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Mean-field study of the disordered ground state in theB-Mn lattice
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The type-Il atoms in th@ phase of manganese form a three-dimensional network of corner-sharing triangles
in a cubic symmetry. This peculiar geometry induces a very strong topological frustration that can explain the
absence of magnetic ordering in tifephase of manganese. Within a mean-field theory, we show that the
classical antiferromagnetic Heisenberg model with nearest-neighbor interactions exhibits a line of zero energy
modes. Thus this model does not order at any temperature on this lattice in the mean-field approximation.
Longer-range interactions or slight deformations do not always remove the ground-state degeneracy, and the
model will order only for peculiar sets of exchange parameters.

Introduction. During the last 30 years, there has been(Ref. 17, y=0.202(Ref. 19], both of them defining nearest-
great interest in the study of frustrated models. The problenmeighbor (NN) and next-nearest-neighb@JINN) distances
of ordering in frustrated regular lattices was initiated byvery close to each other. It was proposed in Ref. 7 that these
Anderson, who first proposed a resonating valence bontwo distances become identical if the paramgtieas a “per-
ground state for th&= 1/2 Heisenberg antiferromagnet on a fect” value yo=(9— 33)/16~0.203 46. In this case, the 12
triangular lattice! Since then, the possibility of stabilizing a Magnetic Mn sites are forming a network of corner-sharing
spin liquid (SL), quantum or classical, in two- and three- re_gular triangles and each Mn site belongs to three of these
dimensional lattices has stimulated a large amount of experffiangles. _ o
mental and theoretical work. These SL’s are charaterized by !N the following we shall consider first the case where the
very weak magnetic correlations, decreasing exponentiallparametely is equal toyo, and then we consider small de-
with the distance like structural correlations in real quuids.\/"”‘t'on_S from the pgrfect_valugo. Fory_zyo, the NN dis-
Up to now, two particular frustrated lattices, have been studtan.Ce isd;=0.420 (in units of the .CUb'C cell parameter
. , . . ~while for y=0.202 (<y,) proposed in Ref. 19 one gets two
ied: the kagomend the pyrochlore lattices where frustation : ) )
is expected to overcome any magnetic ordering. Both Iattice\éalues for the NN distancet, =0.419 andil; =0.424 and for

P 'y mag g ¥=0.206 (>y),Y one getsd,=0.414 andd]=0.422.
belong to the category of “fully frustrated lattices’FFL) W ; e
. . o e use the Heisenberg Hamiltonian:

and have been theoretically identified to be quarttisL
and classic4r® SL.

A new candidate for a similar ground state is H=-> 3;S'S, (1)
B-manganese. Nakamut al.” have shown recently that R
this compound remains disordered down to the lowest temwhereJ;; is the exchange interaction between two sites and
peratureg1.4 K) and exhibits strong spin fluctuations. More- iS negative for an antiferromagne$; is a classical three-
over, a weak doping with Al drives a transition to an uncon-dimensional spin representing a moment located on a sfte
ventional spin-glass-like ground state. These characteristid§€ lattice. Within a mean-field approximation, the ground-
are very similar to the behaviors of the kagoared the py- state energy is related to the maximum of the eigenvalues of
rochlore compoundé‘.ls the Fourier transform of the m'Feractlo?PsThls means that

The crystallographic structure oB-Mn is the cubic W€ have_ to calculate the matrik, (12X12 in the present
A13-type structure that contains 20 atoms in the unit’¢éff. case defined as
In this structure, there are two inequivalent sites, usually 1 . .
called | (& siteg and Il (12 siteg. Magnetic characteriza- J(‘}B:N > JpPeria amrpemia-(RmR)), 2
tion of the 8-Mn (Refs. 7 and 1rhas shown that the mag- g
netic properties of this system can be interpreted consideringherei andj refer to crystallographic cells of the cubic lat-
only the type Il sites, the type | sites being almost nonmagtice anda and B label the different sites of the crystallo-
netic. Since we are interested in magnetic properties ofiraphic cell (: «,8<12). DefiningU, as a unitary matrix
B-Mn, only the 12 type Il sites will be considered in the which diagonalized, with eigenvalues\,, we have
following. The positions of these atoms are described in the
Al13-type structure with one parametegr: Structural refine- aBy | Br—y | |am

