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Weak antiferromagnetism due to Dzyaloshinskii-Moriya interaction in BagCu,0,Cl,
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The antiferromagnetic insulating cuprate ;Ba,0,Cl, contains folded Cu® chains with four magnetic
copper ions $=1/2) per unit cell. An underlying multiorbital Hubbard model is formulated and the superex-
change theory is developed to derive an effective spin Hamiltonian for this cuprate. The resulting spin Hamil-
tonian involves a Dzyaloshinskii-Moriya term and a more weak symmetric anisotropic exchange term besides
the isotropic exchange interaction. The corresponding Dzyaloshinskii-Moriya vectors of each magnetic Cu-Cu
bond in the chain reveal a well defined spatial order. Both, the superexchange theory and the complementary
group theoretical consideration, lead to the same conclusion on the character of this order. The analysis of the
ground-state magnetic properties of the derived model leads to the prediction of an additional noncollinear
modulation of the antiferromagnetic structure. This weak antiferromagnetism is restricted to one of the Cu
sublattices.

I. INTRODUCTION in the same plane, but form folded chains. The chain axis is
parallel to the orthorhombia axis. The unit cell with two
Electronic, superconducting, and magnetic properties oforts,A andB, of crystallographically nonequivalent Cu sites
the fast growing family of copper oxides and oxychloridesis depicted in Fig. 1. Due to the typical €u(3d°) states
have attracted much attention in the last years. The undopdBe compound is an insulator. It was found to behave like a
parent materials in the cuprate family are insulators showing!assical antiferromagnet with a BletemperatureTy of
a variety of low-dimensional magnetic properties. This vari-about 20 K. Below Ty and for applied magnetic fields,H
ety extends from the quasi-two-dimensioriaD) antiferro- ~ Parallel to thea axis this compound shows a spin-flop tran-
magnetic(AFM) behaviot2 with possible admixture of a Sition atueHa~2.6 T. Thus the “easy axis” of the antifer-
weak ferromagnetisii’ in the planar compounds to romagnetically ordered moments turns out to be ahexis.

quasi-1D magnetic properties, observable in the chaihfite ~P0Ve Ty the susceptibility follows a normal Curie-like be-
; = havior. From the Curie constant an effective paramagnetic
and spin-laddéf systems. The superexchange thébrp

provides the necessary basis which allows us to derive and t
estimate the main interactions, including anisotropic ones
responsible for the magnetic coupling of the copper spins
The form, and especially the magnitude of several interactior,
constants of the resulting spin Hamiltonian, however,
strongly depend on pecularities of the Cu-O-Cu bond con-
figuration in different cupratessee Ref. 16 and references
therein. One interesting class of magnetic cuprates containg
competing magnetic subsystems, like, for instance, tetrago
nal BaCu;O,Cl, built up of Cu,O, planes with two types of
copper sites(Cul, Cull).}” It is well known that in
Ba,Cu;0,Cl, (as well as in SICu;0,Cl,) the moments of
the Cul and Cull atoms order antiferromagnetically at differ-
ent temperaturesTy ;~330-380 K and Ty ;~30-40 K,
respectively*~"*8Below Ty, a small spontaneous magneti-
zation M, within the basal plane of the tetragonal lattice has
been reported. The corresponding magnetic structure haje
been analyzed in Refs. 4-7,18 and 19. a
The aim of this paper is to develop the superexchange

theory for the orthorhombic compound £&u,0,Cl, (space FIG. 1. Two unit cells of BgCw,0,Cl,, space groufPmma
group Pmmg with a Cu-O-Cu bond geometry rather un- The Cu-Q, plaquettes form folded chains with their axes parallel to
usual in the cuprate family, but having also two crystallo-the a axis. To better demonstrate one of these Cuains, the
graphically different types of Cu sité8.Actually, in this  origin in the figure was taken 46,1/2,0. The crystal structure as
compound the edge-sharing Cuflaquettes are not aligned well as the chains contain two types of copper sites, & Cu .
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moment of about 2 is derived, which is typical for Gii CuGeQ.?* The orbital analysis for the four bands at Fermi
in the 3d° state. No weak ferromagnetism has beenlevel shows that these bands are built up mainly from the
observed. Preliminary group theoretical analysis showed Cu,—3dy, and the Cy-3d,2_,2 orbitals, respectively, with
that in BgCu,0,Cl, weak ferromagnetism is forbidden an admixture of all three O+%, —2p,, —2p, orbitals(the
while weak antiferromagnetism cannot be excluded. It isglobal axesx, y, andz are parallel to the crystallographic
suggesting to explain the expected noncollinearity in thep, andc axes, respectively The other Cu—8 orbitals give
AFM structure due to the presence of Dzyaloshinskii-Moriyarise to a band structurd6 bands altogethpwhich spans the
-type?"*?interactions between the Cu spins insBa&,0,Cl,.  range of binding energies from 2 eV up to 4 eV below the
Actually, the lack of a center of inversion for each individual Fermi level. The band states of predominantly @,22p, ,

