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Pyrochlore Antiferromagnet: A Three-Dimensional Quantum Spin Liquid
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The quantum pyrochlore antiferromagnet is studied by perturbative expansions and exact diagonal-
ization of small clusters. We find that the ground state is a spin-liquid state: The spin-spin correlation
functions decay exponentially with distance and the correlation length never exceeds the interatomic
distance. The calculated magnetic neutron diffraction cross section is in very good agreement with
experiments performed on(80Mn,. The low energy excitations are singlet-singlet ones, with a finite
spin gap. [S0031-9007(98)05650-6]

PACS numbers: 75.10.Jm, 75.40.-s, 75.50.Ee

Since Anderson proposed the resonant valence bortdm fluctuations play a crucial role. In this Letter, we
(RVB) wave function for the triangular lattice [1], there show that the ground state exhibits a QSL behavior: By
has been a lot of attention focused on frustrated latticespplying a perturbative approach to the density operator
because they might have a spin-liquid-like ground state inve show that spin-spin correlations decay exponentially
two- or three-dimensional lattices. The frustrated systemwith distance at all temperatures with a correlation length
can be classified into two different categories: structurallythat never exceeds the interatomic distance. Fluctuations
disordered systems and periodic lattices. Among the lagtelect collinear modes, but the amplitude of these modes is
one the ground state of the = % guantum Heisenberg extremely small. Exact diagonalization of small clusters
antiferromagnet on the kagomé and pyrochlore lattices ishows that the spectrum of the pyrochlore lattice looks
expected to be a quantum spin liquid (QSL). The commorike the kagomé one, with a singlet-triplet spin gap and
point of these two lattices is the high degree of frustratiomo gap for the singlet-singlet excitations. We also use
as they both belong to the class of the “fully frustratedour development to calculate the neutron magnetic cross
lattices.” The classical mean field description indicates &ection. The results are in very good agreement with
pathological spectrum with an infinite number of zero en-previous experimental results o(¥oMn; [14].
ergy modes which prevents any magnetic phase transition Model—The Hamiltonian of the quantum Heisenberg
and produces an extensive zero temperature entropy [2—4hodel on the pyrochlore lattice is
The classical critical properties are nonuniversal for both
systems [5]. H=-J ZS,- S, (1)

The pyrochlore lattice consists of a 3D arrangement of (i)
corner sharing tetrahedra (Fig. 1). All compounds whichyhere the summation is taken over the nearest neighbors
crystallize in the pyrochlore structure exhibit unusual magy\N) sites. J is the negative exchange coupling. We de-
netic properties: Two of them, Felind NHFE€"F€""Fs  scripe the pyrochlore lattice as a fec Bravais lattice with

[6], are known to have a noncollinear long range ordered, tetrahedral unit cell. Each cell is exactly diagonalized
magnetic structure at low temperature; the other com-

pounds do not undergo any phase transition, but many of
them behave as spin glasses, although there is no structural
disorder at all. It is remarkable that frustration in a peri-
odic lattice may give rise to ageing and irreversibility so
that a compound such asMo,0; has been considered as

a “topological spin glass” [3,7].

The problem of ordering in the pyrochlore lattice was
initiated by Anderson [8] who predicted that only long
range interactions are able to stabilize a Néel-like ground
state. More recently, mean field studies [9] have confirmed
these predictions; from classical Monte Carlo calculations
[5,10,11] it was concluded that this system does not order
down to zero temperature, but any constraint will induce
magnetic ordering [12].

The only attempt to describe the quantush= %
Heisenberg antiferromagnet on the pyrochlore lattice haﬁIG. 1. Description of the pyrochlore lattice as an fcc lattice

been done by Harrist al. [13] who studied the stability of tetrahedra. Solid lines connect sites interacting with ex-
of a dimer-type order parameter and showed that quarchange/, dashed lines with exchangé.
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and coupling between cells is taken into account perturba- 1 - -

tively: We call J/ the exchange interaction between NN Cy . T=2.0] @

sites in different tetrahedra (Fig. 1) and we make an expan- 0.1

sion in powers of\ = J'/J. The Hamiltonian is rewritten 001 ..

