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DZYALOSHINSKY�MORIYA ANTISYMMETRIC EXCHANGECOUPLING IN CUPRATES: OXYGEN EFFECTSA. S. Moskvin *Ural State University620083, Ekaterinburg, RussiaRe
eived O
tober 17, 2006We re
onsider the 
onventional Moriya approa
h to the Dzyaloshinsky�Moriya antisymmetri
 ex
hange 
ouplingfor a single Cu1�O�Cu2 bond in 
uprates using a perturbation s
heme that provides an optimal way to a

ountfor intra-atomi
 ele
tron 
orrelations, the low-symmetry 
rystal �eld, and lo
al spin-orbital 
ontributions witha fo
us on the oxygen term. The Dzyaloshinsky ve
tor and the 
orresponding weak ferromagneti
 momentare shown to be a superposition of 
omparable and, sometimes, 
ompeting lo
al Cu and O 
ontributions. Wepredi
t the e�e
t of oxygen staggered spin polarization in the antiferromagneti
 edge-shared CuO2 
hains dueto the un
ompensated oxygen Dzyaloshinsky ve
tors. The polarization is dire
ted perpendi
ular to both themain 
hain antiferromagneti
 ve
tor and the CuO2 
hain normal. The intermediate 17O NMR is shown tobe an e�e
tive tool to inspe
t the e�e
ts of the Dzyaloshinsky�Moriya 
oupling in an external magneti
 �eld.In parti
ular, we argue that the puzzling planar 17O Knight shift anomalies observed in paramagneti
 phase ofgeneri
 Dzyaloshinsky�Moriya antiferromagneti
 
uprate La2CuO4 
an be assigned to the e�e
t of the �eld-indu
ed staggered magnetization. Finally, we revisit the e�e
ts of symmetri
 spin anisotropy, in parti
ular,those dire
tly indu
ed by the Dzyaloshinsky�Moriya 
oupling. The perturbation s
heme generalizes the well-known Moriya approa
h and presents a basis for reliable quantitative estimations of the symmetri
 partner ofthe Dzyaloshinsky�Moriya 
oupling. At varian
e with the 
onventional standpoint, the parameters of the e�e
-tive two-ion spin anisotropy are shown to in
orporate the 
ontributions of a single-ion anisotropy for two-hole
on�gurations at both the Cu and O sites.PACS: 71.70.Ej, 75.30.Et, 75.30.Gw1. INTRODUCTIONFifty years ago, Borovik-Romanov and Orlova [1℄proposed a spin 
anting model for weak ferromag-nets, whose origin was shortly after [2℄ relatedto the ex
hange-relativisti
 e�e
t with the mainlyantisymmetri
 ex
hange 
oupling. Starting frompioneering papers by Dzyaloshinsky [2℄ and Moriya [3℄,the Dzyaloshinsky�Moriya (DM) antisymmetri
 ex-
hange 
oupling was extensively investigated in the1960s�1980s in 
onne
tion with weak ferromagnetismfo
using on hematite �-Fe2O3 and orthoferritesRFeO3 [4℄. A renewed interest in the subje
t wasmotivated by the 
uprate problem, in parti
ular, bythe weak ferromagnetism observed in La2CuO4 [5℄ andmany other interesting e�e
ts for the DM systems, inparti
ular, the ��eld-indu
ed gap� phenomena [6℄. Atvarian
e with typi
al three-dimensional systems su
h*E-mail: alexandr.moskvin�usu.ru

as orthoferrites, 
uprates are 
hara
terized by a lowdimensionality, a large diversity of Cu�O�Cu bondsin
luding 
orner- and edge-sharing, di�erent ladder
on�gurations, strong quantum e�e
ts for s = (1=2)Cu2+ 
enters, and a parti
ularly strong Cu�O 
ova-len
y resulting in a 
omparable magnitude of hole
harge/spin densities at 
opper and oxygen sites.Several groups (see, e.g., Refs. [7�9℄) developed themi
ros
opi
 model approa
h by Moriya for di�erentone- and two-dimensional 
uprates using di�erentperturbation s
hemes, di�erent types of the low-sym-metry 
rystalline �eld, and di�erent approa
hes tointra-atomi
 ele
tron�ele
tron repulsion. But despitea rather large number of publi
ations and heateddebate (see, e.g., Ref. [10℄), the problem of ex
hange-relativisti
 e�e
ts, that is, of antisymmetri
 ex
hangeand the related problem of spin anisotropy in 
upratesremains open (see, e.g., Refs. [11; 12℄ for re
ent exper-1048
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oupling : : :imental data and dis
ussion). Common short
omingsof 
urrent approa
hes to the DM 
oupling in 3d oxides
on
ern the problem of allo
ating the Dzyaloshinskyve
tor and respe
tive �weak� (anti)ferromagneti
moments, and full negle
t of spin�orbital e�e
ts for�nonmagneti
� O2� ions, whi
h are usually believed toplay only an indire
t intervening role. On the otherhand, the 17O NMR�NQR studies of weak ferromagnetLa2CuO4 [13℄ seem to eviden
e an un
onventionallo
al oxygen �weak-ferromagneti
� polarization, whoseorigin 
annot be explained in the framework of 
urrentmodels. All this stimulated a 
riti
al re
onsiderationof many old approa
hes to the spin�orbital e�e
ts in3d oxides, starting from the 
hoi
e of the proper per-turbation s
heme and the e�e
tive spin Hamiltonianmodel, usually implying only an indire
t interveningrole of �nonmagneti
� O2� ions.In this paper, we revisit the problem of the DMantisymmetri
 ex
hange 
oupling for a single bond in
uprates spe
ifying the lo
al spin�orbital 
ontributionsto the Dzyaloshinsky ve
tor and fo
using on the oxygenterm. In Se
. 2, we present a short overview of the ef-fe
tive spin Hamiltonian of a typi
al three-
enter (Cu1�O�Cu2) two-hole system. A mi
ros
opi
 theory of theDM 
oupling is presented in Se
. 3. The Dzyaloshinskyve
tor is shown to be a superposition of the lo
al Cuand O 
ontributions. In Se
. 4, we examine a responseof the DM-
oupled Cu1�O�Cu2 bond to uniform andstaggered external �elds, and demonstrate some un-usual manifestations of the lo
al oxygen 
ontributionto the DM 
oupling in edge-sharing CuO2 
hains. InSe
. 5, the intermediate 17O NMR is shown to be ane�e
tive tool for inspe
ting the e�e
ts of DM 
ouplingin an external magneti
 �eld. In Se
. 6, we revisit therelated problem of symmetri
 spin anisotropy with thein
lusion of lo
al oxygen spin�orbital 
ontributions.2. SPIN HAMILTONIANBelow, for illustration, we 
onsider the three-
enter(Cu1�O�Cu2) two-hole system with the tetragonal Cuon-site symmetry and ground Cu 3dx2�y2 states (seeFig. 1), whi
h is typi
al for 
uprates and whose 
on-ventional bilinear spin Hamiltonian is written in termsof 
opper spins asĤs(12) = J12(ŝ1 � ŝ2)+D12 � [ŝ1 � ŝ2℄+ŝ1$K12 ŝ2; (1)where J12 > 0 is an ex
hange integral, D12 is theDzyaloshinsky ve
tor, and $K12 is a symmetri
 se
ond-rank tensor of the anisotropy 
onstants. In 
ontrast