- stuc _ > JePuBr=\FUH, &)

ments give different values for this paramef{gr=0.206 B
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4.0 ‘ ‘ - helix with wave vector §qq). As a consequence, the spin
ER— wave energy spectrum in any of the degenerate helicoidal
20 pe=—rr 1 states contains a line of zero energy modes that destroy long
range order at any finite temperature, but it is likely that
00 §> quantum or thermal fluctuations will restore long-range order
AN — - in B-Mn in the same way as it occurs in the rhombohedral

20 \ ] antiferromagnet.
T As in the kagomend pyrochlore lattices, it is possible to
| ] make a link between the existence of soft branches and a
//

local constraint in real space. First, we write the Hamiltonian
as a sum over triangles in the lattice, and, as each spin be-

—6.0 — | | . longs to three triangles, we obtain:
0.0 1.0 2.0 3.0
axis (qqq) J 3J
s (494 H==3 X (S+5+S)%+ 5 2§, @
triangles !

FIG. 1. Dispersion curves of the 12 eigenvalues in the “perfect
case” along thg111] axis. The highest eigenvalue is independent-l—hUS the energies per site of Hamiltonié$ is minimum

of g and twofold degenerafease (a)]. when the sun;+ S,+S;=0 for all triangles (3/2). The
peculiarity of this lattice(as for the kagomand the pyro-
whereq is a vector of the first Brillouin zone and labels chlore latticeg is that it is possible to satisfy this constraint
the 12 eigenvalues. Then the mean-field ground-state enerdly many ways(an infinite numberdue to the low coordina-
is given by the maximum of\/ ()\ZO), through Eg ¢ = tion of each site; in_ fac_t Wh_at_is important in these systems is
. o0 , not the real coordinatiorisix in the present case as in the
Ko Ko
—Ag, @nd the Nel temperaturel is proportional to".  triangular lattic, but the number of triangles at each site
Therefore in mean-field approximation the wave vector of(three in the present cgsen the following we will use this
the ordered magnetic structuregjg, while the corresponding definition of the coordination since it determines the number
eigenvector determines the arrangement inside the crystall@f constraints attached to each site.
graphic celf° The same model on the triangular lattice can also be writ-
However, this scheme is useful only when there is onden in terms of triangle sums. But in this lattice, triangles are
maximum eigenvaluéor several but equivalent in reciprocal not corner sharing but edge sharing, and this does not pro-
space. In fully frustrated systems, there are an infinite num-vide enough degrees of freedom to build a large number of
ber of maxima indicating that the mean-field ground state isonfigurations. The consequence of the constraint in the tri-
degenerate andT. does not define a N# transiton angular system is to order the classical model, which is ex-
temperaturé! actly the opposite of what is obtained in the kagoane the
The* perfect case We first consider the case wherés ~ pyrochlore lattices. So the origin of these zero energy modes
“perfect” and only the nearest-neighbor exchanl{e<0) is  is the local constraint on each triangle and the possibility to
included. The eigenvalues of the 22 matrix defined build a large number of states within this constraint, due to
above are shown on Fig. 1 foralong the[111] axis of the  the peculiar connectivity of the structure. HoweveEisMn,
Brillouin zone: the highest eigenvalue, is completely inde-each site belongs to three triangles and the lattice is more
pendent ofj for all g values on this axis, and moreover, it is connected than the kagorsee, making this lattice interme-
twofold degenerate. However, in other directions of the rediate between FFL and “ordered frustrated lattices” such as
ciprocal space, this mode becomes dispersive. This indicatdébe triangular lattice.
that, within a mean-field treatment, there exists an infinite Recently, Moessner and Chalkentoduced a very gen-
number of zero energy modes and the system is able to ereral argument to determine if order by disorder will occur in
plore all these modes without any cost in energy as in FFLa given model: they compared the number of degrees of free-
Therefore the magnetic ground state is disordered. Howevedlom (F) of the system with the number of constraifis in
the present result is different from what is observed in thehe minimum energy state. In the present caSesN(n
kagomeand pyrochlore lattices, where it was found that the —1), whereN is the number of triangles and each spin has n
largest eigenvalue is independentgpbver the whole Bril-  components if=3 for Heisenberg spinswhile, if all con-
louin zone. In the present case the ground state is also dstraints of the typeS;+S,+S;=0 are independent, one
generate but the degeneracy is much smaller: in FFL thehould haveK=nN. In fact, it is not possible to impose
number of degenerate ground states in the mean-field apaore constraints than the number of available degrees of
proximation is extensive, i.e., it is proportional to the numberfreedomF; this means that the number of independent con-
of sitesN, while in the present case the number of degeneratstraintsK; is at most equal té; this is the main difference
states is only proportional thi/3, with the kagomend pyrochlore lattices where all constraints
This lattice is somewhat similar to the antiferromagneticare independent and, following the definition of Ref. 5, one
rhombohedral lattice used by Rastelli and Tassi for the definds thatF =K (kagome or F>K (pyrochlore. In Ref. 5 it
scription of B-oxygen?? in this lattice the classical spectrum was also argued that, only whén>K, the ground state re-
contains a “soft line” (the [001] axis), leading to a degen- mains degenerate and order by disorder does not occur. To
erate helix and large effect of quantum and thermal excitaconclude, since we do not know the number of independent
tions. Here also, the classical ground state is a degeneratenstraints due to the complexity of the lattice, order by
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TABLE I. The different situations that have been studied: cases 40 | '
1(a), I(b), and [c) correspond to the perfect case with firs{d,) ] —_—
and second J(d,)] exchange; cases(#), Il(b), Il(c), 1I(d), and 20}
I1(e) correspond toy#yg; there are 2 types of first-neighbor inter- <

