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Long-range antiferromagnetic order in the S=1 chain compound LiVGe,Og¢
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The phase transition in the compound LiV&g has been proposed as a unique example of a spin-Peierls
transition in anS=1 antiferromagnetic chain. We report neutron- and x-ray-diffraction measurements of
LiVGe,Og above and below the phase transitiomat24 K. No evidence is seen for any structural distortion
associated with the transition. The neutron results indicate that the low-temperature state is antiferromagnetic,
driven by ferromagnetic interchain couplings.

The physics of one-dimensionélD) spin systems has seemed to contradict this interpretation. These measurements
been a field of considerable theoretical and experimental inindicated that the observed phase transition was not a spin-
terest in recent years. The enhanced importance of quantuReierls transition and that the low-temperature phase was an-
fluctuations in these systems manifests itself in many exotitiferromagnetic in nature. Their results are also interpreted as
phenomena, two of which are the Haldane gap in integer spibeing consistent with a discontinuous phase transition. In
chains and the spin-Peierls transition in 1D half-integer spiraddition, these measurements suggest unusual behavior in
systems. Haldane predicted in 198%ased on field- the ordered phase including a gapped excitation spectrum
theoretical models, that Heisenberg, antiferromagnr@e),  with a gapA/kg=83 K, roughly twice the observed cou-
integer spin chains possess a spectrum of magnetic excitpting constantl/kg~45 K,° despite an anisotropp/kg of
tions in which lowest lying excited states are separated by &ss than 20 K. The authors of th{§ and a recent theory
finite-energy gap from the ground state. This remarkable repapet! discuss possible mechanisms for the low-temperature
sult contrasts the half-integer case where the excitation speproperties of LiVGgOg resulting from the splitting of the
trum is gapless. However, in the presence of magnetoelasttbreet, orbitals which accomodate the two’V electrons.
coupling, the energy of 1D, AF, half-integer spin systemsThis splitting results from a small trigonal distortiband
can be lowered by a dimerization of the uniform chains. Theseparates thé,, orbital from the low-lyingd,,, d,, doublet.
resulting alternating spin chains possess a gapped magnefigvo scenarios are suggested, the first of which leads to a
excitation spectrum separating a singlet ground state fromeduced intrachain coupling and subsequent enhancement of
the triplet of excited states. This structural phase transitionbiquadratic and next-near-neighbor interactidhs-The sec-
driven by gains in magnetic energy, from the uniform toond scenario leads to increased importance of orbital degrees
dimerized spin chain is known as the spin-Peierls transftion.of freedont® and possible orbital ordering. However, until

Experimentally, the Haldane gap has been observed inow, the precise nature of the ordered state was unclear.
numerous S=1 chain systems including CsNiG¥ To elucidate the nature of the low-temperature ordered
AgVP,Ss,*  YBaNiOs,®  Ni(C,HgN,),NO,CIO,,® and state, we have performed temperature-dependent neutron-
Ni(C3H1oN,),N3ClO,.” The spin-Peierls transition has diffraction studies, and complementary x-ray-diffraction
fewer experimental realizations most of which are organicstudies, above and below the transition temperature. These
such as C(Au)BDT (Ref. 2 and MEM(TCNQ), (Ref. 2  measurements indicate a commensurate, antiferromagnetic,
with the only known inorganic example being CuGeg¥Re-  long-range ordered low-temperature phase and provide no
cently, results were published on &1, chain material evidence for a structural distortion associated with the tran-
LiVGe,Oq (Ref. 9 which were interpreted as being a re- sition.
markable union of these two, seemingly unrelated, phenom- LiVGe,Og crystallizes in a monoclinic unit cell with
ena. Powder susceptibility measurements showed a rapid depace grouP2,/c and room-temperature lattice constants
crease on passing through a transition temperature of aboat=9.8634) A, b=8.763(2) A, c=5.409 A, and g8
22 K reminiscent of the isotropic decrease in magnetizations= 108.211)°.° The structure is composed of chains of edge
associated with the opening of a singlet-triplet gap in thesharing VQ octahedra which are connected by Geeétra-
excitation spectrum, which accompanies a spin-Peierlfedra. Previous measuremerfshave indicated that the V
transition’? However, the preexisting gapped excitation spec{ons exist in a 3 oxidation state with an effectivé=1
trum normally precludes the possibility of a spin-Peierlsmagnetic moment.
phase transition in integer spin chain systems. It was Polycrystalline samples of LiVG®g were prepared us-
suggestelthat the Haldane gap was closed in LiV&®g ing a slightly different method than reported by Milket al®
due to an anomalously large biquadratic exchange interactiogtoichiometric quantities of GeQ Li,O, V,0s5, and V
and this now gapless integer spin chain system undergoesmaetal were sealed in evacuated Pt tubes and heated for 2
spin-Peierls phase transition B=22 K° days at 900 °C. The samples were single phase according to

However, very recent’Li nuclear magnetic resonance powder x-ray diffraction. To reproduce the magnetization re-
(NMR) (Ref. 10 experiments produced results which sults reported previously, a small amount of powder was
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FIG. 1. dc molar susceptibilitya) and specific heatb) as a 2
function of temperature for temperatures in the vicinityTgf. The O

dc magnetization was measured in an applied field of 2.5 kOe while
the specific heat was a zero-field measurement. Both measurement
clearly show the presence of a phase transition at a temperature o
about 24 K indicated by the arrows.

