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Ordering in the pyrochlore antiferromagnet due to Dzyaloshinsky-Moriya interactions
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The Heisenberg nearest-neighbor antiferromagnet on the pyrodtifoez-dimensionallattice is highly
frustrated and does not order at low temperature where spin-spin correlations remain short ranged.
Dzyaloshinsky-Moriya interaction€OMI's) may be present in pyrochlore compounds as is shown, and the
consequences of such interactions on the magnetic properties are investigated through mean-field approxima-
tion and Monte Carlo simulations. It is found that DM(i§ presenj tremendously change the low-temperature
behavior of the system. At a temperature of the order of the DMI's a phase transition to a long-range-ordered
state takes place. The ordered magnetic structures are explicited for the different possible DMI's which are
introduced on the basis of symmetry arguments. The relevance of such a scenario for pyrochlore compounds in
which an ordered magnetic structure is observed experimentally is discussed.
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I. INTRODUCTION nearest-neighbor antiferromagnetic interactions. The same

Frustration in magnetic systems can lead to unconverstudy was done on the kagomé lattitand (as will be clear
tional magnetic ground states and peculiar low-temperatur0m the next sectionssimilar consequences of DMI's were
behaviorst For example, in two-dimensional and three- found, although the magnetic structure is different in the two
dimensional2D and 3D highly frustrated systems, the con- cases. In this paper, spins are treated as classical variables
ventional Néel ground state may be destabilized if frustratiowhereas a recent wotkconsiders the extreme quantum limit
is associated with a weak connectivity of the lattice. This isof spinsSzé using another method. Unlike the present ap-
the case, for example, in the kagomé and the pyrochloreproach, quantum fluctuations are taken into account, but
lattices (see Fig. 1 In these lattices, in the presence of other approximations are ma#feBoth approaches give to
nearest-neighbor antiferromagnetic interactions, the groundome extent similafalthough not identicalresults, which

state is a disordered spin-liquid state characterized by thmakes the overall picture of DMI-induced ordering more re-

absence of magnetic long-range order. liable since the two methods start from different limits and
The classical Heisenberg model on these two lattices haswse different approximation schemes.
macroscopic degeneracy of the ground sStateich prevents In Sec. Il, the microscopic origin of DMI’s is presented

any Néel-like ordering aT=0. At small but finite tempera- and it is shown how to take them into account for pyrochlore
ture, there is a tendency to coplanar order in the kagoméystems, in accordance with the symmetry of the lattice. Sec-
lattice! but no order of any kind is observed in the pyrochlore
lattice > For the pyrochlore lattice, in the extreme quantum

limit of spins S=3, there is clear evidence for the absence of /
long-range spin-spin correlatioriand thus the absence of

Néel-like ordering.” However, the nature of the disordered

state (resonating valence bond spin liquid, valence bond
crystal, eto). is still unclea*2

On the experimental side, the pyrochlore antiferromagnets
either do not order at low temperature or have a critical tem-
perature much smaller than the Curie-Weiss temperaturg
Ocw, Which is a general trend for highly frustrated
compounds.

The reason why a number of pyrochlore compounds orde
at low temperature is that the spin-liquid state is very sensi
tive to any additional term in the Hamiltonian such as on-site
anisotropieg? dipolar interactiond? biquadratic interac-
tions, next-nearest-neighbor interactions, etc. Indeed
nearest-neighbor antiferromagnetic interactions leave a high
degeneracy of the ground state or at least a high density o
states at low energy. If the additional interactions are able to
lift this degeneracy, they will be primarily responsible for the  FIG. 1. The pyrochlore lattice. The interplay of the frustration of
low-temperature behavior of the system. the tetrahedral unit cell with the weak connectivity of tfo@rner

