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TIME REVERSAL SYMMETRY BREAKING IN CUPRATESINDUCED BY THE SPIRAL SPIN ORDERM. Ya. Ov
hinnikova *Institute of Chemi
al Physi
s, Russian A
ademy of S
ien
es117334, Mos
ow, RussiaSubmitted 1 November 2002We propose a new interpretation of the spontaneous time reversal symmetry breaking (TRSB) observed re
entlyin a pseudogap state of 
uprates (Kaminsky et al.). It is shown that the TRSB di
hroism in ARPES signalmay be related to the lo
al spin spiral stru
tures in the system. It may be 
aused by a spin�orbit intera
tionand by spin polarization of ele
trons at various se
tions of the Fermi surfa
e in the spiral state. The angulardependen
e of the di
hroism signal is studied in a s
hemati
 KKR approximation. Tests are proposed to 
he
kthe existen
e of the lo
al spiral spin stru
ture and to distinguish it from the TRSB state with mi
ro-
urrents
onstru
ted by Varma.PACS: 71.10.Fd, 74.20.Rp, 74.20.-zThe nature of a pseudogap (PS) state of high-T

uprates in the underdoped (UD) region remainsan intriguing problem [1, 2℄. Using the angular-resolved photoemission (ARPES) with 
ir
ularly po-larized light (CPL), Kaminsky et al. [3℄ re
ently re-vealed a new property of the pseudogap state of UDBi2Sr2CaCu2O8�Æ (BSCCO). It was shown that thisstate displays a spontaneous time-reversal symmetrybreaking (TRSB). Earlier, Varma [4℄ predi
ted the pos-sibility of TRSB in 
uprates. They proposed the fas-
inate ground state with 
ir
ular mi
ro
urrents insideplaquettes of the CuO2 plane with a de�nite align-ment of the orbital angular momenta asso
iated withthese mi
ro-
urrents. Namely, the up-dire
ted orbitalmomenta arrange along one diagonal and the down-dire
ted orbital momenta arrange along the other di-agonal. The alignment of orbital angular momenta pro-posed in [4, 5℄ is not related to any spin alignment.The aim of the present paper is to dis
uss an alter-native possibility for 
onstru
ting a state with TRSB.We propose a state in whi
h the TRSB is due to aspiral spin stru
ture. The arguments in favor of thishypothesis are as follows. The ele
tri
 �eld of CPLa
tually intera
ts only with the orbital motion. There-fore, the TRSB di
hroism implies a de�nite orientationof orbital angular momenta, hLni 6= 0. Su
h momenta,*E-mail: mov
hin�
enter.
hph.ras.ru


entered on the atoms, 
an be indu
ed by aligned spinmomenta hSni 6= 0 through the spin�orbit intera
tion.This implies that a TRSB di
hroism D 
an be observedin ARPES if the photoemission setup 
an sele
tivelymeasure the eje
ted ele
trons with a de�nite spin pro-je
tion � = " or � = #. The sign of the TRSB di
hro-ism must then depend on the sign of �. Be
ause theARPES is usually nonsele
tive with respe
t to the �nalspin proje
tion of the eje
ted ele
tron, the total TRSBdi
hroism is expe
ted to be zero if the mean spin po-larization of the initial states is zero. But for the spiralspin stru
ture, the o