0.0 | \\-’/>—-

Ay =20 _

actions at distanced, and d; (d;<dj): we considerJ(d,)=
—1, J(d;)#J(d;) and all second neighbors are at the same dis-

tanced,. \ o
. —40
Value ofy Value ofJ parameter Model Ordering wave vector
20 |
-6.0 |
y=Yo () 3(dy) I
-1 0 I(a) Degenerate -80 . E T I— _
-1 >0 1(b) q=0 0.0 1.0 2.0 3.0
-1 <0 (o Incommensurate axis (qqq)
Y#Yo J(dy) J(dy) I(dy) FIG. 2. The highest eigenvalues along fa¢1] axis for the case
1 ~0 0 @ Incommensurate J(dy)=-1,3(dy)=-1 [cage (0)]. The inset shovys the upper part
of the spectrum; the maximum occurs at an incommensuyate
-1 —-1-¢ O 11(b) Degenerate value
-1 —1+e O I1(c) Degenerate '
-1 -1 >0 1I(d) g=0 (Fig. 2), and one(or several equivaleptwave vector is se-
-1 -1 <0 (e Incommensurate lected: I(a,e and Kc). In these cases a usual long-range

order occurs. When varying the exchange coupling, the se-
lected wave vector moves continuously on fh#1] axis and

disorder is not excluded, but further studies, similar to Refis in general incommensurate. We have verified that the re-

22, are necessary to answer this question. lated eigenmodes correspond to an antiferromagnetic phase
Deviations from the perfect caseonger-range interac- where the sum of the 12 spins of the unit cell vanishes.
tions can arise for two reasons. Firgtis not “perfect” so (3) For the last set of models the selected propagation

nearest neighbors may be at slightly different distartes Vvector isq=0: I(b) and I(d) (Fig. 3). Note that selection of
andd; defined above and exchange couplings are very serihis vector does not mean a ferromagnetic phaseit is in
sitive to atomic disp|acements_ Second' there can be |0ng§rava|s Iatt|CeSbeC-ause the |nner-StrUCture of the unit cell is
range interactions, due to a type of Ruderman-Kittel-Kasuyagoverned by the eigenmode. It simply means that the mag-
Yosida mechanism. In order to study the different possibleh€tic unit cell is the crystallographic unit cell. Moreover, for
cases, we investigate several models described in Table these cases, thg=0 mode is still doubly degenerate as can
The perfect case with only NN exchange is callé) In the ~ be seen on Fig. 3 and this may result in a complex mixing of
table, other cases describe the perfect case with seconglifferent eigenmodes.