In this article, we consider the effect of small sharing tetrahedra provides peculiar magnetic properties to the py-
Dzyaloshinsky-Moriya interaction$DMI’s) in addition to  rochlore antiferromagnet.
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FIG. 2. D vectors for the DMI's in the pyrochlore lattice. The convention is taken to fix the order for the cross pr@dwetgsD - S; X S
with j>i). The two possible DMI's are those obtained by varying the direction ofQiheectors(D—-D). The case with th® as
represented on the left is referred to as the “direct” case and the otheiocatbe righi is the “indirect” case. Once the DMI's between two
spins is fully specified, the other DMI’'s are also fixed and obtained by applying the differgi® tations around the cube’s diagonals

which leave the tetrahedron invariant. The DMI's in the rest of the lattice are also fixed and obtained by applying appropriate symmetry

operations of the pyrochlore latti¢see text and Fig.)3

tion 11l explicits the two magnetic structures obtained for thedo not play any particular role in the pyrochlore latfigad
two possible DMI's we have considered, and the possibleve shall only consider the first two terms of HG) in this
link with experimental results is done. paper.
Moriya’s microscopic derivation of the DMI's is only

valid for insulators but other possible microscopic mecha-

Il. DMI AND MORIYA'S RULES FOR THE PYROCHLORE nisms relevant for other materials were explicited, for in-
LATTICE stance in systems with RKKY interactiof&??

Whatever the microscopic origin of the DMI’s is, there

Taking into account Coulomb repulsion and Pauli's 5re 5ways symmetry constraints on the possibleectors
principle, Andersol has explicited a microscopic mecha- which may appear in the Hamiltonian. Indeed, the Hamil-

nism which leads to isotropic superexchange interactiongynian must be invariant under the symmetry operations of
(JS;-Sy) in insulators. The main idea is that the energy isthe crystal and this will restrict the possib2 vectors to
lowered those for which the expressidi) is invariant(under these
if the spins of the electrons on neighboring sites are insymmetry operations This way of constraining th® vec-
opposite directions because they can then minimize theitors has been given the name of Moriya’s ruig§ve will
kinetic energy by delocalizing on the nearest atoms, which isnake use of these rules to determine the possible DMI in the
forbidden by the Pauli principle if the spins are parallel. Thispyrochlore lattice.
fact is translated into an effective magnetic Hamiltonian:  One of Moriya’s rules states that if the point between two
JS;-S,. magnetic sites is a center of inversion, then there can not
Taking into account a weak spin-orbit couplifgL -S) exist a DMI. For that reason DMI's are absent in crystals
and expanding in powers of, Moriya'®'® showed that the with a high symmetry, but this does not rule out DMI’s in the
effective magnetic Hamiltonian between two sp$1sandS,  pyrochlore lattice which has no inversion center at the

has the following expression: middle point between two sites. Carrying on the symmetry
- analysis one can in fact determine completely the direction
Hmnag=JS1 S+ D15 ($; X S) +S,- TS+ -+, (1) of theD vectors as follows. Considering a single tetrahedron

(the pyrochlore lattice is an assembly of corner sharing tet-

} 5 ) ; rahedry, the plane which contains two sites and the middle
sor is=\". These are the leading ordersrand the second 5int of the opposite bond in the tetrahedron is a mirror

term of Eq.(1) is the Dzyaloshinsky-Moriya interaction. De- hjane these planes ari10} planes in the cubic cell of Fig.
spite their higher order in, the third term and higher-order 1). Applying Moriya’s rules then implies that th® vector
terms shouldot alwaysbe neglected compared to the DMI'S o5y only be perpendicular to this plane or, equivalently, par-
for two reasons. First, taking all the orders into account canie| to the opposite bond as shown in Fig. 2. There are thus
restore _the rotational symmetry_of the _Ham|lt0n|an as Wasyo possible DMI's between two sites which correspond to
shown in Refs. 20 and 21. This requires, however, SOMgyg o directions for thd vector (and keeping the same
particular symmetry properties of the lattié&s/hich do not order for the cross produ@ X S)).