with J12 and $K12, the Dzyaloshinsky ve
tor D12 is an-tisymmetri
 under site permutation:D12 = �D21:Hereafter, we writeJ12 = J; $K12 = $K; D12 = D:We note that using e�e
tive spin Hamiltonian (1) im-plies removing the orbital degree of freedom, whi
h re-quires 
aution in the 
ase of the DM 
oupling be
auseit 
hanges both the spin multipli
ity and the orbitalstate.It is 
lear that the appli
ability of an operator su
has Ĥs(12) for des
ribing all the �oxygen� e�e
ts is ex-tremely limited. Moreover, the question arises regard-ing the 
omposite stru
ture and spatial distribution ofwhat is termed the Dzyaloshinsky ve
tor density. Thisve
tor is usually assumed to be lo
ated at the bond
onne
ting spins 1 and 2.Stri
tly speaking, up to a 
onstant, the spin Hamil-tonian Ĥs(12) 
an be viewed as a result of the proje
-tion onto the purely ioni
 ground stateCu2+1 (3dx2�y2)�O2�(2p6)�Cu2+2 (3dx2�y2)of the two-hole spin HamiltonianĤs =Xi<j I(i; j)(ŝ(i)�ŝ(j))+Xi<j (d(i; j)�[ŝ(i)�ŝ(j)℄)++Xi<j ŝ(i)$K(i; j) ŝ(j); (2)where the summation ranges holes 1 and 2 rather thansites 1 and 2. This form not only implies both 
opperand oxygen hole lo
ation but also allows a

ountingfor purely oxygen two-hole 
on�gurations. Moreover,su
h a form allows neatly separating the one-
enter andtwo-
enter e�e
ts. Two-hole spin Hamiltonian (2) 
anbe proje
ted onto three-
enter states in
orporating theCu�O 
harge transfer e�e
ts.For a 
omposite system of two s = 1=2 spins, threetypes of the ve
tor order parameters must be 
onsid-ered,̂S = ŝ1 + ŝ2; V̂ = ŝ1 � ŝ2; T̂ = 2[ŝ1 � ŝ2℄; (3)with the kinemati
 
onstraintsŜ2 + V̂2 = 3Î; (Ŝ � V̂) = 0;(T̂ � V̂) = 6i; [T̂� V̂℄ = Ŝ: (4)Here, Ŝ is the net spin of the pair, the V̂ operator de-s
ribes the e�e
t of lo
al antiferromagneti
 order, or1049
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Fig. 1. Geometry of the three-
enter (Cu�O�Cu) two-hole system with ground Cu 3dx2�y2 statesstaggered spin polarization, and the T̂ operator 
anbe asso
iated with the ve
tor 
hirality [14℄. In re
entyears, phases with the broken ve
tor 
hirality in frus-trated quantum spin 
hains have attra
ted 
onsider-able interest. Su
h phases are 
hara
terized by nonzerolong-range 
orrelations of the ve
tor order parameterhT̂i. Interestingly, a 
hirally ordered phase 
an mani-fest itself as a �nonmagneti
� one, withhŜi = hV̂i = 0:Both T̂ and V̂ operators 
hange the net spin mul-tipli
ity with the matrix elementsh00jT̂mj1ni = �h1njT̂mj00i = iÆmn;h00jV̂mj1ni = h1njV̂mj00i = Æmn; (5)where we use a Cartesian basis for S = 1. The eigen-states of the operators V̂n and T̂n with the nonzeroeigenvalues �1 form Néel doublets1p2(j00i � j1ni)and Dzyaloshinsky�Moriya doublets1p2(j00i � ij1ni);respe
tively. The Néel doublets 
orrespond to 
lassi
al
ollinear antiferromagneti
 spin 
on�gurations and theDzyaloshinsky�Moriya doublets 
orrespond to quan-tum spin 
on�gurations that are sometimes asso
iatedwith a re
tangular 90Æ spin ordering in the plane or-thogonal to the Dzyaloshinsky ve
tor.

We note that both the above spin Hamiltonians 
anbe redu
ed up to a 
onstant to the spin operatorĤS = 14J(Ŝ2 � V̂2) + 12(D � T̂) ++ 14 Ŝ$KSŜ� 14V̂$KV V̂ (6)a
ting in a net spin spa
e. For simple dipole-like two-ion anisotropy as in Eq. (1),$KS = $KV = $K;although these tensorial parameters 
an di�er fromea
h other in general. Using the anti
ommutator re-lationsfŜi; Ŝjg+ fV̂i; V̂jg = 2Æij ; fV̂i; V̂jg = fT̂i; T̂jg; (7)we 
on
lude that the e�e
tive operator of symmetri
anisotropy 
an be equivalently expressed in terms ofthe symmetri
 produ
ts fŜi; Ŝjg, fV̂i; V̂jg, or fT̂i; T̂jg.The most general form of spin Hamiltonian (6) doesnot dis
riminate between 
opper or oxygen 
ontribu-tion and 
an be used to properly a

ount for oxygene�e
ts. As we see below, the D and $K parameters al-low the 
orre
t separation of lo
al 
opper and oxygen
ontributions.Generally speaking, expressions (1), (2), and (6)represent the e�e
tive Hamiltonians that are notstri
tly equivalent to ea
h other. Indeed, the basi
form (1) implies only the two-ion pseudodipole 
ontri-bution to the anisotropy parameters $K12, while Hamil-tonians (2) and (6) allow for the single-ion anisotropyfor the two-hole oxygen 
on�guration (see below). The1050
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oupling : : :e�e
tive use of either form strongly depends on the per-turbation s
heme applied. Below, we use form (6),whi
h is most e�
ient in des
ribing the ex
hange-relativisti
 e�e
ts. We note that the net spin repre-sentation and the quantum approa
h in general are es-pe
ially e�
ient in des
ribing antisymmetri
 ex
hangein Cu�Cu dimer systems (see, e.g., Ref. [15℄ and the ref-eren
es therein). The 
lassi
al approa
h to the s = 1=2spin Hamiltonian should be applied with 
aution, par-ti
ularly for one-dimensional systems.Before pro
eeding with the mi
ros
opi
 analysis, wenote that the intera
tion of our three-
enter systemwith external spins and/or �elds Ĥext is usually ad-dressed by introdu
ing only two types of e�e
tive exter-nal �elds: the 
onventional Zeeman-like uniform �eldand an un
onventional Néel-like staggered �eld, su
hthat Ĥext is given byĤext = �(hS � Ŝ)� (hV � V̂): (8)We note that an ideal Néel state is attainable onlyin the limit of the in�nitely large staggered �eld, andtherefore, for a �nite staggered �eld hV k n, the groundstate is a superposition of a spin singlet and a Néelstate, 	 = 
os�j00i+ sin�j1ni; tg 2� = 2hVJ ;whose 
omposition re�e
ts the role of quantum e�e
ts.For instan
e, in a Heisenberg spin-1/2 
hain with nnex
hange, the maximum value of the staggered �eld ishV = J=2, and hen
e the 	 fun
tion strongly di�ersfrom that of the Néel state,hV̂ni = sin 2� = 1p2 ;and the quantum me
hani
al average for a single spinhszi � 12 sin �4 = 1p2 � 12 � 0:71 � 12deviates strongly from the 
lassi
al value 1=2. We notethat for an isolated antiferromagneti
ally 
oupled spinpair, the zero-temperature uniform spin sus
eptibilityvanishes: �S = 0;while for the staggered spin sus
eptibility, we obtain�V = 2=J:3. MICROSCOPIC THEORY OF THEDZYALOSHINSKY�MORIYA COUPLING INCUPRATES3.1. PreliminariesTo derive the mi
ros
opi
 expression for theDzyaloshinsky ve
tor, Moriya [3℄ used Anderson's

formalism of superex
hange intera
tion [16℄ withtwo main 
ontributions of the so-
alled kineti
 andpotential ex
hange. Then he took the spin-orbital
orre
tions to the e�e
tive d�d transfer integral andpotential ex
hange into a

ount. Su
h an approa
hseems to be inappropriate to a

ount for purely oxygene�e
ts. In subsequent papers (see, e.g., Refs. [8; 17℄),the authors used the Moriya s
heme to a

ount forspin�orbital 
orre
tions to the p�d transfer integral,but without any analysis of the oxygen 
ontribu-tion. It is worth noting that in both instan
es, thespin�orbital renormalization of a single-hole transferintegral leads immediately to many problems withthe 
orre
t responsiveness of the on-site Coulombhole�hole 
orrelation e�e
ts. Anyway, the e�e
tiveDM spin Hamiltonian evolves from the higher-orderperturbation e�e
ts, whi
h makes its analysis ratherinvolved and leads to many misleading 
on
lusions.At varian
e with the Moriya approa
h, we startwith the 
onstru
tion of spin-singlet and spin-tripletwave fun
tions for our three-
enter two-hole systemtaking a

