
KONDO EFFECT IN A SINGLE QUANTUM DOTASYMMETRICALLY COUPLED TO MAGNETICELECTRODESM. WawrzyniakDepartment of Physis, Adam Mikiewiz University, ul. Umultowska 85, 61-614 Pozna�n, Poland



'
&

$
%

ABSTRACTThe Kondo e�et is studied theoretially in the framework of the non-equilibriumGreen funtion formalism as well as 'Poor man's saling' tehnique. The system underonsideration onsists of a single quantum dot asymmetrially oupled to ferromagnetieletrodes, whose magneti moments are non-ollinear. The spin-dependent densityof states and transport harateristis like di�erential ondutane and tunnelingmagnetoresistane through the system are obtained using the equation of motionmethod. Numerial illustration of the mentioned quantities is presented. Moreover,within the saling approah the spin splitting of the dot level is disussedand numerial illustration of the Kondo temperature for asymmetrial ouplingto the leads is presented.
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MODELThe system under onsideration is a single level quantum dot attahed to ferromagnetileads, whose magneti moments are in general non-ollinear.The system is desribed by the Hamiltonian of the general formH =X� H� +HD +HT : (1)� H� (� = L;R), desribes eletrons, within non-interating approximation, in the leftand the right eletrode, respetively.H� =Xk X�=� ��k � ay�k � a� k � ; (2)

� HD, desribes the dot, where �d� is the single-partile energy of the dot level, and Ustands for the Coulomb orrelation parameter, whih is assumed to by �nite.HD = X�="# ��ddy�d� + Un"n#; (3)

where n� = dy�d�.
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� HT is the tunneling term, whih desribes eletron hopping between the dot andeletrodes HT =X�k X� � T�k �ay� k �R�� �d� + h::; (4)with T�k � as a tunneling matrix elements, and R� being the relevant spin rotationmatrix R�, where �� is the angle between the global quantization axis on the dotand the loal quantization axis in the �-th eletrodeR� =  os(��=2) � sin(��=2)sin(��=2) os(��=2) ! :

� the oupling strength is desribed by ���(�) = 2�Pk jT� k � j2Æ(�� ��k �) and isassumed to be energy independent within the bandwidth extending from �D to D,� within the bandwidth ���(�) = ��� = �0�(1� p�), where p� denotes spinpolarization in the �-th eletrode.� the oupling asymmetry parameter  has been introdued via �0R =  �0L, for1 �  � 0, whih means that system is oupled symmetrially for  = 1.
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EQUATION OF MOTION METHOD� the equation of motion for the Green funtion of the dot G��0(�) = hhd�jdy�0iihhd�jdy�ii = hfd�; dy�gi+ hh[d�; H℄; dy�0ii; (5)� obtaining the retarded, advaned and lesser Green funtionsGr(a)��0 (�) = G��0(�� i�), G<(�)� the self-onsistent numerial alulation of n��, n��� and G<(�)hn��i = hdy�d�i = ImZ +1�1 d�2�G<��; (6)

hn���i = hdy�d��i = �iZ +1�1 d�2�G<���; (7)� urrent owing from the �-th eletrode to the dotJ� = ie�h Z +1�1 d�2�Tr[��(G<(�) + f�(�)[Gr(�)�Ga(�)℄)℄; (8)



'
&

$
%

NUMERICAL RESULTS-NGF METHOD
 0

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

 4

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1
ǫ [eV]