Cu-O-Cu bond in a chain clearly shows that such an anisoy, character fall into the range of binding energies from
tropic interaction is allowed. However, the space pattern of_, oy, up to~6 eV.

these local Dzyaloshinskii-Moriya vectors in the entire lat-
tice and its .relatlon'to magnet_lc ground-stgte peculiarities art ediate O-p orbitals can be described by a set of effective
far from being obvious. Detailed calculations are necessar . ! N

. opping matrix elements. Considering first the top-most four
to reveal the actual space pattern together with the form o

the complete spin Hamiltonian. To solve this problem Webands formed by the active, i.e., spin carrying,.C8d,,

develop below a microscopic approach based on the supefnd Clé—3d,2—2 orbitals we obtained the following results

exchange theory. The resulting spin model is analyzed t§Y fitting those bands to a four-band tight-bindirigB)
characterize quantitatively the magnetic ground state ifdel-> The intrachain hopping between the neighboring
BagC,0,Cl,. In order to remove certain remaining ambigu- CUa and Ci sites,tyz=65 meV, is of the same order as the
ities the microscopic approach is complemented by symmenterchain diagonal Gy—Cus hopping, tgg'=—60 meV.
try considerations. Considering the hierarchy of transfer processes, the next
The organization of the paper is the following. In the nextterms were found to bé},=t}z=30 meV which corre-
section the results of the band-structure calculation in thgpond to the interchain nearest neighbor hoppings along the
local-density approximatiofLDA) for BagCu,O,Cl, willbe  direction. The interlayer hopping parameters alangjrec-
briefly presented. The basic set of copper and oxygen orbition are very weak. Therefore the seemingly quasi-one-
als responsible for superexchange processes will be fixed tetimensional compound B&u,0,Cl, has to be classified, in
gether with the estimates for the corresponding electronia first approximation, as a two-dimensional compound with
transfer integrals and the orbital crystal-field splitting param-spatially anisotropic interactions within a layer and weak
eters. At the next step, to provide a background for the sueouplings between the layefwhich are necessary to explain
perexchange theory the underlying multiorbital Hubbardthe 3D magnetism and the experimentally found finiteeNe
model is formulated with spin-orbit coupling on copper ionstemperature That is true also for the exchange couplings of
involved. The perturbation expansion of the multiorbital the spins related to the Gu3d,, and Cig—3dy2_y2 basic
Hubbard model is used in Sec. I to derive an effective spinorbitals. Below we will consider in great detail the micro-
Hamiltonian for the nearest-neighbor Cu-Cu magnetic interscopic origin of the dominant intrachain nearest-neighbor in-
actions. A mean-field analysis of the model derived is alsqeractions that involve rather strong magnetic anisotropies
presented and a prediction on the ground-state magnetiue to the nontrivial geometry of a particular chain. The
structure in BaCu,O,Cl, is formulated. A complementary remaining interchain couplings are expected to influence
group theoretical analysis is presented in Sec. IV. Concludenly the spin isotropic part of the exchange interaction since

The indirect coupling of the Cu-eBorbitals via the inter-

ing remarks can be found in Sec. V. they occur in a more simple geometry.
To develop the theory of superexchange, in the following
II. BAND STRUCTURE AND THE UNDERLYING the appropriate underlying Hubbard model is formulated for
MULTIORBITAL HUBBARD MODEL Ba3CuzO4CI2 Due to theS=1/2 nature of the Spins on the