neighbor exchangg(b) and Kc)] and the nonperfect case  Conclusion We have derived some properties of the an-
either with only NN exchangBI(a), I1(b), and Ic)] or with  tiferromagnetic ~ Heisenberg ~ Hamiltonian ~ on  the
second-neighbor exchangi(d) and Ii(e)]. We have inves- B-manganese lattice. Within a mean field theory, we have
tigated both casey>y, and y<y, since there are some Shown that there is no Iong-(ange qrder at any temperature if
discrepancies in experimental results: the resultsyfory, ~ We only consider nearest neighbor interactions. This property
are similar to the casg<y, i.e., they depend only on the iS due to the peculiar geometry and especially, to the coinci-
sign of the interactions. Thus in Table I, we made no distincdence of a local constraint and a weak connectivity. Even
tion between the cases>y, and y<y,. Model li(a) de- When deviations from the perfect case are included, the sys-
scribes the case where the structural displacement implies
ferromagnetic coupling; this would be the case if exchange is

extremely sensitive to distance. Modeléblk) correspond to 40 1

a slight change in the couplingvhich remains antiferromag- |
netic), between nearest neighbors; this occurs if the interac- 20t
tion is not very sensitive to small variations of the distance. .

Finally, models I{d,e and Kb,c) are general cases that de- Ay 00 |

scribe the effect of next nearest neighbor exchange. By
studying the eigenvalues of the matrix in each of these cases,

we find that the highest eigenvalue is always along fHd] 20|
axis, and we obtain three types of ground states: S

(1) The first one concerns the models where the degen- 40— ]
eracy along th¢111] axis is not lifted: {a) and Il(b,c) (see 0.0 10 20 3.0

Fig. 1). Within this set, mean-field theory predicts critical

modes with zero stiffness in one direction of the reciprocal

space. Thus, no long range order is expected but order by FIG. 3. The highest eigenvalues along fa¢1] axis for the case

disorder might occur, as discussed above. J(d;)=-1, J(d,)=+1 [case (b)]. The maximum occurs af
(2) In the second set of models the degeneracy is lifted=0.

axis (qqq)
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tem remains disordered and only longer-range interactionboth frustration and itinerancy are taken into account as pro-
remove the degeneracy as in the kagamed pyrochlore lat- posed in Ref. 26. In fact it should be noticed that twod‘3
tices. As we mentioned, the possibility of order by disorderheavy fermion” compounds have been identified, namely
due to thermal or quantum fluctuations cannot be excludedY (Sc)Mn, and LiV,04;%" in both cases, the datoms are
Recent experiment@eutrons and muon spin resonance placed on the same frustrated lattigeyrochlorelikg. We
performed on3-Mn andB-Mn-Al alloys show that this sys- Propose thai3-Mn belongs to the same class of materials,
tem is very similar to YMg.23-2° From a microscopic point 1-€- metallic systems where the absence of ordering is due to
of view, both lattices are strongly frustrated, which can ex-Strong frustration; in this picture the large value is then
plain the existence of a SL ground stateTat0 K. How-  related to the large number of low-energy states.
ever, in both cases, Mn exhibits itinerant magnetism and this  One of us(B.C) wishes to thank Mukul Laad and
should be taken into account; the large specific heahlue  Mathias Van Den Bossche for helpful discussions, and Pro-

observed in YMa (y=180 mJK 2mol™!) as inB-Mn (y  fessor Peter Fulde for hospitality at the Max Planck Institute,
=70 mJK 2mol™1) should be explained in a model where Dresden.
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