ount of the p�d hopping, on-site hole�holerepulsion, and 
rystal �eld e�e
ts for ex
ited 
on�gu-rations fng (011, 110, 020, 200, 002) with di�erent holeo

upation of Cu1, O, and Cu2 sites, respe
tively. Thep�d hopping for a Cu�O bond implies the 
onventionalHamiltonian Ĥpd =X�;� tp�d� p̂y�d̂� + h.
.; (9)where p̂y� 
reates a hole in the � state at the oxygensite, and d̂� annihilates a hole in the � state at the
opper site; tp�d� is the p�d transfer integral,tpxdx2�y2 = p32 tpzdz2 = tpd� > 0; tpydxy = tpd� > 0:For the basi
 101 
on�guration with two dx2�y2holes lo
alized at their parent sites, we obtain the per-turbed wave fun
tion	101;SM = �101;SM ++ Xfng;� 
fng(2S+1�)�fng;�SM ; (10)where the summation ranges both di�erent 
on�gura-tions and di�erent orbital � states. It is worth notingthat the probability amplitudes
f011g; 
f110g / tpd; 
f200g; 
f020g; 
f002g / t2pd:To a

ount for orbital e�e
ts for Cu1;2 3d holes andthe 
ovalen
y-indu
ed mixing of di�erent orbital statesfor the 101 
on�guration, we introdu
e an e�e
tive ex-
hange Hamiltonian1051
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Æ��0 J(��
Æ)d̂y1��d̂y2��0 d̂2
�d̂1Æ�0 + h.
.; (11)where d̂y1�� 
reates a hole in the �th 3d orbital at aCu1 site with the spin proje
tion �. Ex
hange Hamil-tonian (11) involves both spinless and spin-dependentterms, but it preserves the spin multipli
ity of the Cu1�O�Cu2 system. The ex
hange parameters J(��
Æ) areof the order of t4pd.We next introdu
e the standard e�e
tive spinHamiltonian a
ting in a four-fold spin-degenerate spa
eof the basi
 101 
on�guration with two dx2�y2 holes.We then easily 
al
ulate the singlet�triplet separationto �nd the e�e
tive ex
hange integralJ12 = J(dx2�y2dx2�y2dx2�y2dx2�y2);and 
al
ulate the singlet�triplet mixing due to three lo-
al spin-orbital terms Vso(Cu1), Vso(O), and Vso(Cu2)to �nd the lo
al 
ontributions to Dzyaloshinsky ve
tor:D = D(1) +D(O) +D(2): (12)The lo
al spin�orbital 
oupling is taken in the formVso =Xi �nl(li � si) = �nl2 �� [(̂l1+l̂2) � Ŝ+(̂l1�l̂2) � V̂℄ = �̂S � Ŝ+�̂V � V̂ (13)with a single-parti
le 
onstant �nl > 0 for ele
trons and�nl < 0 for holes. We use the orbital matrix elementshdx2�y2 jlxjdyzi = hdx2�y2 jlyjdxzi = i;hdx2�y2 jlzjdxyi = �2i; hijlj jki = �i�ijkwith Cu 3dyz=j1i, 3dxz=j2i, 3dxy=j3i for Cu 3d holes,and hpijlj jpki = i�ijkfor O 2p holes. A free 
uprous Cu2+ ion is des
ribedby a large spin�orbital 
oupling with j�3dj � 0:1 eV(see, e.g., Ref. [18℄), although its value may be signif-i
antly redu
ed in oxides. Information regarding the�2p value for the O2� ion in oxides is s
ant, if any.The spin�orbital 
oupling on oxygen is usually taken tobe mu
h smaller than that on 
opper, and is thereforenegle
ted [19, 20℄. But even for a free oxygen atom,the ele
tron spin�orbital 
oupling turns out to rea
han appre
iable magnitude: �2p � 0:02 eV [21℄, whilefor the O2� ion in oxides, a visible enhan
ement ofthe spin�orbital 
oupling is expe
ted be
ause the 2pwave fun
tion is more 
ompa
t [22℄. If we a

ount for�nl / hr�3inl and 
ompare these quantities for 
opper

(hr�3i3d � 6�8 a.u. [22℄) and oxygen (hr�3i2p � 4 a.u.[13, 22℄), we obtain the di�eren
e between �3d and �2pby at least a fa
tor of two.Hereafter, we assume a tetragonal symmetry at Cusites with lo
al 
oordinate systems as shown in Fig. 1.The global xyz 
oordinate system is 
hosen su
h thatthe Cu1�O�Cu2 plane 
oin
ides with the xy plane andthe x axis is dire
ted along the Cu1�Cu2 bond (seeFig. 1). The basi
 unit ve
tors x, y, and z 
an then bewritten in lo
al systems of Cu1 and Cu2 sites asx = (sin �2 ;� 
os �2 
os Æ1;� 
os �2 sin Æ1);y = �
os �2 ; sin �2 
os Æ1; sin �2 sin Æ1� ;z = (0; sin Æ1; 
os Æ1)for Cu1, with �; Æ1 to be repla
ed by ��; Æ2 for Cu2.The ex
hange integral 
an be written asJ = Xfng;�[j
fng(3�)j2E3�(fng)�� j
fng(1�)j2 E1�(fng)℄: (14)As regards the DM intera
tion, we deal with two
ompeting 
ontributions. The �rst is derived as a�rst-order 
ontribution, whi
h does not take Cu1;2 3d-orbital �u
tuations for the ground state 101 
on�gura-tion into a

ount. Proje
ting spin�orbital 
oupling (13)onto states (10), we see that the �̂V � V̂ term is equiv-alent to the purely spin DM 
oupling with lo
al 
ontri-butions to the Dzyaloshinsky ve
torD(m)i = �2ih00jVso(m)j1ii == �2i Xfng;�1;�2 
�fng(1�1)
fng(3�2)�� h�fng;�100j�Vi j�fng;�21ii: (15)In all the instan
es, the nonzero 
ontribution to thelo
al Dzyaloshinsky ve
tor is determined solely by thespin�orbital singlet�triplet mixing for the one-site 200,020, 002 and two-site 110, 011 two-hole 
on�gurations,respe
tively. For one-site two-hole 
on�gurations, wehaveD(200) = D(1); D(020) = D(O); D(002) = D(2):The se
ond 
ontribution, asso
iated with Cu1;2 3d-orbital �u
tuations within a ground state 101 
on�gu-ration, is more familiar; it evolves from a se
ond-order
ombined e�e
t of Cu1;2 spin�orbital Vso(Cu1;2) andthe e�e
tive orbitally anisotropi
 Cu1�Cu2 ex
hange
oupling1052
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hange 
oupling : : :D(m)i = �2ih00jVso(m)j1ii = �2iX� hf101g; �s00j�̂Vi jf101g; �1iihf101g; �1ijĤexjf101g; �t1iiE3�t(f101g)�E3�(f101g) �� 2iX� hf101g; �s00jĤexjf101g; �00ihf101g; �00j�̂Vi jf101g; �t1iiE1�s(f101g)�E1�(f101g) : (16)We note that at varian
e with the original Moriya ap-proa
h [3℄, both spinless and spin-dependent parts ofthe ex
hange Hamiltonian 
ontribute additively and
omparably to the DM 
oupling, be
ause of the samemagnitude and opposite sign of the singlet�singlet andtriplet�triplet ex
hange matrix elements on the onehand and the orbital antisymmetry of spin�orbital ma-trix elements on the other hand.It is easy to see that the 
ontributions of 002 and200 
on�gurations to the Dzyaloshinsky ve
tor bear asimilarity to the respe
tive se
ond type (/ VsoHex)
ontributions; however, in the former we deal with thespin�orbital 
oupling for two-hole Cu1;2 
on�gurations,while in the latter, with that of one-hole Cu1;2 
on�g-urations.
3.2. Copper 
ontributionWe �rst address a relatively simple instan
e of astrong rhombi
 