upan
y nk� of the initial one-ele
tron band state fk�g with a de�nite k depends on�. Su
h a spin polarization of the initial k-state 
an in-du
e nonzero TRSB e�e
ts in the ARPES signal. Wetherefore 
al
ulate a di
hroism that might manifest inARPES for the spiral spin 
on�guration of 
uprates.The spiral spin stru
ture has been dis
ussed as apossible ground state of a doped CuO2 plane. Cal-
ulations in the mean �eld approximation or in theslave boson te
hnique [6�8℄ were 
arried out in su
ha 
lass of fun
tions. The 
al
ulations have shown thatthe spiral state is lower in energy than the antiferro-magnet (AF) state and the deviation �Q = jQ�QAF jof the spirality ve
tor Q from QAF = (�; �) in
reaseswith doping. The spiral or any other periodi
 spinstru
tures are asso
iated with in
ommensurate peaksin the spin sus
eptibility �(q; !) as ! ! 0 [9, 10℄. Su
h1082
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Fig. 1. Setup 
on�guration of the ARPES experiment[3℄. The propagation ve
tor q
 of CPL lies in the mir-ror plane xz; kf and k are the �nal momentum of theeje
ted ele
tron and its 
omponent in the CuO2 plane(xy plane)peaks have been observed in La1�xSrxCuO4 (LSCO) atq = (�� Æ; �), (�; �� Æ) [11℄. It is now proved (see [12℄and referen
es therein) that the peaks in LSCO arerelated to the stripe phases. For BSCCO, a varietyof hidden orders (spin and 
harge stripes, orbital AForder, et
.) have been dis
ussed [13, 14℄. Latest tun-nel spe
tros
opy studies of BSCCO reveal stru
tureswith the periodi
ity of four unit 
ells around a vortexor the antiphase AF stripe stru
ture along CuO bonds[15�17℄. But the TRSB e�e
t does not display in thestati
 stripe phase. It may be expe
ted in states withthe spin or 
harge 
urrents, su
h as the spiral spin state.To verify this possibility, we 
al
ulate the di
hroism ofthe ARPES signal for the spiral state.The s
heme of the experiment [3℄ is given in Fig. 1.The right (left) polarized light with a propagation ve
-tor q
 impa
ts the 
rystal surfa
e determined by a nor-mal ve
tor n. The xz plane is one of the mirror planesof the 
rystal with the x axis along the CuO bonds oralong the diagonal dire
tion. The eje
ted ele
tron hasa �nal momentum kf . The ARPES intensityI / jMif j2Æ(Ei �Ef � ~!)is determined by the matrix element of the intera
tionO = (e=2me
)(Ap + pA)with the �eldM = A�F�; F� = h f jp�j i(k)i (1)between initial and �nal states. In the dipole approxi-mation, it 
ontains the ve
tor potential A of the right

(�R = 1) or left (�L = �1) CPL with a 
omplex ampli-tude,AR(L) = A0[ex 
os �
 + i�R(L)ey + ez sin �
 ℄: (2)For a given 
on�guration of the setup ve
tors n, kf ,and q
 , the ARPES di
hroism signal D is determinedby the relative di�eren
e of intensities for the two lightpolarizations,D = (MR �ML)=(MR +ML): (3)We study the symmetry properties of ARPES ma-trix elements with respe
t to re�e
tion in the mirrorplane of the 
rystal, whi
h is perpendi
ular to the sur-fa
e in a typi
al photoemission experiment. Follow-ing [3℄, we �rst 
onsider a time reversal invariant initialstate  i(k) and let q
 and n lie in the mirror planem ofthe 
rystal (here, the xz plane). The di
hroism signalD is then nonzero only if kf does not lie in the mirrorplanem andD has the opposite signs for k at the di�er-ent sides of the mirror plane. This di
hroism is 
alledgeometri
al. This large e�e
t has been observed at anydoping [3℄. But in UD BSCCO, the residual di
hroism(D 6= 0) has been observed even for a 
oplanar 
on�g-uration of n, kf , and q
 , in whi
h all the three ve
torslie in the mirror planem. In what follows, we let qz andq denote the normal and 2D intra-layer 
omponents ofthe photon momentum q
 and similarly let kz and kdenote the respe
tive 
omponents of the �nal ele
tronmomentum kf .We �rst 
onsider a large geometri
al di
hroism andthen dis
uss a possible origin of the observed residualdi
hroism related to TRSB of the ground state of UD
uprate. We suggest that the main 
ontributions tothe matrix element are given by spa
e regions insidethe atomi
 spheres. This is in a

ordan
e with the fa
tthat frequen
y dependen
es of the photoemission inten-sity roughly repeat the dependen
es of photoemission
ross-se
tions 
oming from the 
orresponding atomi