Cu'? sites, a single-ion anisotropy cannot occur. A magnetic

The band structure of BEW,0,Cl, was calculated within  anisotropy can only be obtained by taking into account si-
the local-density approximatiofLDA) using a recently de- multaneously both, the spin-orbit coupling and the splitting
veloped full-potential nonorthogonal local-orbital minimum- of the orbitals by crystalline field®. The spin-orbit coupling
basis schemé~PLO).** Here, the Cu(8, 4s, 4p), Ba(5s,  of the copper ions is described by tHgs term in the under-
5p, 5d, 6s, 6p), CI(3s, 3p, 3d), and O(3, 2p, 3d) states  lying electronic Hamiltonian. This term and the kinetic one,
were treated as valence states and the lower lying states g5, are considered as the perturbation while the zero-order
core states. For our purpose to extract tight-binding paramgiamiltonianH,=H{ +H{ is a sum of the on-site interac-

eters it is sufficient to perform a n0n-spin-p0|arized CaICUIa"tionS at copper and oxygen atomS, respective|y_ Thus the

four bands crossing the Fermi surface, corresponding to the

four copper atoms per unit cell. Hereafter the notatiBrs

A;, B,, andA, will be used to specify the different Cu sites

in a unit cell. HEO=> 1> X ehdl dima
Due to the folding of the Cu©chains by nearly 90° the bgm o«

bandwidth of the half filled antibonding bands is relatively

narrow (=0.5 eV) and only half as large as in the planar + umrmnd n

. . . jma jm/a’ 1
(unfolded edge-shared chains such as in,@QuO, or mm aa’
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FIG. 2. Spatial ordering of the Dzyaloshinskii-Moriya vectors
_ - a2 Di,, etc., related to a pair of Cu atoms located®aandA,; . (The
HLS_)\; LiS; @ firet indices refer to thgleft atom in the p)aiﬁhe;(z’) axes are
locally defined and are perpendicular to the corresponding
plaquette. The dashed line is the loealz’) axis of the plaquette
where the hole representation and the standard notation fdgft to that under consideration and is used for the definition of the
cuprates are used. Hejewhich is a composite index, de- anglesey A : The rotation of the corresponding dashed line onto the
notes a cell number and the sort of the Cu site in the tell; local axis results in the rotation angi,, the sign of which de-
€| is used to denote an O site neighboring tojtisée. The fines the direction of the local Dzyaloshinskii-Moriya vect@, .
term s?m is the crystal field level for thenth copperd orbital ~ The crystallographic axes, b, and ¢ form the global coordinate
at thejth site. The results of the band structure calculafions System.
allow us to estimate the crystal field splitting between the

lowest 8?0 (:gg) and the excited ri#0) levels 8jdm I1l. SPIN HAMILTONIAN AND THE MEAN-FIELD

(=&d) ased —ed~2eV =¢4. We neglect the difference of GROUND-STATE SPIN CONFIGURATION

this splitting between the different excitedstates as well as

between the nonequivalent Gsites, which is of minor im- The derivation of the effective superexchange interactions

portance for the present purposes. For the further calculassing perturbation theory in the multiband Hubbard model,
; ; ; ! i has been presented already many times for planar
tions only the copper on-site Coulomb integkaff ™ with 6.33.94 g L

/ ; ; PR : ; cuprate€®3334Some peculiarities of the present derivation
m=mis requwﬁcrin, which Is assurmed in analogy with O.therarSdue to the fact thalt)t the Cy®hains in BPQCUZO4C|2 are
c_uprates to bdJy —'Ud28—10 ev. The qrystal fleld split- folded. The unit cell of this structure contains four different
ting between the different oxygeip,,) orbitals k=x,y,z) Cu ions which are denoted in Fig. 2 Bs, A,, B,, andA
located on a lattice sité is not taken into account in the Therefore there is a sequence. of four éi,fferzént maZ.netic
present consideration. The estimate for the “bare” Charg%onds )=(BL.A) (Aq B,). (B,.A,)., and (A B’)g
transfer gapA,=eP—e§~4 eV is deduced from the band- 1= B1.A1), (A1,52), (B2, A2), 2121/

S X . )
structure calculations and a complementary finite cluste}’vhere the siteB; belongs to the neighboring unit cell. We

