
Vol. 34 (2003) ACTA PHYSICA POLONICA B No 2
UNCONVENTIONAL SPIN DENSITY WAVE IN THEPSEUDOGAP PHASE IN HIGH T
 CUPRATES?�Balázs Dóraa, Attila Viroszteka;b and Kazumi Maki
;daDepartment of Physi
s, Budapest University of Te
hnology and E
onomi
s1521 Budapest, HungarybResear
h Institute for Solid State Physi
s and Opti
sP.O. Box 49, 1525 Budapest, Hungary
Max Plan
k Institute for the Physi
s of Complex SystemsNöthnitzer Str. 38, 01187, Dresden, GermanydDepartment of Physi
s and Astronomy, University of Southern CaliforniaLos Angeles, CA 90089-0484, USA(Re
eived July 10, 2002)We propose that the pseudogap phase in high T
 
uprates may wellbe d-wave spin density wave. We show that both the mi
ro-magnetismobserved by neutron s
attering in the pseudogap regime of Bi2212 and theopti
al di
hroism seen by ARPES follow naturally from USDW. Also wepredi
t that the magneto-resistan
e in the pseudogap regime should exhibita pe
uliar angular dependen
e, whi
h should be a

essible experimentally.PACS numbers: 75.30.Fv, 74.25.Gz, 74.72.�hRe
ently it was proposed that T � in the phase diagram in high T

uprates is not a 
rossover but a transition temperature to d-wave 
hargedensity wave [1,2℄ or d-wave spin density wave [3℄. The d-wave nature of thehidden order parameter below T � is known from ARPES, whi
h indi
ates�(k) � 
os(kxa)�
os(kya) [4,5℄. Also a mysterious relation �(0)=T � = 2:14found in the pseudogap region where �(0) is the maximum of the quasipar-ti
le energy gap [6,7℄ is simply interpreted in terms of d-density wave whenthe 
hemi
al potential � is not too large (j�j � �(0)) [8, 9℄.Also the appearan
e of the weak antiferromagneti
 order just belowT � [10℄ and that of the opti
al di
hroism [11℄ indi
ate T � is the transitiontemperature asso
iated with a se
ond order phase transition.� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(571)



572 B. Dóra, A. Virosztek, K. MakiIn the following we shall �rst indi
ate how the mi
ro-magnetism andthe opti
al di
hroism follow from d-wave spin density wave. Then we shalldis
uss the magneto-resistan
e in d-wave density waves. Indeed we havesu

eeded in identifying UCDW in the low temperature phase of ��(BEDT-TTF)2KHg(SCN)4 through the angular dependen
e of the magneto-resistan
e [12℄.As to the mi
ro-magnetism, lo
alized impurities or defe
ts, whi
h 
oupleto the 
ondu
tion ele
tron with the ex
hange intera
tion (i.e. the Kondomodel) 
an generate the 
oherent AF order [3℄ in d-wave spin density wave.Indeed this model des
ribes the mi
ro-magnetism seen by neutron s
atteringin the AF state of URu2Si2 [13℄.On the other hand, this simple model 
annot des
ribe the temperaturedependen
e of the mi
ro-magnetism seen in underdoped Bi2212 [10℄. Butthere are other 
ontributions to the AF order we have negle
ted. So perhapsthe elaboration of the present model 
an 
larify the issue.Very re
ently a surprising opti
al di
hroism whi
h appears immediatelybelow the pseudogap transition temperature T � has been reported [11℄. Thisrequires �rst of all that the 
ondensate has to break the time reversal symme-try. To ful�ll this requirement, Varma has been proposing the order param-eter with orbital angular momentum with nonzero 
hirality [14℄. However,as we shall show the opti
al di
hroism follows naturally from d-wave SDW.As the neutron s
attering shows the spin in SDW lies in the a�b plane [10℄,then the spin 
an take one of two 
on�gurations Sx� iSy, whi
h are relatedwith the time reversal symmetry to ea
h other. Then it follows that theintensity of the out
oming ele
tron isI� � 1� �(k)E(k) ; (1)or I+ � I�I+ + I� = �(k)E(k) : (2)Indeed Eq. (2) shows (a) the opti
al dishroism appears at T = T �,(b) it is absent when k is parallel to the nodal dire
tion (i.e. kk(1; 1),et
.),(
) it takes the maximum value in the antinodal dire
tion and (d) the spin ofthe out
oming ele
tron is polarized in the same dire
tion as the one for im-pinging photon. Indeed (a), (b) and (
) are 
onsistent with the observation.Therefore, the dete
tion of the spin dire
tion of the out
oming ele
tron willbe of great interest.Now we turn to the investigation of the Angle Dependent Magneto-Resistan
e (ADMR). Let us 
onsider a magneti
 �eldH applied as shown inFig. 1. Then due to the Landau quantization [15℄ the quasiparti
le spe
trumin d-wave density wave is
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Fig. 1. The geometri
al 
on�guration of the magneti
 �eld with respe
t to the
ondu
ting plane.E� =q2p2ejHj� �vFaj 
os(�)j+ v
 
 sin(�)j sin ��� �4 � j� ; (3)where vF and v
 are the Fermi (in-plane) and perpendi
ular velo
ity, re-spe
tively. Therefore, the ele
tri
 resistan
e in the pseudogap phase may bewritten as �(H; �; �)� �(0; �; �)�(0) = e�(E++E�) � 1e�E+ + e�E� + 2 ; (4)and � = 1=kBT . The angular dependent resistan
e for a few �'s is shown asa fun
tion of� in Fig. 2. Here we tookv
 
=vFa = 0:1 ; �q2p2e�jHjvFa = 10 ;as an example. The angular dependent magnetoresistan
e will provide ade�nitive test for d-wave density wave in the pseudogap phase in HTS. How-ever, this 
annot di�erentiate USDW from UCDW.A similar magnetoresistan
e should be observable in the AF phase ofURu2Si2, sin
e this material has tetragonal symmetry as well. On the otherhand for transition metal di
hal
agonate like NbSe2 [16℄, whi
h has hexago-nal symmetry, the angular dependent magnetoresistan
e should be di�erent.We have proposed that the pseudogap phase may be d-wave spin densitywave, whi
h 
an des
ribe both the mi
romagnetism observed by neutrons
attering and the opti
al di
hroism found by ARPES very 
onsistently.The experimental observation of the spin lying in the a�b plane seems to bein
onsistent with d-wave 
harge density wave, but supports our model.
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Fig. 2. The magnetoresistan
e is shown as a fun
tion of � for � = 90Æ, 60Æ, 45Æ and30Æ from bottom to top.Also we point out the Landau quantization in UDW dis
ussed by Ners-esyan et al., found a new appli
ation in the angular dependent magne-toresistan
e. Very re
ently this e�e
t was used su
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