omponents [18℄.The formalism for evaluating the opti
al matrix el-ement for a general latti
e within the KKR s
heme isgiven in [19℄. Some 
orre
tions must be introdu
ed toprovide the 
ommon asymptoti
 behavior/ eikf r of the�nal wave fun
tion of the eje
ted ele
tron outside thesample (z > 0). We restri
t our 
onsideration to theone-step model (see [20℄) des
ribing the 
oherent partof photoemission. Generalization to a three-step modelrequires in
orporating res
attering and relaxation pro-
esses in order to des
ribe the ba
kground in the energydistribution fun
tion of the eje
ted ele
tron. We believethat the one-step model is su�
ient for a qualitative de-s
ription of the angular dependen
e of di
hroism. For1083
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hinnikova ÆÝÒÔ, òîì 123, âûï. 5, 2003this aim, we use the most simpli�ed form of the initialand �nal states in the pro
ess.The starting point in 
al
ulating F� in (1) is theKKR wave fun
tion for a multi
omponent latti
e [19℄.In the Hartree�Fo
k representation, the one-parti
leinitial state  i with the quasi-momentum k is a su-perposition of orbitals belonging to ea
h 
enter, i(r; k) = 1pN Xn;� B(nz)eikrilCiL� iL�(r �Rn�); (4)where � enumerates all atoms pla
ed at Rn� in the unit
ell n = (nx; ny; nz) and L = l;m are the angular mo-mentum quantum numbers of the orbitals inside ea
hatomi
 sphere jr � Rn� j < an� . For the upper valen
eanti-bonding band of the CuO2 plane, the main orbitals iL� are the dx2�y2 orbital of Cu and px; py orbitals oftwo oxygens Ox, Oy. These orbitals 
onstitute a basisset of the Emery model.Thus, the initial one-ele
tron state is taken as a su-perposition of the main real orbitals; in the se
ondaryquantization representation, it is given by i(k; �) =Xnz Bi(nz) h
ddyk� + i
xxyk� + i
yyyk�i : (5)The 
orresponding site operators dyn� , xyn;�, yyn;� of theEmery model refer to the real fun
tions dx2�y2(r�Rn;d)and p�(r � Rn;�) with Rn;� = Rn + e�a=2, � = x; y.The fun
tions are 
onsidered to extend inside the 
or-responding atomi
 (mu�n-tin) spheres. The real 
o-e�
ients 
d, 
x, and 
y in (5) are obtained by solvingthe Emery model. The summands in Eqs. (4) and (5)refer to a layer number nz. The amplitudes B(nz) de-pending on the distan
e of the layer from the surfa
ephenomenologi
ally des
ribe a 
oherent or in
oherentinterlayer transport along z near the surfa
e depend-ing on the phase 
orrelations between di�erent lay-ers. For the standard bulk initial state  i used in [19℄,B(nz) / exp (ikznz).The �nal state inside the sample is taken in a similarKKR form with the same in-plane momentum k, f = 1pN Xn;� Bf (nz)eikRn� ilCL�Y �L L�(r�Rn�):(6)Here, ea
h fun
tion  L� with the angular momentumquantum numbers L = (l;m) is determined insideatomi
 spheres around the 
orresponding 
enter Rn;� .The in�uen
e of the surfa
e at z = 0 is des
ribed by in-trodu
ing the fa
tors Bf (nz), by phases Æl;� of 
omplex
oe�
ients CL� = jCL� jeÆl� ; (7)

and by expli
it angular spheri
al harmoni
s YL == Ylm(k̂f ) depending on the dire
tion of the �nal mo-mentum kf . The phases are spe
i�
 for 
enters � inthe unit 
ell and for the angular momentum l. Thesephases arise from mat
hing �nal state (6) inside thesample with the 
ommon plane wave / eikf r in emptyspa
e outside it. The phase modulation of 
ontribu-tions in (6) determines the geometri
al di
hroism ofthe photoemission.The origin of spheri
al harmoni
s in Eq. (6) andof the phase modulation of 
oe�
ients (7) 
an be il-lustrated as follows. We �rst 
onstru
t the �nal state f;�(r) for the ele
tron photoemission along the dire
-tion k̂f from one 
enter fn; �g only. A

ording to [21℄,it must be a fun
tion of 
ontinuum with the plane-waveasymptoti
 form / eikfr and in
oming radial waves asjr �Rn� j ! 1. This �nal state is f = exp (ikfRn�)��Xl;m ileiÆl�Ylm(r̂)Y �lm(k̂f )'l(r�); (8)where r� = jr � Rn� j. The s
attering phase Æl� forthe orbital momentum l is de�ned by the asymptoti
behavior of the real radial fun
tion of 
ontinuum,'l�(r) / 1r sin�kr � �l2 + Æl�� :(A