(27 _ai : k  start by deriving the spin Hamiltonian for a particulaR)
analysis: ngr’ the oxygen on-site Coulomb mtlegra.ué;. or (BA) bond of this sequence, and then extend the consid-
=U, and U," =U,—2J, (for k#k'), the following esti-

eration to the entire structure. Two oxygen ionss (,R),
mates,U,=4 eV andJ,=0.2-0.4 eV, standard for the cu- \yhich are common neighbors of gand Cy, mediate the
prates(see Ref. 28 and refer_enc_es thejeare assumed. superexchange interaction betweer,@nd Cy . By apply-
Next, we consider the kinetic partl;. According t0 ing an appropriate unitary transformation one can define
Slater and Kostefsee Ref. 2Done can express the hopping molecular-type basic functions for the oxygen single-hole

amplitudest;r, « between the nearest-neighbor copfiBk)  states in the form Ipny = (IpL) = [PrD)/N2, with (n
and oxygenpy) orbitals as linear combinations of the two _1 g fork=x y,Z), that are used below.

parameters, f{do) and (pf!fw)- By using the approximation At the first step of the expansion procedure the excited
(pdm)=—1/2(pdo) =—1t73/\3  which s valid for |4, ) orbitals (m+0) are taken into account by additional
transition-metal OX'd‘?go' one may Writet;m = Xmilpa- 1N yector hybrydization terms~C; ,- 0,5 CONNecting the
this expression, for givefd;n) a”d|@k>;the factorymeis @ ground statéd;) orbitals with differentp,) orbitals. Then,
function of direction cosines of thg {-1) vector. All these  the original hopping processest;,,, and the additional new
factors, of order unity, are calculated by using the routinepnes can be dealed simultaneously within the same approxi-
proceduré? The only parameter remainintfyj, is estimated mation. The corresponding effective kinetic term is

from the band-structure calculations. For the special compo-

sition of CuQ, plaquettes in BgCu,O,Cl, with only nearest-

net?flghbor Cu-O hop_pmg we obtameg the Lgfllgwmg estlmateH(lAB):'iE > [tiondapt Cj,n'o-aﬁ]dro,apn,ﬁ"' H.c.,
tyg=0.5 eV by using the formuleg=(t,g)/A,. That j=AB n ap

value is smaller than the corresponding nearest-neighbor )
Cu-O hopping terms in other cuprate&®3132since the ef-

fects of the different geometry, the neglect of direct O-Owhereéaﬁ represent the Pauli matrices and

transfer, and of the crystal-field splitting at oxygen sites are

all condensed into one effective parameter. The value \

=0.1 eV of the spin-orbit coupling, characteristic for other = __ N s L A% A

cuprates, is taken in the calculation. ¢ 2e4 % Liontimn: Cnj=Cin- @
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Here, I:,-,Om are matrix elements of the orbital angular mo-
mentum operator ang, , are the original amplitudes for the

hopping process between the exciteth crystal-fieldd-state
and thenth oxygenp state.
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It is worth emphasizing at this stage that the vedfﬁQrB of

Finally, the [p,)-orbital states can be eliminated in the the pzyaloshinskii-Moriya interaction is directed along fhe

perturbation procedure and the corresponding fourth-ordeg, s
processes are summed up into the following spind

Hamiltoniar?® referring to one Cap(O-0)-Cys magnetic
bond:

HAB =3,68,Ss+ Dag [SaXSe]+Sa QasSe (4

with the interaction constants

Jae=42 Gnnltaontnso+ Can Cnsl [teon tn a0

nn’

+Cgn - Chr al,

Das=812 9nntaontneol Ce ntnr a0t teon Cnr Al

nn’

Qpe=Tas+'as— 5w(2§ Ti%), (5

FXE=42 gnn’[ClAL,ntn,BO"'tAO,nC#,B]'[Cg,nrtn’,AO
nn’
+1tgon Chr al-
Hereg,, is given by

1
A2
Ab

1 1 1

—t ot —————|, (6)
Ug 24, 2A,+Up"

Onn' =

where U3"=U,, and Ug“'=Up—2Jp (n"#n). Further on

the notationg,,=g will be used. One may note a weak

difference betweemy,, (n’=n) and g, (n’#n). Taking
into account the particular form of thg,, (=t, ;o) and