hold for the pyrochlore lattice. The second case where Tpq symmetry analysiér\/loriyé’s ruleg cannot give more
higher-order terms should not be neglected is when the maga¢ormation about DMI's. Indeed theign of D along the
netic structure induced by the isotropic interactidnis es- |

sentially collinearferromagnetic or antiferromagnetisince

with Joe A% whereaD =<\ andT" which is a symmetrical ten-

direction previously determined depends on the microscopic

: details of the particular compour@such as the number of
the cross productS; X S; will then be of the order of-h and  glectrons on the magnetic sites, the occupied orbitals, the

the DMI term in Eq.(1) will be of order~\?, the same order  ¢rystal field, etc. At present, there is no general scheme to
as the next terrfil” in Eq. (1)]. However, collinear structures determineD quantitatively, except in simple models which
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FIG. 3. Symmetry rules to deduce tBevectors from one tet- c
rahedron to its neighbors. The point where the sQiris located is 6
a center of inversion which leaves the whole lattice unchanged, and 4l
the Hamiltonian must be invariant in this symmetry operat®nis
the image ofS,;, and thus given the interactidD.;-(S; X Sy), the 2 ' N
interactionDg,-(S. X S,) is easily deduced. The twd vectors are N ) ) ) ) .
represented in the figure. 0.086  0.088 0.09 0.092  0.094
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are unrealistic for the compounds we consider later on. For giG. 4. Specific heat for the “directup panel and the “indi-
this reason, we will consider thenly two possibleDMI as rect” (down panel cases, obtained in Monte Carlo simulations for
determined by symmetry. different sizes of clusterD/J=0.1 andN is the total number of
One can equivalently describe the two possible DMI'sspins. The critical temperature and more generally the phase transi-
with a fixed D vector but changing the order of the crosstion depends on the type of DMhote the different scales both in
product. This is done without any loss of generality sincetemperature and specific heat ranges between the two)c&es
simultaneously changing the direction Dfand the order of each point withN=128 andN=1024 (N=3456, 1(° (10°) Monte
the cross product leaves the whole interaction unchangedarlo steps were disregarded for thermalization and theh 10
D-(S XSj):—D-(SJ- X S). In the following the signs of the (2X 10°) steps were performed to measure the specific heat. The
D vectors are changed while keeping always the same orddipes are a guide for the eyes.
for the cross product§ X S;. These two possibilities are
referred to as “direct” and “indirect” DMI's and are explic- even for very weak DMI's compared to antiferromagnetic
ited in Fig. 2. isotropic exchanggJ). This is seen in the specific heat
Once one particular DMI between two spins is fully which seems to show a singularity when increasing system
specified, all the other DMI's in the lattice are also fixed size (see Fig. 4 as well as on snapshots of the magnetic
by symmetry. For instance, the DMI’s within one tetrahedronstructure at very low temperature. Thus, the low-temperature
can be deduced one from another thanks to the four threefolstructure is in deep contrast with the spin-disordered state in
rotation axes. The result is shown in Fig. 2. The DMI’s in the absence of DMI'§:” We start in Sec. Il A with the re-
the rest of the lattice are obtained by applying appropriat&ults in the case of direct DMI. The case of indirect DMI’s is
symmetries of the lattice as follows. Two neighboring considered in Sec. Il B. The ordering of some pyrochlore
tetrahedra in the pyrochlore lattice are corner sharingcompounds which could be due to DMI’s is then discussed.
and are transformed one into another by the inversiom slightly different geometry of thed together with some
center located at the common sifsite S; in Fig. 3). The  additional second nearest-neighbor antiferromagnetic inter-
DMI Hamiltonian must be invariant in this symmetry opera- actions is considered in relation with experimental results on
tion, and thus the DMI's on one tetrahedron are easilymineral paramelaconiteCu,0O3).%*
obtained from the DMI's on a neighboring tetrahedron
(see Fig. 3. A. Direct DMI's