rystal �eld for intermediate oxygen ionwith the 
rystal �eld axes oriented along global 
oor-dinate x; y; z axes. It is worth noting that in su
h a
ase, the O 2pz orbital does not play an a
tive rolein either symmetri
 or antisymmetri
 (DM) ex
hangeintera
tion and that the Cu 3dyz orbital appears tobe ina
tive in the DM intera
tion due to a zero over-lap/transfer with O 2p orbitals.For illustration, we 
onsider the �rst 
ontribu-tion (15) of the one-site 200, 002 two-hole 
on�gura-tions d2x2�y2 , dx2�y2dxy, and dx2�y2dxz, whi
h do 
ova-lently mix with the ground state 
on�guration. Cal
u-lating the singlet�triplet mixing matrix elements in theglobal 
oordinate system, we �nd all the 
omponents ofthe lo
al Dzyaloshinsky ve
tors. The Cu1 
ontributionturns out to be nonzero only for the 200 
on�guration,and 
an be written as a sum of several terms. We �rstgive the 
ontribution of the singlet (d2x2�y2)1A1g state:

D(1)x = �2ih00jVso(Cu1)j1xi == p2�3d 
200(1A1g)�� [
200(3Eg) 
os Æ1 � 2
200(3A2g) sin Æ1℄ 
os �2 ;D(1)y = �2ih00jVso(Cu1)j1yi == �p2�3d 
200(1A1g)�� [
200(3Eg) 
os Æ1 � 2
200(3A2g) sin Æ1℄ sin �2 ;D(1)z = �2ih00jVso(Cu1)j1zi == �p2�3d 
200(1A1g)�� [
200(3Eg) sin Æ1 � 2
200(3A2g) 
os Æ1℄;
(17)

where
200(1A1g) = � 32p2 t2pd� 1E1A1g 264 sin2 �2�x � 
os2 �2�y 375 ;
200(1;3A2g) = �p34 tpd�tpd� 1E1;3A2g ��� 1�x + 1�y� sin � 
os Æ1;
200(1;3Eg) = �p34 tpd�tpd� 1E1;3Eg ��� 1�x + 1�y� sin � sin Æ1are the respe
tive probability amplitudes for the singlet(d2x2�y2)1A1g and the singlet/triplet (dx2�y2dxy)1;3A2g ,(dx2�y2dxz)1;3Eg 200 
on�gurations in the ground statewave fun
tion. Here,E1A1g = A+ 4B + 3Cis the energy of the two-hole 
opper singlet with thed2x2�y2 
on�guration andE1A2g = �xy +A+ 4B + 2C;E3A2g = �xy +A+ 4B;E1Eg = �xz +A+B + 2C;1053



A. S. Moskvin ÆÝÒÔ, òîì 131, âûï. 6, 2007E3Eg = �xz +A� 5Bare the energies of the two-hole 
opper terms withdx2�y2dxy and dx2�y2dxz 
on�gurations, with A, B,and C being the Ra
ah parameters. Taking into a
-
ount that1)
002(1A1g) = 
200(1A1g); 
002(3A2g) = 
200(3A2g);
002(3E2g) = 
200(3Eg);we see that the Cu2 
ontribution to the Dzyaloshin-sky ve
tor 
an be obtained from Eqs. (17) if �; Æ1 arerepla
ed by ��; Æ2. Interestingly,D(1;2)x;y / sin � sin 2Æ1;2:Both 
ollinear (� = �) and re
tangular (� = �=2) su-perex
hange geometries appear to be unfavorable for
opper 
ontribution to the antisymmetri
 ex
hange, al-though the result in the re
tangular geometry stronglydepends on the relation between the energies of O2px and 2py orbitals. Contributions of the singlet(dx2�y2dxy)1A2g and (dx2�y2dxz)1Eg states to theDzyaloshinsky ve
tor ared(1)x = d(1) sin �2 ; d(1)y = d(1) 
os �2 ; d(1)z = 0;whered(1) = �3d(
200(1A2g)
200(3Eg)� 
200(1Eg)
200(3A2g)):Here, we deal with a ve
tor dire
ted along the Cu1�Obond, whose modulusd(1) / sin2 � sin 2Æ1is determined by partial 
an
ellation of two terms.It is easy to see that the 
opper Vso(1) 
ontributionto the Dzyaloshinsky ve
tor for two-site 110 and 011
on�gurations is determined by the d�p-ex
hange.3.3. Oxygen 
ontributionWith the same assumption regarding the orienta-tion of the rhombi
 
rystal �eld axes for the interme-diate oxygen ion, the lo
al oxygen 
ontribution to theDzyaloshinsky ve
tor for the one-site 020 
on�guration1) This is true up to the repla
ement Æ1 $ Æ2. We notethat the probability amplitudes for triplet 200 and 002 
on�g-urations are of the same sign due to the double-minus e�e
t:1) the � $ �� repla
ement and 2) the antisymmetry of orbitalfun
tions: the 200-fun
tion / dx2�y2(1)dxy(2), while the 002-fun
tion / dx2�y2(2)dxy(1).

turns out to be oriented along the lo
al Oz axis and
an be written asD(0)z = �2ih00jVso(O)j1zi == p2�2p 
t(pxpy)[
(p2x) + 
(p2y)℄; (18)where 
(p2) = 
020(p2);
(p2x) = � 32p2t2pd� sin2 �2�xEs(p2x) ;
(p2y) = 32p2 t2pd� 
os2 �2�yEs(p2y) ;
t(pxpy) = 38t2pd� � 1�x + 1�y� sin �Et(pxpy) (19)are the respe
tive probability amplitudes for the sin-glet, p2x; p2y, and triplet pxpy 020 
on�gurations in theground state wave fun
tion;Es(p2x;y) = 2�x;y + F0 + 425F2;Et(pxpy) = �x + �y + F0 � 15F2are the energies of the oxygen two-hole singlet (s) andtriplet (t) 
on�gurations p2x; p2y and pxpy, respe
tively,and F0 and F2 are Slater integrals. This ve
tor 
an bewritten as2) D(O) = DO(�)[r1 � r2℄; (20)where r1;2 are unit radius ve
tors along Cu1;2�O bonds,andDO(�) = 9�2pt4pd�16 1Et(pxpy) � 1�x + 1�y��� 264 
os2 �2�xEs(p2x) � sin2 �2�yEs(p2y)375 : (21)It is worth noting that D(O) is independent of the Æ1and Æ2 angles. The DO(�) dependen
e is expe
ted tobe rather smooth without any singularities for 
ollinearand re
tangular superex
hange geometries.2) Su
h a simple and helpful formula for the Dzyaloshinskyve
tor was phenomenologi
ally proposed in Ref. [23℄ and mi
ro-s
opi
ally derived by Moskvin (see, e.g., Ref. [4℄).1054
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hange 
oupling : : :The lo
al oxygen 
ontribution to the Dzyaloshinskyve
tor for two-site 110 and 011 
on�gurations is alsooriented along the lo
al Oz axis and 
an be written asD(O)z = �2ih00jVso(O)j1zi == �([
s(dp)� 
t(dp)℄z + [
s(pd)� 
t(pd)℄z); (22)
s;t(dpx) = �p32 tpd�Es;t(dpx) sin �2 ;
s;t(dpy) = �p32 tpd�Es;t(dpy) 
os �2 ; (23)where 
s;t(dp) = 
110(dp); 
s;t(pd) = 
011(dp)are the respe
tive probability amplitudes for di�erentsinglet (
s) and triplet (
t) 110 (dx2�y2px;y) and 011(px;ydx2�y2) 
on�gurations in the ground state wavefun
tion. The energies Es;t(dpx;y) are those for singletand triplet states of dpx;y 
on�gurations:Es;t(dpx;y) = �x;y +Kdpx;y � Idpx;y;whereKdpx;y and Idpx;y are Coulomb and d�p-ex
hangeintegrals, respe
tively. It is easy to see that the nonzero
ontribution to the Dzyaloshinsky ve
tor is determinedby a dire
t d�p-ex
hange and 
an be written similarlyto (20) withDO(�) = 3�2pt2pd�8 1�x�y �Idpx�x � Idpy�y � �� 3�2pt2pd�8 1�x�y 0B�sin2 �2�x � 
os2 �2�y 1CA Idp� ; (24)where we take only the d�p��-ex
hange into a