(i.e., DAg=D#ag=0) and the symmetric anisotropy is
escribed by only one nonzero paramdt&¥, . Note that the
direction of I5AB is in agreement with the rules given by
Moriya.?> The parameterp,g is characteristic for the di-
rected @AB) bond. More generally, a particular parameter
¢ij has to be assigned to each bond in the entire chainlike
structure in the following way. Let us ascribe to the center of
eachjth plaquette a Iocafj axis perpendicular to the plane
of the plaquette. For instance, in Fig. 2 the=z) andz’
(=z)) are related td=B, and j=A,, respectively. Then,
¢ij is the angle of the rotation which transforms the Iof;al
axis into theZJ- axis. Therefore one has

M= — A= — ¢FA=bop =84°, (9)

where the left(right) indices refer to the leftright) atom in

the directed bond. It can be directly checked that each mag-
netic bond is described by the same form of the spin Hamil-
tonian (4)—(8). By using the relation$7-9) it can be easily
seen that the parametedsand I'YY are bond independent
while the componenDiyj changes the sign in accordance
with Eqg. (9). The spin Hamiltonian for the entire chainlike
magnetic system can be written in the following form:

H=> M, H D=1 )4 530D,
ij
H D =4g{b%S - S +2bcé;d-[S XS]
+¢’[2(dS)(dS) - S-S},
SH WD =—5JSS,—sT[2(dS)(dS)-SS]. (10

where d is the unit vector along the globdl axis. &;

éj,n (=é:'j) transfer parameters, we find the final expres-=sgny;; determines the space pattern of the Dzyaloshinskii-

sions for the nonzero interaction constants:
Jag=49 biB_ 0JaBs
DAs=89bagCas (7)
IRb=4ghs~ oTR%,
where

b= (t5h2(1—CcoSgap),
1/ _
CAB:ﬁ(S_d) (t,efé)zsm Y

ANV
NN a 4gbjg, (8

Moriya vectors for the chainlike structufeee Eq.9)].

Below the arguments given by Shekhtman, Entin-
Wohlman, and Aharory for the single-bond superexchange
interactions are extended to the chainlike magnetic system

with this special pattern of théij vectors. Actually, the
spins in the lattice can be subdivided into two subsystems in
such a way that the firgsecond subsystem is formed by the
spins inB (A) positions only. Let us now introduce the fol-
lowing redefinition of the spin variables:

-

§B]_: SBl! §B2: éBZ'
Sa,=(d- Sy )d+cost[ Sy —(d- Sy )d]—ksing[ S, xd],
(11)

Sp,=(d-Ss )d+cosb[Ss —(d- S, )d]+ksin g[S, xd],
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where k=+1 and ktang=—2bc/(b?—c?). It should be B, B,
noted, that the transformatidfil) corresponds to a rotation
of the spinséAl (§A2) by an angled (— ) with d as the A 9 o
rotation axis. The Hamiltoniaft( (") is strictly transformed z 6 R
into an isotropic form® while concerning the remaining
o1 ) an additional justification should be made. Actually, X B, (@)
no terms higher than of second order ix/§,4) have been
kept up to now. By noting thasJ, ST ~(\/e4)? and in Eq. ,
(11) the angled~(M\/eq), the consistent way is to keep the B . ,'31_,
form of 51 1) but using the transformed spin variables. Fi-
nally the transformed Hamiltonial == H(") takes the form = Aa /’
z . GWAZ
AN=3§§-r{2(dS)(d$)-(SS)} (12 x g o
2

ﬂ'th the renormalized constantL:4g(b2+Cz)—5J, and FIG. 3. Within a classical picturémean-field approximation
I'=6IYY>0. the Dzyaloshinskii-Moriya interaction between the magnetic mo-
A mean-field analysis of this Hamiltonian shows that thements(arrows of the Cy, and Cy atoms results in a small canting
expected classical ground-state configuration is a collineasf the Cy, moments(canting anglex 6). The ground state is two-
antiferromagnetic array of the transformed spih%) in the  fold degeneratedab) and reveals weak antiferromagnetism. The

magnetically easyz plane,>0. We emphasize that ac- two states differ by the sign of the canting angle and the direction of

cording to Eq.(12) the staggered moment is not confined o the additional antiferromagnetic vectth,,=M a1, ~Maz, Of the
; ; . . o »  Cu, sublattice.x andz are global axes equivalent to the crystallo-
a particular direction in the easyz plane. This “residual

symmetry of the derived superexchange can be broken b?/raphlca andc axes.