asH = Hy(J) + H(J"), whereH, describes the NN in-
teractions within a tetrahedron aff the NN intertetrahe-
dra interactions. By using this trick we have transformed
theinitial § = % pyrochlore lattice into a fcc lattice with 16
states per “site” (four spiné). All of the thermodynami-

cal quantities can be obtained from the density operator,
which we calculate in perturbation with respectito

p=ePl=po+-tp,+01"), (2

where

B B B
Pn = (_1)"f f [ dpy---dB,e B=FIHo
o Jo 0

X Hl e ei(ﬁﬂfli,Bn)HOHlefﬁ“HU‘ (3)

In order to evaluate the different terms of the development,
we have derived a diagrammatic method which allows a
systematic expansion. This method will be reported else-
where. All of the following quantities have been evalu-
atedanalyticallyto the second order in by implementing

a formal program in Mathematica on a Silicon Graphics.
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For an indication, the evaluation of the spin-spin correla-
tion functions from the first to the sixteenth neighbors took'?(')cri-S Zés éa)fuﬁkéf}gftgfvﬁ's‘ignfeﬂé? fp;T}Tp"}tf)°2§'ﬁgﬁ£ié‘,‘1”°'
15_ mlonth§ of CPU, time. The method was testgd on th ength deduced from the analysis of the (a)-type graphs at all
spin-; chain for which the unit cell was two NN sites and temperatures.
the development was made to fourth orderiin Using
the analytical density operator and fixing= 1, we ob-
tained quite satisfactory results, the difference with thosenethod in this energy scale. Assuming tl¥atould be
of Bonner and Fisher [15] being less than 2% at low tem-underevaluated faF =< J by our method, we extrapolated
perature. Furthermore, our method is more efficient whe(7) from theT = J regime to the lowl" regime. What-
the characteristic length of the ground state is short, agver the law we used (algebraic, exponential, stretched ex-
expected in a spin liquid. Thus, the deduced characteponential), we found a saturation of the correlation length
istic length will be a control parameter of our calculations.around the interatomic distance. Thus, our calculations are
Moreover, contrary to usual high temperature expansiorself-consistently controlled as the valuedgft 7 = 0 K
our method vyields to a nondivergent expansion whens much smaller than the real spatial extension of our de-
T — 0. velopment (five interatomic distances).

Spin-spin correlations—Let us consider a reference  The total spin can be obtained from the spin-spin
site So on the lattice. We definéS, - S;) = C,; as the correlation functions as

correlation function between this site and a site at a dis- ; , 2
tanced in the lattice. This function is easily evaluated as <<Z Si) > = NS(S + 1) + 6NC; + 12NCy + --- .
i=1
()

(4)
whereZ is the partition function. The development was Since we have shown that these correlation functions are
rapidly decreasing with distance, we can retain only a

made up to second order ih, which allows us to cal- 4 ! - ] -
few terms in this expansion. Cutting the summation to

1

Ca = ESF{SO - Sqexp(—BH)],
culate C; up to the 16th neighbors. At any temperature X , )
betweer;jT 2 10|7] andT = IgJI/IOO we fin()jl thatpthese the second neighbors, we verify that the ground state is a
correlations oscillate in sign and decay exponentially withSinglet:
the distance [Fig. 2(a)]. From these curves, we can extract 1 N 2
a correlation lengtlf defined agC,| « exp(—d/&). This N >8] ) (T =0)=002.
length is temperature dependent and never exceeds one in- =1
teratomic distance down to zero temperature [Fig. 2(b)]This result shows that our method is satisfactory even at a
the broad feature df = J shows the limitations of the very low temperature, essentially because the correlations

(6)
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inside each unit cell are calculated exactly, and in a QSLwhere
only short range correlations are important.

Static structure factor—For classical spins, the spec- Unn(Q,w) = > e "0Ri"R),ia:(T,~T,)
trum of the pyrochlore lattice is very peculiar [9]: It pos- ij
sesses two branches of zero energy modes. In order to +oo _
study the effect of quantum and thermal fluctuations on X [ Sim(0)S; (1)ye " dr. (9)