ording to the KKR approa
h, we 
an 
onsider theasymptoti
 form a
hieved at the surfa
e of the mu�n-tin sphere.)In a similar manner, the �nal state  f for the ele
-tron eje
ted from Ns 
enters of the surfa
e layer mustbe a fun
tion whose asymptoti
 form at large z > 0 isgiven by a 
ommon plane wave / eikfr and in
omingspheri
al waves 
ontributed by di�erent 
enters.If kf jRn� � Rn0�0 j > 1 and if we negle
t the se
-ondary s
attering pro
esses, then the �nal state wavefun
tion inside ea
h nonoverlapping mu�n-tin spheresurrounding the 
enter (n�) of a surfa
e layer musthave form (6) with 
omplex 
oe�
ients CL0� / eiÆl� .The se
ondary pro
esses a
tually syn
hronize thephases Æl� of all 
ontributions to the �nal state fromdi�erent angular harmoni
s and di�erent 
enters. TheKKR bulk solution for the �nal state  f (kf ) foundin [19℄ takes the phase and amplitude syn
hronizationof all se
ondary pro
esses into a

ount, but negle
ts thene
essary additional syn
hronization and phase mod-ulation 
oming from the boundary surfa
e where so-lutions should be mat
hed with the plane wave withmomentum kf .1084
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uprates : : :For a qualitative study of the angular dependen
eof di
hroism and its symmetry, it is su�
ient to usethe �nal state in form (6) without spe
ifying the valuesand phases of CL0� in (6). We therefore use Eqs. (5)and (6) for a s
hemati
 representation of initial and�nal states to study the symmetry and possible angu-lar dependen
e of di
hroism manifested in ARPES. The
omponents F� of matrix element (1) are expressed as asum of integrals over the interior of atomi
 spheres withthe 
enters (�) for the 
orresponding 
hannels l! l0,MR(L) = A�(�)F �� (l0k̂): (9)Here, A� are 
omponents of ve
tor potential (2)depending on the right or left polarization of CPL,� = �R(L) = �1, and k̂ = kf=kf . The fun
-tions F �� (l0; k̂) 
orrespond to real initial orbitals� = dx2�y2 ; px; py. To obtain these, we use thesele
tion rules l0 = l � 1 for orbital angular momentafor integrals inside the atomi
 spheres. For simpli
ity,we retain only the matrix elements for the transitionspx(y) ! s; d and dx2�y2 ! p from the Ox(y) and Cu
enters of the CuO2 plane. A

ording to the KKR
al
ulations [19℄, su
h transitions give the main 
on-tributions. Omitting the transition dx2�y2 ! f at theCu 
enter does not 
hange the symmetry properties ofthe 
al
ulated di
hroism. It leads only to negle
tingthe small higher harmoni
s in the angular dependen
eof the ARPES intensity.The resulting expressions for the fun
tions F �� (l0k̂)are presented in the Table. For the p! s; d transitionsin oxygen, they also in
lude the fa
torsgx(y) = sx(y)=qs2x+s2y; sx(y) = � sin (kx(y)=2) (10)that originate from the angular dependen
e of the realamplitudes 
x(y) and 
d of di�erent orbitals in initialband state (5) of the Emery model (with the e�e
tiveparameters �d; �p; tpd; tpp). At tpp � tpd, the ampli-tudes in (5) are
x(y) = gx(y) sin �; 
d = 
os �; (11)tg 2� = 2tpd(
os kx + 
os ky)=(�d � �p):Extension to large tpp does not 
hange the symmetryof the amplitudes.The 
oe�
ients C0(I,II)(k) in the Table in
lude1) the sum over the layers PB�f (nz)Bi(nz) basedon the phenomenologi
al or tight-binding depen-den
es B(nz); 2) the phase fa
tors exp (iÆl0) 
omingfrom boundary 
onditions; 3) the redu
ed integralshl0� k p k l�i over angular variables after removing the

The fun
tions F 
� (l0; k̂) determining the �-
omponentsof the matrix element in Eq. (1). The index �
� enu-merates the 
ontributions from di�erent orbitals of theinitial state, from px(y) orbitals of oxygens Ox(y) ordx2�y2 ; dxy orbitals of Cu; the �nal 
hannels s; p; d
orrespond to the angular momenta l0 = 0; 1; 2. Therespe
tive fun
tions Gx(y); Lk; gx, and gy; Pk areeven and odd fun
tions with respe
t to the mirrorplane zx i�  f Fx Fy Fzpx s C0gx 0 0px d CIgxGx CIgxPk CIgxLkpy s 0 C0gy 0py d CIgyPk CIgyGy CIgyLkdx2�y2 p CII sin � 
os' �CII sin � sin' 0dxy p CII sin � sin' CII sin � 
os' 0Note: Gx(y) = � sin2 � 
os 2'� 
os2 � + 1=3, gx(y) aredetermined by Eqs. (10), Lk = sin 2� 
os',Pk = sin2 � sin 2'.m dependen
e; 4) the radial integrals; 5) the fa
torssin � and 
os � from amplitudes (11).The ARPES di
hroism signal is then given byD(') = ImfM(�M)�g=(jM j2 + j�M j2); (12)whereM =MR+ML, �M =MR�ML, and the angles� and ' des
ribe the �nal momentum kf . Dependen
e(12) 
an be represented as D(') / ~G(k) sin', wherethe fun
tion ~G(k) is even with respe
t to re�e
tion inthe mirror plane zx. In a