We start with the case of direct DMI'tsee Sec. Il for a
definition of “direct”). We first show that DMI’s lead to a
phase transition at low temperature and then make the or-

In this section, the consequences of DMI's on thedered magnetic structure explicit.
magnetic properties of a pyrochlore antiferromagnet are
studied within mean-field approximation and by classical
Monte Carlo simulations. Monte Carlo simulations indicate a Monte Carlo simulations indicate a phase transition from
phase transition to a long-range-ordered magnetic structur® high-temperature paramagnetic phase to a long-range-

Ill. MAGNETIC PROPERTIES

1. Phase transition
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T ‘ time-reversal degeneracy is still present in the pyrochlore

structure, but this is only a global degeneracy: the whole

structure is uniquely determined as soon as the structure of

one tetrahedron is fixed to one of the “all-in” or “all-out”

\ states. The resulting structure is represented in Fig. 5, where
the two structures “all-in” and “all-out” alternate from one
tetrahedron to its neighbors.

3. Pyrochlore compounds

\ The magnetic structure obtained in the presence of direct
| DMI's (Fig. 5 was observed experimentally in the pyro-
chlore compound Fef?>26In this compound, the Féions
have a half-filled electronid shell and an isotropic charge
| distribution with zero orbital momenturfl.=0). This is un-
favorable to the appearance of single-ion anisotropies and in
—* T any case cannot reasonably explain the observed phase tran-
FIG. 5. Magnetic structure of the ground state of the pyrochloreSltlon ata t_emperé?“%re of 15 K However, DMI,.S are _not the
lattice in the presence of “direct” DMI's. The two structures pnly ppssmle origin for th|s structure; th|rq-ne|ghbor
“all-in® and “all-out’ alternate from one tetrahedron to its interaction$® also lead to this ground state. It is hard to
neighbors. discriminate between the two scenarios given the experimen-
tal and theoretical available predictions. However, if DMI’s

o : - . are indeed present, this should show up as an effective an-
ordered state. This is seen in the specific 1. 4) and isotropy which is not the case with Heisenberg third-

also from snapshots of the magnetic structure at very low . X . S .
g neighbor interactions. It is interesting to note that the parent
temperature. The critical temperature was found to be

| 1l
roughly of the order of magnitude of DMI's, although it compound NHF€'Fe''F also orders at low temperature and

) o has a magnetic structure similar to the one obtained with
ﬂﬁgﬁggts”)qwte strongly on the type of DMidirect” or indirect DMI. This is detailed in Sec. Il B.

Although the DMI’s are not the more intense interactions _
in the system, this is not a surprising result for the following B. Indirect DMI's

reasons. In the presence of only nearest-neighbor antiferro- The consequences of indirect DMI's are a bit more subtle
magnetic interactiongwhich are the dominant interactions  to study than the direct case due to the occurrence of entropic
the pyrochlore lattice has a macroscopic degeneracy Qiffects(or “order by disorder’”). These are not essential to
its ground state on a mean-field levelhis high degeneracy nderstand the ordering of the system which can be predicted
is not lifted by thermai® fluctuations and the resulting qualitatively on a mean-field level, but they are important to

low-temperature magnetic structure is a disordered spinpredict the exact magnetic structure obtained at low tempera-
liquid state. In the presence of DMI's, even at a mean-fieldy e,

level this macroscopic degeneracy is completely lifted.
The DMI's are thus the only interaction responsible for 1. Magnetic structure from Monte Carlo simulations
the ordering and this leads to the unusual behavior that

T.~D even though DMTI’s are an order of magnitude smaller  Monte Carlo simulations in the presence of indirect
than J (the isotropic exchange This conclusion is also DMI’s indicate a phase transition to a long-range magnetic

valid in the case of “indirect” DMI's, although in this case Order atlow temperatursee the specific heat in Fig).4'he
there is a more subtle entropic effect at low temperaturdOW-témperature magnetic structure is a coplanar structure
as explained in Sec. Il B. Furthermore, in both cases th&€scribed by @=0 wave vector. The magnetic moments lie
magnetic structures minimize the isotropic exchange interadl €ither the(xy), (z¥, or (y2) plane, which represents a
tions, so there is no competition between DMI and isotropicd!obal degeneracy. The magnetic structure of one tetrahedron

exchange. It is thus expected tffatis mainly determined by for the (xy) coplanar state is represented in Fig. 6. Similar
DMI’s. structures are easily deduced for ttz) and(y2) coplanar

structures.