D
O

S
γ = 0.7
γ = 0.99

γ = 0.2
γ = 0.5

Figure 1: Density of states of the quantum dot attahed to magneti leads in antiparallelon�guration, alulated for several asymmetry parameters  as indiated in �gure. Theother parameters are: �d = �0:45 eV, U = 5 eV, �0 = 0:15 eV, kBT = 0:002 eV,pL = pR = 0:2 and eletron band width extending from -25 eV to 25 eV.
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Figure 2: Density of states alulated for di�erent magneti on�gurations: � = 0 (solidline), � = �=2 (dashed line) and � = � (dotted line) and parameters:  = 0:1, �d =�0:3 eV, U = 5 eV, �0 = 0:2 eV, kBT = 0:001 eV, pL = 0:1, pR = 0:6, eletron bandwidth extending from -25 eV to 25 eV.
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Figure 3: Di�erential ondutane (left panel) and tunnel magnetoresistane TMR =[Gdi�(�L = 0; �R = 0)�Gdi�(�L; �R)℄ = [Gdi�(�L = 0; �R = 0)℄ (right panel) alulatedfor parameters as in Fig.2 and for magneti on�gurations as indiated in the �gure.
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POOR MAN'S SCALING METHOD� saling for the Anderson-like Hamiltonian (1), for the symmetrial ase(��L = �R = � = �=2), leads to e�etive spin splitting of the dot levelÆ� = �d" � �d# = p�os(�=2) log(D= ~D)� g�BBzext; (9)where Bzext stands for external magneti �eld applied along global quantization axis� asymmetrial oupling introdued via asymmetry parameter �0R =  �0L, 1 �  � 0,( = 1 symmetrial ase)� saling for the Anderson-like Hamiltonian (1), for the asymmetrial ase(��L = �R = � = �=2), leads to e�etive spin splitting of the dot level

Æ� = �� psos2 �=2 +� � 1 + 1�2 sin2 �=2� ln(D= ~D)� g�BBzext; (10)where p = pL = pR = �"��#�"+�# stands for the polarization of the lead, � =P� ��0 .
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� The Kondo temperature for symmetrial ase is given by formulaeTK = ~D exp�� artanh(p os(�=2))2p(�" + �#)J0 os(�=2)�; (11)where J0 = (�=�)(U=(j�dj(U + �d))).� The Kondo temperature for asymmetrial ase is given by formulaeTK = ~D exp � artanh(ppos2 �=2 + a2 sin2 �=22(�" + �#)J0ppos2 �=2 + a2 sin2 �=2! ; (12)with J0 de�ned as for symmetrial ase.
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NUMERICAL RESULTS-SCALING METHOD
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Figure 4: The Kondo temperature for QD symmetrially oupled to leads vs. p os(�=2),for  = 1, p = 0:5, �d = �0:2 eV, D = 25 eV, � = 0:1 eV.
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Figure 5: The Kondo temperature for QD symmetrially oupled to leads vs. p os(�=2),for  = 1, p = 0:5, �d = �0:2 eV, U = 5 eV, D = 25 eV.
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Figure 6: The spin splitting for QD asymmetrially oupled to leads vs. a2 = ( �1)=(+1) for several indiated magneti on�gurations, the other parameters are p = 0:5,�d = �0:2 eV, U = 5 eV, D = 25 eV.
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Figure 7: The Kondo temperature for QD asymmetrially oupled to leads vs. a2 =( � 1)=( + 1) for several indiated magneti on�gurations, the other parameters arep = 0:5, �d = �0:2 eV, U = 5 eV, D = 25 eV.
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CONCLUSIONS-NGF METHOD� smearing and suppression of the Kondo peak in spin-dependent density of states forthe antiparallel magneti on�guration may be ahieved introduing ouplingasymmetry.� suppression of the Kondo resonane inreases with inreasing asymmetry(dereasing  parameter).� spin-splitting of the Kondo resonane for asymmetrial oupling is learly visible forall magneti on�gurations and tends to derease with hanging on�guration fromparallel to antiparallel one.� this splitting is a result of non-zero exhange �eld ourring on the dot.� suh spin-splitting exists also for the situation of the symmetrially oupledquantum dot when polarization of the left and right eletrodes di�ers (pL 6= pR),due to ���(�) = ��� = �0�(1� p�)� the Kondo peaks in di�erential ondutane are asymmetrial with respet to thebias reversal, this asymmetry is also visible in TMR
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CONCLUSIONS-SCALING METHOD� the Kondo temperature goes to zero when p! 1 and magneti on�gurations tendsto parallel alignment� for parallel magneti on�guration (� = 0) spin splitting is maximal and does notdepend on asymmetry parameter� for antiparallel magneti on�guration (� = �) the spin splitting is minimal forwhole range of asymmetry parameter, but does not vanish for the ase ofasymmetrial oupling� for all non-ollinear magneti on�gurations as well as for antiparallel magnetion�guration the spin splitting inreases with inreasing oupling asymmetry� the oupling asymmetry redues the Kondo temperature and moreover Kondotemperature inreases with inreasing � angle, and reahes maximal values for theantiparallel magneti on�guration
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