fixed scattered neutron energy of 14.7 meV. The collimation
*P,05 glass was then placed in a tube furnace in which thevas 40-40'-40'-120', and the scattered beam was passed
oxygen partial pressure could be controlled. A mixture ofthrough a PG filter. For this experiment the sample was
0.1% oxygen and 99.9% argon was passed through the furrounted in a pumped He cryostat capable of reaching 1.5 K.
nace at 40 cc/minute, and this rate and oxygen partial pres- VOPO has a slightly monoclinic unit cell with lattice pa-
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rametersa=7.728 A, b=16.589 A, ¢=9.580 A, and

$=89.98° atT=296 K2 The ladder consists of 51/2 250 ——
V4" ions in {VO)-(VO)- chains along thea axis and
\% 28: V rungs oriented along thk axis. The average V-V 200 1 %
distance along the chain is approximately equalat@.
Therefore in VOPO the one-dimensional antiferromagnetic 150 | %
pointsk=nm (with n odd occur in sheets witlQ,=nQ_,,
whereQ,=0.813 A1,

In scattering frompowderthe experimental momentum
transfer to the sampl® = |Q| does not correspond to the
one-dimensional momentur of the excitations observed.
Insteadk is the projection of) on the chain axis, and in the
powder one averages over all orientations. Therefore for a
given Q one can excite all 1D modes with the observed
energy transfer ank<Q. In particular, one expects the gap
mode, which hak= 7, to appear first aQ=0Q_, asQ is é%
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increased, and to persist to high@rdue to the powder av- 1507
erage. The scattering intensity observed @{«) involves
the density of states as well &k, w). 100

50 -
Ill. RESULTS

Figure 2 shows the results of const&ht-scans at 05 1.0 15 2.0 25
Q=Q,, taken at HB1A. The data have been scaled to a Q@&
fixed monitor value. The data at 10.8 K clearly show two
peaks in the scattering. The peak intensities are drastically FiG. 3. Constant energy scans of scattering intensity versus mo-
reduced at higher temperatures, as illustrated by the data afentum transfef) at w=3.5 meV (upper panéland w=6.0 meV
41 K, which provides strong evidence that they are bothlower pane), normalized to 500 monitor units. The dashed vertical
magnetic in origin. The lower peak at 3(88meV is inter- lines show the values ofQ=nQ, corresponding to one-
preted as the one-magnon gap mode previously reported dimensional nuclearn( even and magnetic if odd) zone centers.
3.7(2) meV by Ecclestoret al® Their slightly higher energy Note the strong peaking @=Q,, in both cases. Measurements
may arise from their broade® acceptance. The neutron were done at HB1A with fixed incident energy £14.728 meV
group observed in the present work has a FWHM signifi-and collimation 40-40"-40"-70".
cantly greater than the instrumental resolution limit of 0.7
meV. expected because of the reduction of the magnetic form
The mode aE=6.0 meV has not been reported previ- factor at large Q. For the V** ion in VOPO,
ously. It appears narrower in energy than the 3.5 meV moddf™43Q,,)|>~0.5f™4Q,)|>.
with a FWHM only slightly larger than the instrumental ConstantQ scans aQ=3Q_, andQ=5Q, at a tempera-
resolution; this suggests that the band is rather flat, correture of 1.6 K are presented in the lower panel of Fig. 4. The
sponding to a relatively weakly coupled localized mode.scans were carried out at HB3 with fixed scattered neutron
Comparison with the theoretical magnon bands in Fig. lenergy, which allowed measurements over a wide range of
shows that this excitation is not predicted by the SHALenergy transfers. The scattering at both wave vectors exhibits
model (1). a broad maximum near 13 meV. The origin of this broad
Figure 3 shows th€® dependence of the intensities of the scattering is unknown, but since magnetic scattering at
3.5 meV and 6.0 meV modes. Both modes show very similaQ=5Q , is expected to be weak, it is probably not magnetic
behavior, with an onset near 0.7 A and a peak near 0.8 in origin. Unfortunately, kinematic restrictions did not allow
A1 These wave vectors are close to the vaue=0.813 the same energy scan at lowéx, particularly atQ=Q,,
A~1 expected for the gap mode of antiferromagnetic spirwhere the magnetic features should be most prominent. In-
waves propagating along the ladder, which was the interprespection of the lower panel of Fig. 4 shows that th@ 3
tation Ecclestoret al® gave to the lower mode. It should be scan has features which were not observed in Qe Scan.
kept in mind that a definitive confirmation of this interpreta- In repetitions(not shown of the 3Q, scan atT=45 K and
tion will require a single-crystal experiment, in which the T=100 K the extra features are not clearly visible, and only
dispersion of the modes along the various crystal axes can ibe broad maximum remains. Tlg and T dependence of
isolated. the scattering strongly suggests that the additional features
Both modes show a slight increase in intensity in the vi-seen at 8. arise from magnetic excitations. To investigate
cinity of Q=1.6 A~1, and a gradual falloff in intensity at this possibility further the€Q=5Q . intensity was subtracted
higher Q. The scattering intensity from a powder sample isfrom the Q=3Q,. intensity on a point-by-point basis; the
not easily interpreted beyond the first Brillouin zone, but theresult is shown in the upper panel of Fig. 4. The solid line is
diminishing intensity with increasing momentum transfer isa fit of this difference spectrum to a sum of three Gaussians
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. ' . . meV scattering are similar to expectations in the spin-ladder
20 - (VO),P,0, 4 model, the presence of two low-lying modeskat 7 is un-
E=14.7 meV expected, and argues against the validity of the SHAL model
(1) for VOPO.