ount(Idp� / t2pd�).3.4. Comment on mi
ros
opi
 estimations ofDzyaloshinsky ve
torsThus, the net Dzyaloshinsky ve
tor D is a superpo-sition of three 
ontributions (see (12)) asso
iated withthe respe
tive sites. In general, all the ve
tors 
an beoriented di�erently. Comparative analysis of Eqs. (17),(21), and (24) with the estimates for di�erent param-eters typi
al for 
uprates given in [24℄ (tpd� � 1:5 eV,tpd� � 0:7 eV, A = 6:5 eV, B = 0:15 eV, C = 0:58 eV,F0 = 5 eV, and F2 = 6 eV) eviden
es that 
opperand oxygen Dzyaloshinsky ve
tors 
an be of 
ompa-rable magnitude. However, this in fa
t strongly de-pends on the Cu1�O�Cu2 bond geometry and 
rystal

�eld e�e
ts. The latter determines the single-hole en-ergies for both O 2p- and Cu 3d-holes su
h as �x;y and�xy;xz, whose values are usually of the order of 1 eVand 1�3 eV [25℄, respe
tively. It is worth noting thatfor two limiting bond geometries, � � � and � � �=2(nearly 
ollinearly and nearly re
tangular bonding), wedeal with a strong �geometry redu
tion� of the DM 
ou-pling due to the sin � fa
tor for the �rst geometry andthe fa
tor 264 sin2 �2�x � 
os2 �2�y 375for the se
ond. Indeed, the resulting e�e
t for thenearly re
tangular Cu1�O�Cu2 bonding appears to bevery sensitive to the lo
al oxygen 
rystal �eld. A 
rit-i
al angle �Cu at whi
h the Cu 
ontribution to theDzyaloshinsky ve
tor vanishes is de�ned astg2 �Cu2 = �x�yFor the oxygen 
ontribution in (21), we arrive at an-other 
riti
al angle:tg2 �O2 = �yEs(p2y)�xEs(p2x) :The maximum value of the s
alar parameter DO(�)that determines the oxygen 
ontribution to theDzyaloshinsky ve
tor 
an be estimated to be of theorder of 1 meV for the typi
al parameters mentionedabove. As a whole, our model mi
ros
opi
 theoryis believed to provide a reasonable estimation of thedire
tion and numeri
al value of the Dzyaloshinskyve
tors. A seemingly more important result 
on
ernsthe elu
idation of the role played by the Cu1�O�Cu2bond geometry, 
rystal �eld, and 
orrelation e�e
ts.3.5. Dzyaloshinsky�Moriya 
oupling inLa2CuO4The DM 
oupling and magneti
 anisotropy inLa2CuO4 and related 
ompounds have attra
ted 
on-siderable attention in the 1990s (see, e.g., Refs. [7�9℄),and are still debated in the literature [11, 12℄. In thelow-temperature tetragonal (LTT) and orthorhombi
(LTO) phases of La2CuO4, the oxygen o
tahedra sur-rounding ea
h 
opper ion rotate by a small tilting angle(ÆLTT � 3Æ, ÆLTO � 5Æ) relative to their lo
ation in thehigh-temperature tetragonal phase. The stru
tural dis-tortion allows the appearan
e of the antisymmetri
 DM
oupling. For the LTT phase, in terms of our 
hoi
e1055
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tural parameters to des
ribe the Cu1�O�Cu2bond, we have� = �; Æ1 = Æ2 = �2 � ÆLTTfor bonds oriented perpendi
ular to the tilting plane,and � = �(� � 2ÆLTT ); Æ1 = Æ2 = �2for bonds oriented parallel to the tilting plane. Thismeans that all the lo
al Dzyaloshinsky ve
tors vanishfor the former bonds, and are orthogonal to the tiltingplane for the latter bonds. For the LTO phase,� = �(� �p2ÆLTO); Æ1 = Æ2 = �2 � ÆLTO:In this 
ase, the largest (/ ÆLTO) 
omponent of thelo
al Dzyaloshinsky ve
tors (z-
omponent in our no-tation) is oriented perpendi
ular to the Cu1�O�Cu2bond plane. The other two 
omponents of the lo
alDzyaloshinsky ve
tors are fairly small: the one perpen-di
ular to the CuO2 plane (y-
omponent in our nota-tion) is of the order of Æ2LTO, and the one oriented alongthe Cu1�Cu2 bond axis (x-
omponent in our notation)is of the order of Æ3LTO.4. DZYALOSHINSKY�MORIYA COUPLEDCu1�O�Cu2 BOND IN EXTERNAL FIELDS4.1. Uniform external magneti
 �eldAppli
ation of a uniform external magneti
 �eld hSprodu
es a staggered spin polarization in the antiferro-magneti
ally 
oupled Cu1�Cu2 pair,hV12i = L = � 1J212 "Xi D(i)12 � hS# = $�V ShS (25)with an antisymmetri
 V S-sus
eptibility tensor:�V S�� = ��V S�� :We see that the dire
tion of the staggered spin polar-ization, or antiferromagneti
 ve
tor, depends on thatof the Dzyaloshinsky ve
tor [26℄. The VS 
oupling re-sults in many interesting e�e
ts for the DM systems, inparti
ular, the ��eld-indu
ed gap� phenomena in one-dimensional s = 1=2 antiferromagneti
 Heisenberg sys-tem with alternating DM 
oupling [6℄. Approximately,the phenomenon is des
ribed by the so-
alled staggereds = 1=2 antiferromagneti
 Heisenberg model with theHamiltonianĤ = JXi (ŝi � ŝi+1)� huŝiz � (�1)ihsŝix; (26)

whi
h in
ludes the e�e
tive uniform �eld hu and theindu
ed staggered �eld hs / hu perpendi
ular to boththe applied uniform magneti
 �eld and the Dzyaloshin-sky ve
tor.4.2. Staggered external �eldAppli
ation of a staggered �eld hV for an antifer-romagneti
ally 
oupled Cu1�Cu2 pair produ
es a lo
alspin polarization on both 
opper and oxygen sites,hSii = 1J212 [D(i)12 � hV ℄ = $�SV (i)hV ; (27)whi
h 
an be dete
ted by di�erent site-sensitive meth-ods in
luding neutron di�ra
tion and, mainly, by nu-
lear magneti
 resonan
e. We note that the SV -sus-
eptibility tensor is antisymmetri
:�SV�� = ��SV�� :Stri
tly speaking, both formulas (25) and (27) workwell only in the paramagneti
 regime and for relativelyweak external �elds.Above, we addressed a single Cu1�O�Cu2 bond,where, despite the site lo
ation, the dire
tion and mag-nitude of the Dzyaloshinsky ve
tor depend strongly onthe bond strength and geometry. It is 
lear that asite rather than a bond lo
ation of DM ve
tors re-quire revisiting 
onventional symmetry 
onsiderationsand the magneti
 stru
ture in weak ferro- and antifer-romagnets. Interestingly, expression (27) predi
ts thee�e
ts of a 
onstru
tive or destru
tive (frustration) in-terferen
e of 
opper spin polarizations in one-, two-,and three-dimensional latti
es depending on the rela-tive sign of Dzyaloshinsky ve
tors and staggered �eldsfor nearest neighbors. We note that with the destru
-tive interferen
e, the lo
al 
opper spin polarization mayvanish, with the DM 
oupling then manifesting itselfonly through the oxygen spin polarization. Another in-teresting manifestation of the oxygen DM antisymmet-ri
 ex
hange 
oupling 
on
erns the edge-shared CuO2
hains (see Fig. 2), ubiquitous for many 
uprates, wherewe deal with an exa
t 
ompensation of 
opper 
ontri-butions to Dzyaloshinsky ve
tors and the unique possi-bility to observe the e�e
ts of un
ompensated but op-positely dire
ted lo
al oxygen 
ontributions. It is worthnoting that for purely antiferromagneti
 in-
hain order-ing, the oxygen spin polarization indu
ed due to the d�p-
ovalen
y by two neighboring Cu ions is in fa
t 
om-pensated. In other words, the oxygen ions are expe
tedto be nonmagneti
. However, the situation 
hanges ifa nonzero oxygen DM 
oupling is taken into a