additional interaction terms not included into the consider-
ation up to now. Postponing a discussion of possible sources 4
for additional anisotropies let us now assume that the re- J3
sidual symmetry is broken in such a way that the staggered

magnetization is parallel to theaxis (i.e., crystallographi@  with an absolute value dﬁij |~0.25 meV corresponding to

= - J~5meV. It is worth mentioning that the magnetization
_ measurementgor Ba;Cu,0,Cl, have clearly shown that the
§Bz (=§BZ) are aligned in the direction. This is supported crystallographica direction 0? axis in our notationsis the
by the symmetry analysis of the following Section, which preferred direction for the staggered moment bef®y,

demands that the staggered magnetization(M, +M, ~ WhereTy=20 K is the temperature of the three-dimensional
1 2 antiferromagnetic ordering. According to this analysis it is

)\) , e
(e—d |sin¢yj|=3°. (15

direction, and in the ground state the spiﬁ,_s,,l (=SBl) and

~Mg,—Mg )/2 has to be parallel to one of the crystallo-

expected that the ground state in this compound is not a

graphic axis. In the mean-field approximation one may im-simple collinear antiferromagnetic configuration, but in-

mediately write

>

volves also a weak antiferromagnetic superstructure due to
the Dzyaloshinskii-Moriya interaction.
To our knowledge, in cuprates only weak ferromagnetism

S5,=—SA,=Ss,= —Sa,=S& (13

and performing the inverse transformation one obtains fo
the original spins

(WFM) was reported up to now. The corresponding spin
Fanting angle, which measures the deviation from collinear-
ity, is rather small §\yg=0.05° (compare for instance Refs.
3,26,33 and 34 In the present case the spin canting angle
(15), i.e., #=3°, is more than an order of magnitude larger.
The reason for this difference is the following. Although the
spin-orbit coupling {/e4)~0.1 is nearly the same in both

Se,=Se,= S

Sy =—9cosh-e,+ksing-e,], (14)  cases, the geometrical factor is much larger in the present
! case agsing;|=1 due to the strong folding of the chains

- - - (| pij| =84°).

Sp,= —S[cosf-e,—ksing-e,]. It is necessary to discuss the possible influence of trans-

verse interchain magnetic interactions to show the validity of
The corresponding picture for the double degenerate classihe derived spin anisotropy. We assume that the dominant
cal ground-state spin configuration is given in Fig. 3. A weakinteraction between two neighboring spins belonging to dif-
transversgalong thez axis) modulation in the second sub- ferent chains in a layer is the isotropic superexchange with
lattice is imposed on the strong antiferromagnetic correlaan AFM interaction constarlt, . By using the results of the
tions between the spins belonging to different sublatticesband-structure calculationSec. 1) we found the estimate
This weak antiferromagnetic modulation is entirely due toJ, /J~0.25, whered is the intrachain exchange constant.
the Dzyaloshinskii-Moriya interaction. The anglefor this  Due to the presence of the center of inversion for the trans-
modulation is estimated to be verse Cu-Cu magnetic bond a Dzyaloshinskii-Moriya term
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j

B,

- operations. For the space groBgmmabesides the identity
there are only three independent symmetry elements.

A very convenient choice for these elements is: rotation
axis C,, through the point X,=0, z,=1/2), rotation axis
C,, through the point X,=1/4, y,=0) and inversion | lo-
cated at ¥;=0, yo=0, zg=1/2). As these elements map a
given chain onto itself no assumptions concerning the rela-
tive orientation of moments in different chains are necessary.
The magnetic moments reside on the gtes Cu;, Cua,,

z and Cuy. 4, and on the 2 sites Cy@;, Cug,, and Cuy/q (See
Fig. 4, in which also the mentioned symmetry elements are
Cr Cu sketched Obviously the ion Cpy (Cugy) is equivalent to
Cuyrq (Cugrq). Because the sites of thecezand 2 sublat-
tices are crystallographically not equivalent, the magnetic or-
der has to be characterized by two antiferromagnétiM)
vectors,