ordan
e with (9), the quan-tities MR(L) are determined by 
omplex 
onstants C0,CI, and CII, whereas the other angular fun
tions listedin the Table are real. It 
an be shown that the di
hro-ism signal is zero if all the 
oe�
ients CL� in (7) havethe same phases Æ�;l or their di�eren
es are multiplesof �. A representation of the �nal state with 
orre
tphases is therefore signi�
ant for the des
ription of ge-ometri
al di
hroism.At q̂
 = n, when the photon impa
ts normally tothe CuO2 plane, we obtainM = CII sin � 
os'+ gx[C0 ��CI(
os2 � � sin2 � 
os 2')℄ + gyCI sin2 � sin 2'; (13)�M = �CII sin � sin'+ gy[C0 ��CI(
os2 � + sin2 � 
os 2')℄ + gxCI sin2 � sin 2'; (14)1085
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Fig. 2. Dependen
e of the geometri
al di
hroism D(') on the azimuthal angle ' of the ve
tor kf for k moving along thenesting lines jkx � kyj = �. Solid, dashed, and thin 
urves 
orrespond to the angles �
 = 0; �=6; �=3 of the photonmomentum q. Setup 
on�gurations with x along the diagonal dire
tion or along the CuO bonds refer to left or right graphs.Arbitrarily taken 
oe�
ients (7) are given in textwhere � and ' are the polar angles of kf . It followsfrom (11) and (12) that the di
hroism signal is an oddfun
tion, D(�') = �D('), that vanishes at ' = �and ' = 0. This is an expe
ted property of geometri-
al di
hroism.Manifestations of geometri
al di
hroism de-pend on numerous parameters. In Fig. 2, we giveexamples of the fun
tions D(') for three angles�g = 0, �=6, and �=3 of the photon momentumin the mirror plane zx for k moving along theboundary jkx � kyj = � and kz = jk � nj. Weassign arbitrary values to the relative amplitudes,jC0=CIj = jC0=CIIj = 1:0, and the relative phasesfÆl0=0(O), Æl0=2(O), Æl0=1(Cu)g = f0; 3�=4; �=4g ofthe 
oe�
ients C0, CI, CII in di�erent 
hannels of Oand Cu 
enters. Two setup 
on�gurations with x alongthe CuO bond or along the diagonal dire
tion are
onsidered. The fun
tion D(') is an odd fun
tion of 'and vanishes at ' = 0; �. The 
al
ulated geometri
aldi
hroism disappears for all ' if all phase di�eren
esÆl � Æl0 = �m are multiples of �. This is the 
ase forthe Cu- and O-
ontributions to the matrix element
al
ulated in [19℄. There, the standard KKR bulkwave fun
tions were used and the additional phasemodulation was negle
ted. At the normal photonimpa
t (�
 = 0), the di
hroism signal is zero onea
h mirror plane of the tetragonal latti
e, i.e., at' = �m=4.