ount.Indeed, applying the staggered �eld, for instan
e, along1056
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Fig. 2. The fragment of a typi
al edge-shared CuO2 
hain with 
opper and oxygen spin orientation under a staggered �eldapplied along the x-dire
tion. Note the antiparallel orientation of oxygen Dzyaloshinsky ve
torsthe 
hain dire
tion (Ox) we arrive in a

ordan
e withEq. (27) at a staggered spin polarization of oxygen ionsin an orthogonal Oy dire
tion, whose magnitude is ex-pe
ted to be strongly enhan
ed due to the usually smallmagnitudes of a 90Æ-symmetri
 superex
hange. In gen-eral, the dire
tion of the oxygen staggered spin polar-ization is to be perpendi
ular to both the main 
hainantiferromagneti
 ve
tor and the CuO2 
hain normal.We emphasize that the net in-
hain Dzyaloshinskyve
tor D = D(1) +D(OI) +D(OII) +D(2)vanishes, and hen
e, in terms of the 
onventional ap-proa
h to the DM theory, we miss the anomalous oxy-gen spin polarization e�e
t. In this 
onne
tion, it isworth noting the neutron di�ra
tion data in [27℄, whi
hunambiguously eviden
e the oxygen momentum forma-tion and 
anting in edge-shared CuO2 
hain 
uprateLi2CuO2. Anyhow, we predi
t an interesting possibil-ity to �nd a purely oxygen 
ontribution to the DM
oupling.5. 17O NMR AS AN EFFECTIVE TOOL TOINSPECT DM COUPLING FOR Cu�O�CuBONDSThe ligand nu
lear magneti
 resonan
e appears tobe an e�e
tive tool for inspe
ting all the pe
uliarities of

the DM 
oupling in weak ferromagnets. This possibil-ity was illustrated earlier with 19F NMR for weak ferro-magnet FeF3 [26℄. The remarkable progress in the 17ONMR�NQR investigations as a spin-o� of the 
upratea
tivity provides unique opportunities to elu
idate sub-tle details of the ele
tron and spin stru
ture for bothparent and doped 
uprates with the DM 
oupling.Detailed study of the ligand 17O hyper�ne 
ouplingsin weak ferromagneti
 La2CuO4 for temperatures rang-ing from 285 to 800 K undertaken in [13℄ has un
overedpuzzling anomalies of the 17O Knight shift. The au-thors made the surprising 
on
lusion that in approa
h-ing TN , the planar oxygen hyper�ne tensor a) reversesits sign, b) be
omes enhan
ed by mu
h more than anorder of magnitude, and 
) exhibits 100% anisotropy.The anomalously large negative 17O Knight shift wasobserved only when external �eld was parallel to thelo
al Cu�O�Cu bond axis (PL1 lines [13℄) or perpen-di
ular to the CuO2 plane. The e�e
t was not observedfor the NMR signal 
orresponding to oxygen in the lo-
al Cu�O�Cu bonds whose axis is perpendi
ular to thein-plane external �eld (PL2 lines [13℄). In their opinion,these 
hara
teristi
s do not 
orrespond to any knownhyper�ne me
hanism, but are somewhat reminis
ent ofthe fun
tional form of the DM ex
hange 
oupling. Su
han e�e
t has not yet been reported for any other sys-tem. It is worth noting on
e more that experimentaldata were mainly 
olle
ted in a paramagneti
 state fortemperatures well above TN , where there are no frozen7 ÆÝÒÔ, âûï. 6 1057



A. S. Moskvin ÆÝÒÔ, òîì 131, âûï. 6, 2007moments! The data were �rst interpreted as an in-di
ation of a dire
t oxygen spin polarization due to alo
al DM antisymmetri
 ex
hange 
oupling. However,this requires unphysi
ally large values for su
h a polar-ization, and hen
e the dramati
 17O hyper�ne tensoranomaly remains unexplained up to now [13℄.5.1. 17O�Cu transferred hyper�ne intera
tions:ferro- and antiferromagneti
 termsOur interpretation of ligand NMR data in low-symmetry systems su
h as La2CuO4 implies a thoroughanalysis of both spin 
anting e�e
ts and transferred hy-per�ne intera
tions; we revisit some textbook resultsthat are standard for model high-symmetry systems.We start with the spin�dipole hyper�ne intera
tionsfor O 2p-holes, whi
h are main parti
ipants of Cu1�O�Cu2 bonding. Using the 
onventional formula for aspin�dipole 
ontribution to the lo
al �eld,Hn = �gs�BXi 3(ri � si)ri � r2i sir5i ;and 
al
ulating the appropriate matrix elements onoxygen 2p-fun
tions as�pi ����3x�x� � r2Æ��r5 ���� pj� == �25 � 1r3�2p hpij3gl�l� � 2Æ�� jpji == 25 � 1r3�2p �32Æ�iÆ�j + 32Æ�jÆ�i � Æ��Æij� ; (28)we represent the lo
al �eld on the 17O nu
leus in theCu1�O�Cu2 system as a sum of ferro- and antiferro-magneti
 
ontributions [26℄:Hn = $AS � hŜi+ $AV � hV̂i; (29)where$AS = $AS(dp) + $AS(pd); $AV = $AV (pd)� $AV (dp);ASij(dp) = A(0)p [3
t(dpi)
t(dpj)� j
t(dp)j2Æij ℄;ASij(pd) = A(0)p [3
t(pid)
t(pjd)� j
t(pd)j2Æij ℄;AVij(dp) = A(0)p [3 ^
s(dpi)
t(dpj)� (
s(dp) � 
t(dp))Æij ℄;AVij(pd) = A(0)p [3 ^
s(pid)
t(pjd)� (
s(pd) � 
t(pd))Æij ℄;where A(0)p = 25gs�B � 1r3�2p

and the tilde denotes symmetrization. Thus, along withthe 
onventional textbook ferromagneti
 (/ hŜi) trans-ferred hyper�ne 
ontribution to the lo
al �eld, whi
hsimply mirrors the sum of two Cu�O bonds, we arriveat an additional un
onventional di�eren
e (/ hV̂i), orstaggered (antiferromagneti
) 
ontribution whose sym-metry and magnitude strongly depend on the orien-tation of the oxygen 
rystal �eld axes and the Cu1�O�Cu2 bonding angle. In the 
ase of the Cu1�O�Cu2geometry shown in Fig. 1, we arrive at a diagonal $AStensor: ASxx = 2Ap�3 sin2 �2 � 1� ;ASyy = 2Ap�3 
os2 �2 � 1� ;ASzz = �2Ap; (30)and the only nonzero xy; yx-
omponents of the $AV ten-sor are AVxy = AVyx = 3Ap sin �; (31)with Ap = 34 � tdp��p �2A0p = f�A0p; (32)where f� is the parameter of a transferred spindensity and we use the simple approximationEs;t(dpx;y) � �p3). Thus, the ligand 17O NMRprovides an e�e
tive tool to inspe
t the spin 
ant-ing e�e
ts in oxides with the DM 
oupling in bothparamagneti
 and ordered phases.5.2. Anomalous 17O Knight shift in La2CuO4as a manifestation of the �eld-indu
edstaggered spin polarizationThe two-term stru
ture of the oxygen lo
al �eld im-plies a two-term SV -stru
ture of the 17O Knight shift17K = $AS$�SS + $AV$�V S ; (33)whi
h points to the Knight shift as an e�e
tive tool toinspe
t both uniform and staggered spin polarization.The existen
e of an antiferromagneti
 term in oxygenhyper�ne intera
tions yields a rather simple explana-tion of the 17O Knight shift anomalies in La2CuO4 [13℄3) Generally speaking, we should take an additional 
ontribu-tion of magneto-dipole hyper�ne intera
tions into a