FIG. 2. The upper panels show powder neutron-diffraction data

loaded in a Quantum Design superconducting quantum interr the (110 and (001) reciprocal lattice positions at temperatures

f devi ¢ t d the d tizati above and belowly. The lower panels show identical scans per-
erence device mag”.e ometer an € C magne 'Z.a 10N WatSmed using x-ray-diffraction techniques. The neutron-diffraction
measured as a function of temperature in an applied ma

N N ) ; 12 ata indicate the presence of additional scattering below the transi-
netic field of 2.5 kOe; the magnetization varied linearly with

. o tion temperature. The absence of excess scattering seen in

H for fields up to 65 kOe . The results are shown in Fi@) 1 the x-ray-diffraction results confirms the magnetic nature of the
for temperatures up to 50 K and clearly demonstrate thecattering.
same rapid decrease in magnetization, below a transition
temperature of about 24 K, reported previoust) The Cu-  flections were the most pronounced but other, weaker reflec-
rie tail below 10 K corresponds to less than 40 ppm df 3 tions were seen afl11) and (220) positions with possible
impurity content. In addition, specific heat measurementseflections at (11) and(020. No additional scattering was
were performed on a 13.7 mg cold-pressed pellet obbserved for reflections with scattering angles in excess of
LiVGe,Oq using a commercial heat-pulse, Quantum Desigrabout 50°. This enhacement of the scattering at low angles is
calorimeter, the results of which are shown in Figb)l  consistent with it being magnetic in origin.
These results show a clear phase transition at a temperature To further confirm the magnetic nature of the scattering,
of about 24 K, consistent with the magnetization results. the measurements were repeated using x-ray-diffraction tech-

For the neutron-diffraction measurements, approximatelyiques. Approximatgl 2 g of LiVGe,Og powder was
10 g of LiVGe,Og powder was loaded in an aluminum pressed into a pellet and loaded in a Be can in the presence
sample can in the presence of He exchange gas and attacheftHe exchange gas. This can was then connected to the cold
to the cold finger of a closed-cycle He refrigerator. Thefinger of a closed-cycle He refrigerator and mounted in a
neutron-diffraction measurements were performed on thé&luber four-circle diffractometer. The incident radiation was
HB1 triple-axis spectrometer at the High Flux Isotope ReacCuKa x rays from an 18 kW rotating anode x-ray generator
tor, Oak Ridge National Laboratory. Neutrons of wavelengthwhich were further monochromatized by Bragg reflection
2.44 A were selected using a pyrolitic graphiG (002  from a PG monochromator crystal. To allow comparison
monochromator crystal and elastically scattered neutronwith the neutron-diffraction results, the intensity of dif-
were measured using a second @B2) analyzer crystal. To fracted x rays was measured for scattering angles between 5°
prevent higher-order contamination, a graphite filter wasand 70° at temperatures of 33 and 11 K, again above and
placed in the incident beam. The intensity of diffracted neubelow the transition temperature. The resulting data in the
trons was measured for scattering angles between 5° andcinity of the (110 and (001) reflections is shown in the
100° for temperatures of 50 and 11 K, well above and belowower two panels of Fig. 2. Clearly, no additional scattering
the transition temperature, respectively. is seen on passing through the transition temperature and, in

The 50 K data was refined using Rietveld analysis and théact, no excess scattering was observed at any angle. This
observed pattern was found to be consistent with the previfurther confirms the magnetic nature of the excess scattering
ously determined crystal structdreith low-temperature lat- observed in the neutron-diffraction experiment. This coupled
tice constants 08=9.800 A,b=8.709 A,c=5.364 A, and  with the resolution limited nature of the excess neutron in-
B=108.21°. tensity, indicates that the low-temperature phase is, in fact, a

A portion of the resulting diffraction pattern is shown in long-range ordered, commensurate magnetic state.
the two upper panels of Fig. 2 for temperatures of 11 and 50 The temperature dependence of th&0 and(001) mag-
K. We see clear, excess scattering at positions which can heetic Bragg reflections was measured from 11 to about 40 K
described by Miller indice$110) and (001). These two re- and the resulting data are shown in the upper panel of Fig. 3.
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ing chains of edge-sharing \AQoctahedra together with the con-
necting GeQ tetrahedra. Superimposed on the M&tahedra is the
arrangement of spins determined from the powder neutron-
Temperature (K) diffraction data showing antiferromagnetic alignment along the
chains and ferromagnetic alignment between chains. The spin di-
FIG. 3. The upper pangb) shows the temperature dependencerection could not be determined unambiguously due to insufficient
of the diffracted neutron intensity for tH601) and (110 magnetic ~ data and the indicated directions are for demonstration purposes
Bragg reflections. The solid lines represent fits to a power law in thenly.
reduced temperature,=|T—Ty|/Ty. For reference, the lower
panel(b) shows the temperature derivative of the susceptibility andof ferromagnetic interchain coupling. Unfortunately, the lim-
the specific heat. The dashed line represents the transition tempeliged amount of data makes it impossible to uniquely deter-
ture (about 24 K. This clearly shows that the extra magnetic neu- mine the spin direction but the strength of @91 reflec-
tron scattering disappears upon passing through the transition terion indicates a small spin component along that direction.
perature. By considering several plausible spin directions an ordered
moment w=gug(S)) of 1.14(8)ug was extracted. This is