We now take the spin�orbit intera
tion on Cu intoa

ount, VLS = �Xn LnSn; (15)where � is the 
orresponding 
onstant. The initial bandfun
tion  ik� then transforms to  ik� + Æ in a wayequivalent to repla
ement of dyx2�y2;� in (5) bydyx2�y2;� + C�[2i��dyxy;� � ��dyzx;�� � idyzy;��℄ (16)in Eqs. (5) and (4). Here, �� = �=j�j = �1 andCl / �=2ÆE, where ÆE is the energy di�eren
e ofthe d-orbitals of x2 � y2 and xy; yz; xz symmetries.The additional 
ontribution to  ik� leads to 
hangesM ! M + ÆM , �M ! �M + Æ�M(�) in Eqs. (10),(11), and (12). The TRSB di
hroism signal at the nor-mal photon impa
t (�
 = 0) is then determined byÆ�M = ��4C�CII sin � 
os': (17)As a result, the di
hroism signal D('; �) of photoemis-sion with the �nal momentum kf and spin proje
tion� of the eje
ted ele
tron is given byD(�; k) = A sin'�� �� Re(MC�II)jM j2 + j�M j2 4C� sin � 
os'; (18)1086
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Fig. 3. The images of the spin-sele
tive (plots a, 
) and overall (plots b, d) spe
tral fun
tions A"(k; !), A(k; !) at ! = 0in the Brillouin zone. The main and shadow Fermi surfa
es are shown for the spiral states with the spirality ve
tors Q = QIand Q = QII in (19) (plots a, b and 
, d 
orrespondingly)where M , �M , and CII are determined by Eqs. (13),(14), and (7) and by fun
tions in the Table. Only theterm that is linear in � is retained in (18). It is de-termined only by the admixture of the dxy orbital inEq. (16). The 
ontributions from d-orbitals of xz; yzsymmetries in (16) are of the se
ond order of magni-tude in �. The se
ond term in (18) is an even fun
tionof ' and has a nonzero value at ' = 0 and � when allthe three ve
tors q
 , n, and kf lie in the mirror planexz and geometri
al di
hroism disappears.Be
ause the sign of D(' = 0) depends on the signof the spin proje
tion � of the eje
ted ele
tron, theoverall di
hroism D =P� D(�; ') must be zero for theinitial paramagnet (PM) state of the system. For thePM state, the di
hroism at ' = 0 and � 
an thereforebe observed only if the eje
ted ele
trons with a de�nitespin proje
tion on n are sele
ted. For this PM state,the time reversal symmetry is broken just by a mea-surement of the spin polarization of the photoele
tron.

But there exist TRSB states in whi
h di�erent re-gions of the k spa
e are 
hara
terized by di�erent spinpolarizations. For example, for the ground state witha spiral spin stru
ture, the TRSB e�e
t manifests inARPES by a nonzero overall di
hroism at arrangementof all ve
tors q
 ;n;kf in the mirror plane.We now demonstrate the polarization sele
tivity ofthe level o

upan
ies in the k-spa
e for the spiral stateof the 2D t� t0�U Hubbard model. Cal
ulations were
arried out for the model with U=t = 6, t0=t = 0:1at the doping 0.15 holes per site. The spiral mean-�eld (MF) solution is 
hara
terized by average spinshSni = d(ex 
osQn + ey sinQn) rotating in the xyplane. We study the MF states of two types, with thespirality ve
torsQI = (� � ÆQx; �); QII = (� � ÆQ; � � ÆQ) (19)dire
ted along the CuO bond or along the diagonal.The spe
tral fun
tion A�(k; !) at ! = 0 for a de�nite1087
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−Fig. 4. Relative signs of the TRSB di
hroism signal for k lying on di�erent mirror planes of the latti
e for spiral states withthe spirality ve
tors QI and QII in (19), or for the state proposed by Varma (VS)spin proje
tion � on the z axis (perpendi
ular to thespin rotation plane) is given byA�(k; 
) =Xi;f jh f j
k� j iij2f(Ei)Æ�(Ei �Ef ); (20)where the Fermi fun
tion f(Ei) depends on one-ele
tron levels of the MF solution and Æ�(x) is theÆ-fun
tion broadened with the parameter � � 0:05t.In Fig. 3, we show an image of the spin-sele
tive andoverall spe
tral fun
tions A�="(k) and A(k) =P� A�at ! = 0 for two types of spiral states. Dark and lightgray lines in Fig. 3 
orrespond to the main and shadowspin-sele
tive (� = ") se
tions of the Fermi surfa
es.Similar images for � = # are obtained from those for� = " by inversion k ! �k. The spin dependen
e ofthe level o

upan
y in the k spa
e is related to the spin
urrents J" = J# / Q existing in the spiral state.Thus, the TRSB state with a spiral spin stru
ture
ertainly has spin-sele
tive se
tions of the Fermi sur-fa
e. As a 
onsequen
e, we 
an observe the TRSBdi
hroism of the ARPES signal even at a 
oplanar ar-rangement of the setup ve
tors q
 ;n, and kf in themirror plane. Two fa
tors are de
isive here. 1) TheARPES signal 
orresponds to a de�nite lo
al regionof k that is asso
iated with a de�nite spin polariza-tion for a given spirality ve
tor Q. 2) In a