ount.1058
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 ex
hange 
oupling : : :as a result of the external-�eld-indu
ed staggered spinpolarization hV̂i = L = $V S� Hext:Indeed, �our� lo
al y axis for the Cu1�O�Cu2 bond
orresponds to the 
rystal tetragonal 
 axis orientedperpendi
ular to CuO2 planes in both LTO and LTTphases of La2CuO4, while the x axis 
orresponds tothe lo
al Cu�O�Cu bond axis. This means that forthe geometry of the experiment in [13℄ (with the 
rys-tal oriented su
h that the external uniform �eld waseither parallel or perpendi
ular to the lo
al Cu�O�Cu bond axis), the antiferromagneti
 
ontribution tothe 17O Knight shift is observed only a) for oxygenin Cu1�O�Cu2 bonds oriented along the external �eldor b) for the external �eld along the tetragonal 
axis. Experimental data in [13℄ agree with the stag-gered magnetization along the tetragonal 
 axis in 
asea) and along the rhombi
 
 axis (tetragonal ab axis)in 
ase b). With L = 1, A(0)p � +100 kG/spin(see Ref. [13℄), j sin �j � 0:1, and f� � 20%, weobtain � 6 kG as the maximum value of the low-temperature antiferromagneti
 
ontribution to the hy-per�ne �eld, whi
h is equivalent to a giant 17O Knightshift of the order of almost 10%. Nevertheless, thisvalue agrees with a low-temperature extrapolation ofthe high-temperature experimental data in [13℄. In-terestingly, a sizeable e�e
t of the anomalous nega-tive 
ontribution to the 17O Knight shift has been ob-served in La2CuO4 well inside the paramagneti
 statefor temperatures T � 500 K, essentially higher thanTN � 300 K. This points to a 
lose relation betweenthe magnitude of the �eld-indu
ed staggered magneti-zation and the spin-
orrelation length, whi
h in
reasesas TN is approa
hed.The ferro-antiferromagneti
 SV -stru
ture of the lo-
al �eld on the nu
leus of an intermediate oxygen ionin a Cu1�O�Cu2 triad points to 17O NMR as, prob-ably, the only experimental te
hnique to measure thevalue and dire
tion of the Dzyaloshinsky ve
tor. Forinstan
e, the negative sign of the 17O Knight shift inLa2CuO4 [13℄ points to a negative sign of $�V S for theCu1�O�Cu2 triad with AVxy > 0, and hen
e to a positivesing of the z-
omponent of the net Dzyaloshinsky ve
-tor in the Cu1�O�Cu2 triad with the geometry shownin Fig. 1 for � � �, Æ1 = Æ2 � �=2. We emphasize thatthe above e�e
t is determined by the net Dzyaloshin-sky ve
tor in the Cu1�O�Cu2 triad rather than by alo
al oxygen �weak-ferromagneti
� polarization as was�rst proposed in [13℄A similar e�e
t of the anomalous ligand 13CKnight shift was re
ently observed in 
opper pyrimidine

dinitrate [CuPM(NO3)2(H2O)2℄n, a one-dimensionalS = 1=2 antiferromagnet with the alternating lo
alsymmetry, and was also interpreted in terms of the�eld-indu
ed staggered magnetization [28℄. However,the authors took only the inter-site magneto-dipole
ontribution to the $AV tensor into a

ount, whi
hquestions their quantitative 
on
lusions regarding the�giant� spin 
anting in CuO2 
hains.6. SYMMETRIC SPIN ANISOTROPYThe symmetri
 two-ion spin anisotropy ia a sym-metri
 partner of the DM 
oupling; both are usuallyaddressed on equal footing as two main ex
hange-re-lativisti
 intera
tions. The symmetri
 spin anisotropyfor a Cu1�Cu2 pair is des
ribed by the e�e
tive Hamil-tonian Ĥan = 14 Ŝ$KSŜ� 14V̂$KV V̂ (34)with kinemati
 relations (7). Depending on thesign of the anisotropy 
onstants, we arrive at twotypes of spin 
on�gurations minimizing the energy ofspin anisotropy: the 
onventional twofold-degenerateferromagneti
 state or an un
onventional multiple-degenerate antiferromagneti
 state. As a relevant il-lustrative example, we refer to the axial anisotropyĤan = KŜ2z ;whi
h stabilizes the j1� 1i doublet for K < 0 or a setof superposition states	�;� = 
os�j00i+ ei� sin�j10i (35)for K > 0. The latter in
orporates the limiting 
on�g-urations j00i and j10i, the Néel doublet1p2(j00i � j10i);the Dzyaloshinsky�Moriya doublet1p2(j00i � ij10i);and their arbitrary superpositions.As usual, the term is pro
essed using a number ofsimple model approximations. First, instead of thegeneralized form in (34), we 
onsider a pseudodipoleanisotropy Ĥan = ŝ1$K12 ŝ2 : (36)1059 7*
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ond, we use a trivial lo
al mean-�eld-approximation(MFA) approa
h, whose appli
ability for s = 1=2 spinsystems is questionable. Indeed, 
al
ulating the 
lassi-
al energy of the pseudodipole two-ion anisotropyKhŝ1zihŝ2zi = 14K(hŜzi2 � hV̂zi2)and the respe
tive quantum energyKhŝ1z ŝ2zi = 14K(hŜ2z i � hV̂ 2z i)for the two-ion state	�;0 = 
os�j00i+ sin�j1niindu
ed by a Néel-like staggered �eld hV k n, we obtainE
lass = �14K sin 2� � n2z;Equant = 14K(1� 2 sin2 � � n2z);whi
h eviden
es the 
ru
ial importan
e of quantume�e
ts when addressing the numeri
al aspe
t of spinanisotropy. We note that the mean value hV̂ 2z irea
hes the maximum (= 1) on a set of superposi-tion states (35), while hV̂zi2 does on a single Néel state	�=�=4;�=0.6.1. E�e
tive symmetri
 spin anisotropy dueto the DM intera
tionSpeaking about an e�e
tive spin anisotropy due tothe DM intera
tion, one usually addresses a simple 
las-si
al two-sublatti
e weak ferromagnet where the freeenergy has a minimum when both ferro- (/ hŜi) andantiferromagneti
 (/ hV̂i) ve
tors, being perpendi
u-lar to ea
h other, lie in the plane perpendi
ular to theDzyaloshinsky ve
tor D. However, the issue is ratherinvolved and appeared to be hotly debated for a longtime [9; 10; 29; 30℄. In our opinion, we should �rst ofall de�ne what the spin anisotropy is. Indeed, the de-s
ription of any spin system implies that the free en-ergy � depends on a set of ve
torial order parameters(e.g., hŜi;/ hV̂i;/ hT̂i) under a kinemati
 
onstraint,rather than a single magneti
 moment as in a simpleferromagnet, whi
h 
an make the orientational depen-den
e of � extremely 
ompli
ated. Su
h a situationrequires a 
areful analysis of the 
orresponding spinHamiltonian with a 
hoi
e of proper approximations.The e�e
tive symmetri
 spin anisotropy due to theDM intera
tion 
an be easily derived as a se
ond-orderperturbation 
orre
tion due to the DM 
oupling asĤDMan = P̂ ĤDM R̂ĤDM P̂ ;