In view of this disagreement we should recall the assump-
tions which led to(1) and determine whether they are justi-
fied. The Heisenberg model assumes that each magnetic ion
can be treated as a localized spin wihk-1/2, interacting
with neighboring ions through an isotropic interaction.
Whether or not this is true in practice depends on the ground
state and low-lying excited states of the magnetic ion.

50 I I I 1 I An isolated \V** ion in an octahedral field, as is approxi-
mately realized by the O octahedra in VOPO, hagariplet
40+ T=16K i ground staté? this triplet is split by the spin-orbit interaction
and by departures from octahedral symmetry, including the
% formation of (VO) units along the chain For isolated
3% V#* jons in ruby the single-ion exciteg, levels are known
to lie just 3.5 meV and 6.6 meV above the ground stéte,
comparable to the energy scales of the magnetic modes ob-
served in VOPO. This raises the possibility that one or more
of the magnetic modes observed in VOPO could be crystal
field levels, which might explain the peak at 6 meV. There is
' however experimental evidence against this possibility,
5 10 15 20 25 based on the) dependence of the scattering and the bulk
energy transfer (meV) magnetic susceptibility.
Single-ion excitations do not normally display a strong

FIG. 4. Constan@Q scans aR=3Q, andQ=5Q, atT=1.6 K  dependence of either frequency or scattering intensit@)on
(lower pane) and the subtracted difference scatterfogper panel  (other than the magnetic form facloSince we observed a
The scattering intensity is normalized to 100 monitor units. The linergther sharp peak =0.8 A~Yin the constanE scan(Fig.
in the lower panel isa guide to the eye through tl@wfdata. The 3), it appears ||ke|y that the 6 meV feature arises from a
solid line in the upper panel is a least-squares fit of the difference t@gjective mode. If it is a band of crystal field excitations,
a sum of three Gaussians and a constant background, with fitte&l]ey exhibit an unusually strong exchange coupling.
e i o o B s i oo s 120G SUSCOpUDI measuremerts s ague sorly

: + . .
neutron energy¥;=14.7 meV and collimation 4840'-40"-120". efgalnst the presence ng v exqted orbitals at th.es.e low
energy scales. The observed high temperature limit of the
susceptibility[known to about 350 KRef. 1)] is consistent
_ with that expected for paramagnetic spins wak1/2 and
and a constant background, revealing features near 3.6 mey_» Tpe presence of additionap, degrees of freedom
and 6.5 meV, approximately consistent with the magnetiGyqiq modify the temperature dependence of the susceptibil-
excitations observed &@,. The fit also shows a higher- v, Thys there is no indication of excitg, levels in VOPO

energy peak at 14.3 meV. An earlier neutron scattering, 350 K, corresponding te-30 meV. Further experimenta-
experimerit also saw indications of enhanced scattering N€afion  including infrared spectroscopy and EPR measure-

— -1 H
15 meV andQ=0.8 A~1, although the details were unclear. ments, is desirable to locate theisg levels.

Since 14 meV is close to the predicted onset of the  angther possibility is that VOPO actually can be mod-
k= two-magnon continuum as well as the maximum en-g|jeq as ars=1/2 spin ladder at low energy scales, but there
ergy of the one-magnon barishown in Fig. 1inthe SHAL 56 important additional spin interactions not presentlin
model, it is tempting to associate the magnetic scattering hich produce the two separate bands we observe at 3.5
with either or both of these features. However, a detaileqd,q\v and 6.0 meV. There are various possibilities for such
comparison of experiment with the excitation Spectrum préygrms including ladder-ladder interactions, chain dimeriza-
dicted by the SHAL model is problematical, since it did not o departures from isotropy, next-nearest-neighbor interac-
anticipate the 6 meV mode. tions and so forth. Elucidation of the form of these interac-

tions is impractical using a powder specimen.
In conclusion, our observation of two low-lying modes, at
V. DISCUSSION 3.5 and 6.0 meV, indicates that a different Hamiltonian than

In this experiment we have found clear evidence for twothe SHAL model is required to describe magnetic excitations
low-lying magnetic excitations in VOPO, at energies of ap-in VOPO. The determination of the appropriate spin Hamil-
proximately 3.5 meV and 6.0 meV, and some additionaltonian would be facilitated by more detailed experimental
magnetic scattering near 14 meV. The low-lying excitationsstudies of the low-lying bands, in particular by inelastic neu-
peak strongly aQ=0.8 A~%, near theQ,=2=/a point in  tron scattering studies of VOPO single crystals. The techni-
VOPO, which suggests that these &e 7w modes of the cal difficulty of growing adequate crystals has precluded
VOPO spin ladder. Although the 3.5 meV mode and the 14uch studies previously. Some progress has recently
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