FIG. 4. Symmetry elements of a @Cuz chain in
Ba;Cu,0,Cl,. The magnetic moments are located at tleesktes
(A1, A,, andA}) and at the 2 sites B, B, andB;). The sym-
metry elements mapping the chain onto itself are: a@gsgoing . . . . . .
through theB sites, axe<C,, (sketched by small ellipsgperpen- La=Ma;—Mps, Lg=Mg;—Mpg,, (16
dicular to thex-z plane and going through thesites, and inversion . L
centers located at the sités. and two sublattice magnetizations,

MaA=(Ma1+Mp2)/2, mg=(Mpy+Mgy)/2, (17)
cannot occur and the symmetric anisotropy is expected to be
very weak. The band-structure results indicate also a weawhere Mg, (Mgj) are the magnetic moments of the
interlayer exchangel,<J, ,J and more distant interchain Cuai (Cug)) ions at the sited; (B;). The interchange of the
Cu-Cu exchange interactioff®r instance, to third neighbors moments|\7|i<—>Mj generated by the symmetry operations is
in the plane of Cy). However, the spin anisotropy of the given in the second and third column of Table I. As only one
latter interaction is expected to be small due to the planaordering temperature is found, both AFM vectors have to
geometry of the corresponding exchange path. transform according to the same magnetic group, compatible

with the crystallographic space grolfmma The transfor-

V. SYMMETRY AND SPATIAL ORDERING OF THE mation behavior for each compondmx, Lay. etc. and for
DZYALOSHINSKII-MORIYA VECTORS the sublattice magnetizations, and mg is described in
. _ _ Table I by two numbers characterlzmg two steps of the cor-
iy 0 derive the spatl order of the Deyaloshins esponcing ransiormation: he transiormaton . Co.
c. due toM, <—>M (first numbe} and the remaining part of

metry analysis of the antiferroma netlc states in
Y Y g the transformatlor(rotatlon inversion; secondThe entry

Ba;,Cu,O,Cl (followin Refs. 36-38 resented )
elasgewutzter‘lérg 2vviII be sumr?tarized It is assumed Fthat the lat- +1 means no change of the considered vector component,
—1 means a change of sign. In the line below the resulting

tice constana of the magnetic unit cell and that of the crys-
tallographic unit cell are identical. As has been pointed out ifmagnetic symmetry element is given. A =Ly, but
Ref. 38 it is sufficient to consider the independent symmetr)RILB LB the AFM vectorsL2C and LZe cannot simulta-

TABLE I. The first column lists the independent symmetry elements of the space Brooa here chosen to b, C,,, C,, andl. The
second and third columns give the magnetic mom@fms and I\7IBJ- (i,j=1,2) generated fronvi a1 and I\7IBl by applying these symmetry
elements. In the remaining columns for each component of the antiferromagnetic \‘ectoM;—Ma,, Lg=Mg;—Mp,, and the two
sublattice magnetizatioms,= (M a; + M a,)/2 andmg= (Mg, + Mg,)/2 two numbers are given: the first takes into account the interchange

MA]_(—)MAZ! I\7I31HI\7IBZ (1<~ no change of the vector componentsl < vector components change sjighe second+1 or —1
describes the remaining part of the considered transfoméatitation, inversioin The resulting magnetic group elements are given in the
line below these two number®( time reversal

E MAl MBl LA,x I-A,y LA,Z LB,x I-B,y LB,Z mA,x mA,y mA,z
(2c site) (2e site) Mg x Mgy Mg 2

Cy, M p Mg, 11 -1 -1 -1 11 11 11 11 11
CZZ CZZ RCZZ RCZZ RCZZ CZZ RCZZ RCZZ CZZ

Cay Miay Mg, 1,-1 11 1-1 -1,-1 -1,1 11 1-1 11 1-1
RC, Cy  RGCy Cy RCy  Cy RC, C, RCy