where P̂ is the proje
tion operator proje
ting on theground manifold and̂R = 1� P̂E0 � Ĥ0 :For an antiferromagneti
ally 
oupled spin-1/2 pair,ĤDMan 
an be written asĤDMan =Xi;j �KVij V̂iV̂jwith �KVij = 18JDiDjif jDj � J . We thus see that in the framework ofthe simple MFA approa
h, this anisotropy stabilizes aNéel state with hV̂i ? D. But this is a
tually an MFAartefa
t. Indeed, we examine the se
ond-order pertur-bation 
orre
tion to the ground state energy of an an-tiferromagneti
ally 
oupled spin-1/2 pair in a Néel-likestaggered �eld hV k n,EDMan = � jD � nj24(Ek �Eg) � jD� nj24(E? �Eg) 
os2 �; (37)where E? = J; Ek = J 
os2 �+ hV sin 2�;Eg = J sin2 �� hV sin 2�:The �rst term in (37) stabilizes the n k D 
on�gura-tion and the se
ond stabilizes the n ? D 
on�guration.Interestingly,(Ek �Eg) 
os2 � = E? �Eg ;that is, for any staggered �eld, EDMan is independent ofits orientation, be
ausejD � nj2 + jD� nj2 = jDj2:In other words, at varian
e with the simple MFAapproa
h, the DM 
ontribution to the energy ofanisotropy for an ex
hange-
oupled spin-1/2 pair in astaggered �eld vanishes. The 
on
lusion proves to be
orre
t in the limit of a zero �eld as well.1060
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 ex
hange 
oupling : : :6.2. Mi
ros
opi
s of symmetri
 spin anisotropyAnyway, the ĤDMan term has not to be in
luded intoe�e
tive spin anisotropy Hamiltonian (6). As regardsthe true symmetri
 two-ion spin anisotropy (pseu-dodipole, or ex
hange anisotropy), its magnitude 
anbe obtained if all other e�e
ts quadrati
 in the spin�orbital 
oupling are taken into a

ount. At varian
ewith the e�e
tive DM spin Hamiltonian, the symmet-ri
 spin anisotropy evolves from the higher-order per-turbation e�e
ts, whi
h makes its analysis even more
involved and 
an lead to many misleading estimations.Similarly to the 
ase of the DM intera
tion, we dealwith two 
ompeting 
ontributions. The �rst is derivedas the lowest-order 
ontribution that does not take a
-
ount of orbital �u
tuations for Cu1;2 3d states. Forthis, we 
onsider the e�e
ts of spin�orbital mixing forthe ground-state singlet and triplet 101 
on�gurationsperturbed by 
ovalent e�e
ts. Assuming the validityof the 
onventional perturbation series, we arrive at amodi�ed expression for the 
orresponding fun
tions as	101;SM = �101;SM + Xfng� 
fng(2S+1�)"�fng;�SM � XS0M 0�0 hfng; �0S0M 0jVsojfng; �SMiE2S0+1�0(fng)�E2S+1�0(101)�fng;�0S0M 0# (38)and then obtain the expressions for the tensorial anisotropy parameters (see Eq. (13)):KSij = Xfng�1;�2;�0 
�fng(3�1)
fng(3�2) hfng;3 �1j�Si jfng;3 �0ihfng;3 �0j�Sj jfng;3 �2iE3�0(fng)�E3�0(101) ; (39)KVij = Xfng�1;�2;�0 
�fng(3�1)
fng(3�2) hfng;3 �1j�Vi jfng;1 �0ihfng;1 �0j�Vj jfng;3 �2iE1�0(fng)�E3�0(101) : (40)It follows that KSij and KVij are determined by thetriplet�triplet and singlet�triplet mixing, respe
tively.Interestingly, for nonzero orbital matrix elementsin (39) and (40), we �ndhfng;3 �1j�Si jfng;3 �0i = hfng;3 �1j�Vi jfng;1 �0i;and hen
e KSij = KVijif we suppose thatE1�0(fng) = E3�0(fng);whi
h is equivivalent to negle
ting the singlet�tripletsplitting for �0 terms, or the respe
tive ex
hange e�e
ts.We note that the 
ontribution of the two-hole one-site 200, 002, and 020 
on�gurations in (39) and (40)is a
tually related to an one-site, or single-ion spinanisotropy. Thus, we 
on
lude that, stri
tly speak-ing, a simple two-site pseudodipole form of symmetri
anisotropy (1) fails to 
orre
tly 
apture all the featuresof spin anisotropy in our three-
enter two-hole system.This primarily 
on
erns the quantitative predi
tionsand estimations. The 
ontribution the two-hole two-site 110 and 011 
on�gurations to spin anisotropy turnsout to be nonzero only if the p�d-ex
hange is taken intoa

ount.

The se
ond 
ontribution is asso
iated with orbital�u
tuations for Cu1;2 3d states within the ground-state101 
on�guration and evolves from a third-order 
om-bined e�e
t of Cu1;2 spin�orbital Vso(Cu1;2) and e�e
-tive Cu1�Cu2 ex
hange 
ouplings (see, e.g., a detailedanalysis of similar terms in Ref. [31℄). It is worth not-ing that following [32℄, just this 
ontribution is usually
onsidered to be the only sour
e of the e�e
tive pseu-dodipole anisotropy for Cu1�O�Cu2 triads in 
uprates(see, e.g., Ref. [33℄). Thus, we see that any de
isive 
on-
lusions regarding the quantitative estimations of sym-metri
 spin anisotropy imply a thorough analysis of thenumerous 
ompeting 
ontributions that were 
lassi�edabove. 7. CONCLUSIONSWe have revisited and generalized the 
onventionalMoriya approa
h to the antisymmetri
 ex
hange 
ou-pling in 
uprates spe
ifying the lo
al spin�orbital 
on-tributions to the Dzyaloshinsky ve
tor fo
using on theoxygen term. We have applied a s
heme that pro-vides an optimal way to a

ount for intra-atomi
 ele
-tron 
orrelations and low-symmetry 
rystal �eld, and1061
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al 
ontributions to the Dzyaloshin-sky ve
tor. The Dzyaloshinsky ve
tor and the 
orre-sponding weak ferromagneti
 momentum are shown tobe a superposition of 
omparable and, sometimes, 
om-peting lo
al Cu and O 
ontributions. In this 
onne
-tion, it is worth noting that the anyoni
 
ontributionto the Dzyaloshinsky ve
tor is 
ru
ial for the very exis-ten
e of the DM 
oupling in the pair of rare-earth ions(e.g., Yb3+�As4��Yb3+ triads in Yb4As3 [34℄) be
ausea very strong spin�orbital 
oupling for rare-earth ionsis diagonalized within a ground state multiplet.We have shown that the staggered magneti
 �eldhV applied to edge-shared CuO2 
hains indu
es theoxygen staggered spin polarization in the dire
tion/ [hV � m℄ (where m is a ve
tor perpendi
ularto the CuO2 plane) due to un
ompensated oxygenDzyaloshinsky ve
tors. Its experimental observa-tion 
ould provide a dire
t eviden
e of the oxygenDM 
oupling. The intermediate 17O NMR is shownto be an e�e
tive tool for inspe
ting the e�e
ts ofDzyaloshinsky�Moriya 
oupling in an external mag-neti
 �eld. The anisotropi
 antiferromagneti
 
on-tribution to 17K explains the puzzling anomalies ob-served in La2CuO4 [13℄. We have revisited the e�e
tsof symmetri
 spin anisotropy, in parti
ular, those di-re
tly indu
ed by the Dzyaloshinsky�Moriya 
oupling.The perturbation s
heme that we applied generalizesthe well-known Moriya approa
h and presents a basisfor reliable quantitative estimations of the symmet-ri
 partner of the Dzyaloshinsky�Moriya 
oupling. Atvarian
e with the 
onventional standpoint, the param-eters of the e�e
tive two-ion spin anisotropy are shownto in
orporate 
ontributions of a single-ion anisotropyfor two-hole 
on�gurations on both the Cu and O sites.I thank R. Walstedt for the stimulating and en-
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