these modes, we evaluated the structure factor,
T,, andR; are the translations that define the position of a
Sm(q) = Z C el R @) site of typem in the ur_1it celli of the space groub“démz
7 Q = k + q, wherex is a vector of the reciprocal lattice
andq belongs to the first BZ. From the static correlation
wherem andn are the indices of a site in a tetrahedral functions calculated above, we obtain the total magnetic
unit cell [(m, n) € {1,2,3,4}*]. C, is defined in Eq. (4), cross sectionlo/d(). We report the results as a contour
q is a vector of the first Brillouin zone (BZ), anR,™  plot in the reciprocak[004],[#40]) plane (Fig. 4). The
is the vector of length? which links the sites of types absence of a signal in the first BZ indicates that the ground
m and n. For eachq, this structure factor is @ X 4 state is a singlet. The intensity is maximum at about
matrix whose eigenvalues give the fluctuation modes 0§y, = [220] = [3 20] or Q| = [002] = [2 20] (Fig. 4).
the system, the lowest energy mode corresponding to thehese maxima are associated with long range correlations
largest eigenvaluey(q). To the first order im, wy(q)  describing a structure where consecutive tetrahedra are in
remains nondispersive over the entire BZ, and the degeneghase. This is different from the result obtained above
acy is not lifted. To the second order, a maximum appearfiom the structure factor. In fact, we have also calculated
on the axisA of the BZ (Fig. 3). This maximum corre- the cross section in th€/00],[0%0]) plane and found
sponds to a collinear phase where the total spin vanishegother maximum af, = [210] which corresponds to a
on each tetrahedron (see the inset of Fig. 3), and the phap@aser between tetrahedra as expected. Comparison of
between two neighboring tetrahedra is equakrto This  the intensities of the peaks @4 andQ, favors the second
confirms the results obtained for classical spins by previstructure, but the difference is small. So we conclude that
ous authors [11,16]. We note that the degeneracy is verhere are two characteristic modes in this systems-a

weakly lifted (1/10° of the width of the spectrum), but this dephased one and an in-phase one, with a larger weight
is not a numerical artifact since, in our method, the precifor the first mode.

sion can be as small as we want. A similar behavior was |t is interesting to compare our results (Fig. 4) with the
also observed in the kagomé lattice [17]. _ measurements made on(S®Mn, by Ballou et al. [14]:
Neutron cross sectior-The neutron magnetic cross The experimental results correspond exactly to our re-

section can be expressed in terms of the correlation fungsult (Fig. 4). In fact, the measurements were made for a
tions as

{1,2,3,47

= > ey, (Qe), (8)

m,n

d*o
dQ dw
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FIG. 3. The two largest eigenvalues of the structure factolFIG. 4. Map of the neutron cross section in the plane

along theA axis. The maximum corresponds to the collinear ([004],[hh0]). The white regions indicate the maximum of
phase shown in the inset. intensity in theq space.

2935



VOLUME 80, NUMBER 13 PHYSICAL REVIEW LETTERS 30 MRrcH 1998

given energyw, but the shape of the neutron cross secdn fact, in several compounds, such as Al-dopé8dMn,

tion in reciprocal space was found to be nearly indepenf22], Y,Mo0,0; [23], and Al-dopedB-Mn [24], disorder,
dent of the energy [14], as jf(q, w) = f(q)g(w). Thus, even nondetectable, transforms a QSL into a quantum spin
integrating the experimental results over the energy doeglass state. All of these compounds have in common
not change the dependence and we can make a direcunconventional behaviors (i.e., the susceptibility is spin-
comparison between our calculations and the measureglass-like, while the lowI" specific heat increases @3
map. First, we reproduce all the main features previand strong fluctuations of the local magnetization are ob-
ously obtained, i.e., the absence of a signal in the firsserved in the “frozen” state). A quantitative understanding
BZ associated with the singlet ground state and the maxef disorder effects in QSL requires more studies, both ex-
ima atQ; andQ}. Second, we find ar-dephased mode perimental and theoretical.

in the ([200],[0#0]) plane that was also observed in the We are grateful to R. Ballou, C. Lhuillier, and F. Mila
same compound [18]. The existence of these two mode®r helpful discussions and comments.

could explain the first order character of the transition ob-

served in the pure YMncompound [19,20] associated

with the freezing of the mode mixture in the-dephased

one. Finally, the haIf—_vvidth of each_peak provides infor- *Corresponding author.

mation on thg correlgtlon Iength: It is found to pe of one Electronic address: lacroix@polycnrs-gre.fr
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