| |\7|Al |\7|BZ 1,1 1,1 11 -1,1 -1,1 -1,1 11 11 1,1

I | I RI RI RI | | I
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neously become different from zero. As each component oBa,Cu,0,Cl, was analyzed within a multiorbital Hubbard
rﬁA and rﬁB transforms according to the same magneticmodel. This superexchange interaction was expressed by an
group, the only possibility for antiferromagnetic ordering is effective spin-spin Hamiltonian. As there is no center of in-
Ly=mayx—mg,#0, Ly=mpy—mg,#0 or L,=ma, version for the considered G®-0)-Cu entity, this interac-
—mg ,#0. This means that ferromagnetic order is predictedion involves the Dzyaloshinskii-Moriya term, which refers
for each of the two crystallographic Cu sublattices. The moto the corresponding bond. By means of an analysis of the
ments of the crystallographically different sublattices are angeometric relations between neighboring borplaquettes
tiparallel to each other. As different componentsngf and  the spatial order of these locally defined Dzyaloshinskii-

rﬁB belong to different magnetic grougable |) (i) only one  Moriya vectors was determined. This spatial order was also
component of the AFM vectdt may be different from zero, derived by a symmetry analysis taking into account the ex-
ie., L is parallel to one of the crystallographic axes, dind perlmentally found easy axis of the staggered megnetlza-
weak ferromagnetism is excluded, contrary to the case oFljon' These considerations revealed, that spin cantmg OCCUrs
Ba,Cu;0,Cl,. This is in agreement with the experiments. " the subsystem of the (e_}unagnetlc moments onl)_/. Within
The symmetry analysis cannot predict the direction of thé!® Presented microscopic model, for the magnetic moments
AFM vector. Experiments show, 0.’ For that case, inde- &l directions within thea-c plane are equivalent. The anisot-
pendent magnetic symmetry elements BreRC,,, RC,,, 0P leading to tr_\e experimentally observed spin-flop tran-
and 1. Interestingly, Table | shows, that for that case a smalfition for applied fields parallel to theeaxis could not yet be
La,#0,i.e., weak antiferromagnetisfican additionally oc- explained. Further investigations have to be done to find the
cur. microscopic origin for additional anisotropies, which break
As shown in Sec. IlI, within the unit cell this weak anti- the easy-plane symmetry of the superexchange model and
ferromagnetism is described by a sum of Dzyaloshinskii-explain the experimentally observed easy-axis behavior.

Moriya terms With this respect, two main contributions have been ignored
Hwarm=Dah: (Mg1,Ma1,—Mga1,Mary) in the considered Hamiltoniafi). First of all, the theory o_f
superexchange can be developed at a more sophisticated
+Dp% (Ma1xMg2,—Ma1,Mg2y) level by adopting more details of the electronic structure of

1 D2 (MapyMps— M s2,M 2.0 the real compounq. For instanceZ the form of the symme.tric
: : : anisotropy tensor is rather sensitive to an actual crystal-field
21 - , splitting of p orbitals on oxygen ions. This splitting should
D (MaziMeraz=MazzMers). (19 be taken into account into the theoretical scheme. A second
This interaction has to be invariant with respect to the symreason leading to a breakdown of the easy-plane symmetry
metry operationR C,,, RC,y, andl. Using the transforma- involves the direct-exchange contributidio the symmetric
tion properties of the moments according to Table I, theanisotropy term. This is due to the exchange part of the two-
equivalence of sites differing by a lattice translation alongsjte Coulomb multiorbitad-d correlations which should be
the a axis, results in also incorporated into the Hamiltoniafl). However, for
Dil__pl2__p22_p2l (19 such calculations reliable quantitative_ estimates for the pa-
BA AB BA~ T AB rameters are requiregd.e., the crystal-field states of the O
As to be expected, the spatial order of the localions and the two-site exchange Coulomb integrals of Cu
Dzyaloshinskii-Moriya vectors determined from the symme-ions). Since the direct exchange contribution can be hardly
try of the magnetic unit cell is the same as that derived byobtained within the LDA band-structure analysis, we have to
analyzing the relations between the different bonds in thdeave this problem for future investigations. From an experi-
previous section. Moreover, the symmetry analysis togethementally point of view, the detection of the discussed weak
with the experimental results shows, that in the transformaantiferromagnetism is a challenging task.
tion described in Sec. ll{canting of the momentghe Cu;
moments have to be fixed, &% has to remain zero for an

AFM state with moments parallel to theaxis. ACKNOWLEDGMENTS
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