For reference, we have plotted the temperature derivative deduced from the expected value of 1ugd[for g=1.79
the molar susceptibility and replotted the specific heat data itR€ef. 9 and(S)=1] and this difference is likely due to the
the lower panel of Fig. 3. The excess neutron intensitymportance of quantum fluctuations in the low-dimensional
clearly disappears on passing through the transition tempergystem. In fact, the observed ordered moment is similar to
ture indicating its association with the phase transiton. Théhat seen in other Haldane chain systems which order mag-
temperature dependence can be well described by a powggtically: CsNiC} is found to possess an ordered moment of
law in the reduced temperature suggestive of a continuoud-05ug (Ref. 13 and the set of systenRBaNiOs, which if
phase transition. In addition, no hysteresis has been observ& Y order magnetically, display an ordered moment of
in either the magnetization or the specific heat and, thus, igbout 1y M
contrast to the NMR resulfd,we conclude that the transition ~ The observed ordering in LiVG8 is very simple and,
is continuous in nature. While we can rule out the possibilityas mentioned above, exhibits properties consistent with other
of the transition being strongly first order in nature, it is Haldane chain systems which order magnetically due to sig-
impossible to rule out a weakly first-order phase transitiomificant interchain couplings. These interchain interactions
from the existing data. are the likely cause of the phase transition in Li\Gg and
Despite the small number of observed reflections, wehe parallel alignment of neighboring spin chains suggests
have sufficient information to determine the spin arrangethat they are ferromagnetic in nature. The strength of the
ment in the ordered state. As all reflections can be indexethterchain coupling is estimated, using the Ginzberg-Landau
with integer indices, the magnetic unit cell is identical in sizetheory of Scalapino, Imry, and Pinkésto be J, ~1.4 K
to the nuclear unit cell and, hence, contains four magneti¢éassuming Jj=45 K, four neighboring chains, andy
Vv3* sites. The observed magnetic peak intensities, coupleet24 K). These interchain interactions suggest that
with the absence of100) and (010 reflections, are most LiVGe,Og is a quasi-1D system with, /J;~0.03 (it is im-
consistent with the arrangment of spins shown in Fig. 4portant to note that this mean-field calculation results in an
where we have superimposed the spins on the known crystahderestimated value df ). We note that this lower bound
structure. In comparing various magnetic structures, an anan the value ofJ, /J, lies just above the critical value of
lytical approximation for the ¥ magnetic form factor was 0.026, determined using various theoretical technigiés,
employed:? The observed spin structure has spins alignecabove which long-range order is expected in a system of
antiferromagnetically along the chain direction with ferro- coupled S=1 chains. The observed ratio of interchain to
magnetic alignment between neighboring chains suggestiviatrachain coupling may be slightly larger than expected
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given the 1D nature of the crystal structure, but is very simi-makes the system less one-dimensional. The mechanism in-
lar to that observed in the quasi-1D Haldane system CsNiClvolved in this phase transition clearly deserves further study
(Ref. 3 and certainly seems feasibile. Clearly, both quantumand several properties, such as the large magnetic gap ob-
chemistry calculations and further experiments are needed terved in the low-temperature ph&#seemain unexplained.
investigate the actual magnitude of the interchain couplings |n summary, we have performed neutron diffraction, and
in LiVGe,0g. complimentary  x-ray-diffraction, measurements  on
We cannot rule out more exotic mechanisms for the or4 jyGe,0, and see clear evidence for simple, commensurate
dering in this system and if the transition is discontinuous, agyng-range antiferromagnetic order below a temperature of
suggested by NMR studies, a simple ordering mediated by, i |y addition, we see no evidence for structural changes

interchain coupling may be unlikely. However, of the theo- 54 hig temperature. These results contradict the complicated

retical'ideas p.ostulated' to date, the not'ion of yvgakgned ir'i:')icture of anS=1 spin-Peierls system originally proposSed
t_rachaln g:ou_pllr)g resulting from c_rystal-f_l(_eld splitting is Pa™ 9nd seems to indicate surprisingly large interchain interac-
ticularly intriguing!®!! Perhaps, in addition to enhancing fions

interactions such as next-near-neighbor coupling or biqua-
dratic exchang&®!! this reduction of intrachain coupling ~ We acknowledge fruitful discussions with D.A. Tennant,
also increases the relative strength of the interchain interad: Affleck, and E. Soenson. Oak Ridge National Laboratory
tions leading to a rather conventional ordering phase transis managed by UT-Battelle, LLC, for the U.S. Dept. of En-
tion. In other words, the weakened intrachain interactiorergy under Contract No. DE-AC05-000R22725.
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