2. Magnetic structure

In the case of direct DMI'§see Sec. |l for a definition of 2. Mean field

“direct”), the low-temperature magnetic structure is unique At the very outset, there is no reason to solve the problem
except for the time-reversal degeneracy. All the spins poinwithin a mean-field approximation a=0 since one expects
towards the center of the tetrahedron or all of them point ilMonte Carlo simulations to be much more reliable,
the opposite direction, and these two structures are usuallgspecially in the treatment of thermal fluctuations. However,
named “all-in” and “all-out.” In the pyrochlore structure, the the merit of the following mean-field approach is not to
four directions of the spins correspond to the fpiit1] di- reproduce(among othensthe magnetic structures found in
rections in the underlying cubidcc) lattice (see Fig. 5 The  Monte Carlo simulations, but precisely to predict magnetic
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FIG. 6. Ground state in the case of indirect DMI's. The ground 5= COSﬁSin( + 3—W>
state for the whole pyrochlore lattice isy& 0 structure so that only ¢ 4 )
one tetrahedron is represented. Similar structures irgxrendyz sin(6)
planes are degenerate. Other noncoplanar states have the same en- \ '
ergy but do not participate in the low-temperature propeftieder  where the spins are labeled as in Fig. 2 and wheend
by disorder; see text arenot independent,
6= arctari\2 sineg). (2)

structures which arenot obtained in the simulations.

This underlines that the magnetic structures observed in As soon as Eq(2) is true, the corresponding state is one
the simulations are the result of an entropic selection byf the degenerate ground states. The state represented in Fig.
thermal fluctuations(which are absent in the mean-field 6 corresponds tod=¢=0. In Eq. (2), ¢ is restricted to
treatmenk [—/4,7/4]; however, starting from a state equivalent to the
The structures found in the Monte Carlo simulationsgne of Fig. 6 but where the spins are coplanar in(th¢ or
areq:O structures: the ma.gnetic elementary cell is identical(yz) p|ane, one can write down the same kind of parametri_
to the crystallographic onéone tetrahedron This justifies  ation of lowest-energy states. Note that the degeneracy due
the following mean-fie!d gpproximation Wh'iCh assumesyg the free choice of one of the two ang[esor ¢ in Eq. (2)]
awave vectog=0 and will give the corresponding magnetic ¢orresponds to a global degree of freedom for the pyrochlore
structures which minimize the energy. The following |gtiice, so that the macroscopic degeneracy of the pyrochlore
mean-field approach thus neglects any thermal ﬂUCtuat'Oﬁntiferromagnet without DMI's is lifted and thus a phase
(T=0) and consists of minimizing the energy of one tetraheansition due to DMI's is expected already on a mean-field
dron with respect to the spins coordinat¢he eight |ayel.
angles defining the directions of the four spins of one tetra- The conclusion of the mean-field treatment is thus that
hedror). the coplanar state represented in Fig. 6 is a ground state as
Doing so, one finds that there is a continuous degeneragGye| as the equivalent coplanar states in tz® and (y2)
of states which minimize the energy of one tetrahedronpjanes, and these three states can be obtained one from
These states can be classified in two sets. The firsfnother by distorting continuously the magnetic structure
one is made of the coplanar states obtained in the Montgjle staying at the minimum of the energy. However, the
Carlo simulations and have a continuous global degregtermediate states are not coplanar. The strudiurghase
of freedo'm whlch is a global rotation in the plat®tation space of the lowest-energy states is sketched in Fig. 7.
aroundz in Fig. 6). The second set of lowest-energy statesas we shall see, the planar and noncoplanar states are not
contains noncoplanar states which can be described startigyuivalent as soon as temperature is not zero: they all mini-

from a coplanar structure. Starting from the coplanar strucmjze the energy but the thermal fluctuations will favour the

ture of Fig. 6, one can parametrize the noncoplanar states Phanar states.