ordan
ewith Eqs. (16) and (17), a de�nite spin polarization in-du
es the orbital angular momenta on Cu 
enters and
orresponding nonzero di
hroism at the 
oplanar setup
on�guration via the spin�orbit intera
tion.In order to estimate the e�e
t, we use the spin�orbit 
onstant � � 800 
m�1 following from the ex
i-tation spe
trum of CuI, CuII [22℄ and the splitting ofd-orbitals ÆE = Ex2�y2 � Exy � 1�2 eV in the 
rys-tal �eld. We then have the value C� = 0:0025�0.005for the amplitude in (16). At the setup 
on�gurationwith �
 = 0, � = �k = �=4, ' = � and 0 and withthe same arbitrarily 
hosen 
oe�
ients (7) as in Fig. 2

(jCI=C0j = jCII=C0j = 1, Æ�;l = 0; 3�=4; �=4), we ob-tain for the TRSB di
hroism max jDj = 0:033�0.066 atk 
orresponding ' = 0 or � lying in the mirror plane.This value is 
onsistent with the TRSB di
hroism sig-nal � 3�5% observed in UD 
uprates [3℄.In 
on
lusion, we have shown that the TRSB di
hro-ism observed in the ARPES spe
tra of the UD 
upratesmay be related to a lo
al spiral spin order in the system.This hypothesis di�ers from the model TRSB state pro-posed by Varma et al. [4, 5℄, who 
onne
t the TRSBwith aligned 
harge 
ir
ular mi
ro
urrents on plaque-ttes of the CuO2 plane. Instead, the spiral spin orderimplies the appearan
e of lo
al spin 
urrents J" = �J#of a ma
ro s
ale, about the domain size. The existen
eof di�erent domains with di�erent signs and values ofthe TRSB di
hroism signal has been shown by studyinga set of samples of UD BSCCO in [3℄. The followingtest for the new hypothesis may be proposed. The ro-tation of the sample by 180Æ around the z axis does
hange the sign of the TRSB di
hroism D(' = �) inour hypothesis and does not 
hange the sign in 
ase ofthe TRSB state 
onstru
ted in [4℄. In the former 
ase,the rotation 
hanges the signs of the spin 
urrents andof the spin polarization. Relative signs of the TRSBdi
hroism signal at di�erent mirror planes of 
upratefor two types of spiral states (19) and for the state pro-posed by Varma are illustrated in Fig. 4. These signs
an be measured only if the ARPES signal 
omes fromthe same domain of a sample before and after its ro-tation and if the spin 
urrents of the spiral state arepinned during the rotation of the sample. We notethat for the ferromagnet alignment of spins in surfa
elayers, the TRSB di
hroism has the same signs alongall dire
tions in mirror planes of the latti
e.Great sensitivity of the Fermi surfa
e (FS) tothe spin stru
ture leads to the questions that areimportant for understanding the pseudogap state ofBSCCO: is the observed FS a 
omposed result 
oming1088
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uprates : : :from several domains with di�erent 
urrents? What isthe dynami
s of these 
urrents and domains in the UD
uprates? Can the spin �u
tuations be frozen near thesurfa
e into stati
 domains with a spiral or ferromagnetspin order? We note that the ARPES te
hnique probesonly a few surfa
e layers. Observing the TRSB e�e
twith the use of ARPES therefore requires a 
orrelatedspiral order only in these few surfa
e layers, whereasthe bulk TRSB e�e
t may be destroyed. An additionaltest for the supposed lo
al spiral order is possible.One 
an measure the spin polarization hSi of ele
tronseje
ted from di�erent se
tions of the Fermi surfa
eand 
he
k the 
orrelations of the dire
tion of hSi withthe sign of the TRSB di
hroism signal D(') at ' = �.This program requires a spin-sele
tive dete
tion ofphotoele
trons. Su
h dete
tion is now realized in atotal �spin�orbit photoemission� measurement [23℄.Its appli
ation in ARPES might elu
idate the natureof TRSB di
hroism of photoemission from UD 
uprate.This work is supported by the RFBR (grants� 00-03-32981 and � 00-15-97334). The author isgrateful to A. A. Ov
hinnikov and V. Ya. Krivnov foruseful dis
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