follows: Finally, the magnetic structures for the direct and indirect

( cases are very different. There is, however, no reason for

cosacos<go— 7_7), them to be related on a frustrat@donbipartite lattice. For
instance, the magnetic structures Jor 0 andJ<0 are very

- different on the pyrochlore lattice, the ferromagnetic system

COS@Sin(@D— Z) being magnetically ordered, whereas the antiferromagnetic

has a spin-liquid ground state.

\sin(a),
3. Order by disorder

cosfcod — o+ m This discrepancy between the two approadimesan field
¢ ' and Monte Carlp is interpreted as an entropic effect: the

S,= - mean-field approach neglects the thermal fluctuations and
cosasin(— ¢+ —), identifies the ground states with the minima of the energy.

4 However, the fluctuations around the different minima are

L~ sin(6), not equivalent. Some of them are entropically favorable, and
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FIG. 7. Schematic view of the low-lying states in the presence T/J
of indirect DMI’s. (xy), (zX), and(y2) are coplanar states. Energeti-
cally, these states are equivalent to noncoplanar states and the mag-FIG. 8. Evolution of the coplanarity paramet@{see Eq.(3)]
netic structure can be continuously distorted to explore all thesavith temperatureC=1 corresponds to states where all the spins lie
energy minima, as represented by the lines of the picture. Startin@j) one of the(xy), (zx), or (y2 planes. These coplanar states are
from point A, the thin line can be described by varyiigand ¢~ Selected at low temperature.
according to Eq(2) (point A: =¢=0; pointB: §=¢=~-m/4; point
C:0=¢=m/4). At finite temperature, the coplanar states are se- (QOne of these compounds is very similar to Fé@Fwhich
lected by the thermal fluctuations which is represented schematihe direct DMI structure is observed. This compound is
cally by broad lines. NH,FE'Fe''Fg and differs from Fef by the presence of

NH," which implies both F& and Fé* magnetic ions with

since at finite temperature the system minimizes its free enthe same concentration. The latter has one extra electron
ergy, the system will preferably fluctuate around the minimacompared to the half filling case of ¥e The observed mag-
where the entropy is the higher, thus introducing a differenceetic structure is similar to the one of Fig. 6, except that the
between the degenerate ground state$=a0. Those states 90° angle between the spins on the figure~ig6° in the
found in Monte Carlo simulations are a subset of the one&ompound?® Since the F& ion is no longer isotropic, it is
found by energy minimization. However, this “order by dis- not surprising that the observed magnetic structure is a little
order” is not responsible for the ordering of the system as ibit different from the perfect DMI structure since one ex-
only selects coplanar states by removing a global degree gfects other sources of anisotropiéike single-ion anisotro-
freedom[associated with Eq2)] and fixes the relative ori- pieg in such a system. This however suggests that DMI's
entation of the four Néel sublattices, but does not remove @ay also be present in NJA€'Fe'"Fg but with a change of
macroscopic number of degrees of freedom. sign of the DMI's compared to FeF

In order to be more quantitative, a coplanarity parameter The other compound whose low-temperature long-range-
(which measures to what extent the system is copJanas  ordered structure may share similarites with the one

defined as follows: found with indirect DMI’s is the spinel compound ZnQx,,
although the experimental structure is not uniquely
3 . determined® One of the candidate structures has a
C=1-3 m'”(g%ﬁ%x*g%ﬁ?w%ﬁﬁ)' (3 planar anisotropy in thé001} planes and the magnetic struc-

ture on one tetrahedron has the spins antiparallel two by
C=1 in any of the three coplanar statexy), (zx, or  two and otherwise perpendicular to each other as shown

(y2)], andC=0 in a paramagnetic phase. Figure 8 represents Fig. 6. The experimentally observed wave vector is,

the evolution of the coplanarity parameter with temperaturehowever, notq=0. The discrepancy could be due to the

One clearly sees that the coplanar states are selected. Fraftiuctural distortion which occurs in this compound and

the Monte Carlo simulations done so far, all the coplanawhich lowers the symmetry. This is not considered in the

states(obtained by a rotation around tteaxis of Fig. § present work.

do not seem to be exactly equivalent; however, we could

not find clear evidence of d&possible further order by C. Cu,O3 (paramelaconite)

disorder which would select one particular direction in the

. . . ) .
selected planes. Cu,0O3 is a mineral compound in which the sp%nCu2

ions form a tetragonally distorted pyrochlore lattice. The
crystallographic structure is elongated along tb@1) direc-
tion of the cubic cell. Contrary to what is predicted for the
The magnetic structure which appears in the presence dfindistortedl pyrochlore structure with nearest-neighbor an-
indirect DMI's was not observed experimentally as clearly agiferromagnetic interactions, this compound orders magneti-
in the direct case; however, there are two compounds whosgally at low temperaturé* On-site anisotropies should be
magnetic structure shares a lot of properties with the onemall due to the isotropy of the sp§1and cannot give rise to
obtained here. a critical temperature of40 K. It seemed natural to try and

4. Pyrochlore compounds
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explain the ordering by introducing different coupling con-  The classical treatment presented here should thus be rel-
stants depending on the direction of the bond, due to thevant at least qualitatively even for the extreme quantum
distortion, as well as small interactions between some of thease of spinsS:%. However, quantum fluctuations were
second nearest neighbors which should be present in thishown to renormalize strongly the critical temperature in a
compound:* However, the experimentally observed mag-2D frustrated system of spir8=332 and the critical tem-
netic structure® could not be reproduced, not even the cor-perature should also be renormalized by quantum fluctua-
rect wave vector. Experimentally, the magnetic structure isjons in the case studied here, although this effect should be
not fully resolved and there are two possible candid&tes. weaker because the system is 3D.

Introducing DMI's in accordance with the crystallographic

structure, together with the previously tried isotropic ex- IV. CONCLUSION

changes, we were able to reproduce one of the candidates for

the magnetic structure. More details about this analysis were [N this paper, the highly frustrated pyrochlore antiferro-
published elsewher®. magnet with additional DMI'’s is studied. The relevance of

such interactions for this system is shown and the geometry
_ of the D vectors which define them is deduced from symme-
D. Quantum fluctuations try arguments. Two kinds of DMI’s can exist in a pyrochlore

All the work presented in this paper treats the magnetidattice and the consequences of both on the magnetic prop-
moments as classical 3D vector spins of fixed length. This i&rties are investigated. They are found to be in deep contrast
usually only a good approximation for high-spin quantumWith those of the nearest-neighbor Heisenberg antiferromag-
numbers but is believed to produce at least qualitatively goo@€t on this lattice which has a spin-disordered state at low
results for the systems under study here, and we now giviémperature. Indeed, as soon as DMI's are present, a phase
some clues which support our approach. First it was showfansition to a magnetically long-range-ordered state will
in a similar study on the kagomé lattice that quantum effecté@ke place at a temperature which is of the order of magni-
are quite small in the presence of DMI interactihSec-  tude of the DMI's. The exact magnetic structures are de-
ond, the pyrochlore lattice is three dimensional and so thécribed and the relevance of this ordering scenario is dis-
quantum effects are expected to be even smaller than in trfgissed for compounds in which these structures are
kagomé lattic2D). Third, if the ordering of the paramela- €xperimentally observed.
conite(Cu,Os) is indeed due to DMI's as is proposed, then it
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