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MATLAB codes for

Lectures on Quantum Transport

1. Nanodevices and Maxwell’s demon

2. Electrical Resistance: A Bottom-up View

3. Are electrons waves or particles?

4. Do electrons interact?

MATLAB codes for Lecture4

4. Do Electrons Interact ?
% 4A. SCF (R and U) method for 4-level WITHOUT broadening

clear all

%Parameters

U0=0.5;kT=0.005;mu=0;

%ep=[0.2 10 10 10];

ep=[0.2 0.2 10 10];

%ep=[0.2 0.2 0.2 0.2];

%ep=[0.2 0.2 -0.2 -0.2];

gam1=0.005*10;gam2=0.005;g1=gam1*[1 1 1 1];g2=gam2*[1 1 1 1];

I0=(1/2)*sum(g1.*g2./(g1+g2));

alphag=0;alphad=0;

SI=[0 1 1 1;


1 0 1 1;


1 1 0 1;


1 1 1 0];


%SI=SI+eye(4,4);% Include for Restricted

%Bias

IV=101;VV=linspace(-2,2,IV);

for iV=1:IV


Vg=0;Vd=VV(iV);



mu1=mu;mu2=mu+Vd;UL=-(alphag*Vg)-(alphad*Vd);

U=[0.001 -0.001 0.002 -0.002];%Self-consistent field

dU=1;

while dU>1e-6


f1=1./(1+exp((ep+UL+U-mu1)./kT));



f2=1./(1+exp((ep+UL+U-mu2)./kT));


Unew=U0*(((g1.*f1)+(g2.*f2))./(g1+g2))*SI;



dU=abs(sum(U-Unew));U=U+0.01*(Unew-U);

end

N(iV)=sum(((g1.*f1)+(g2.*f2))./(g1+g2));

I(iV)=sum((g1.*g2./(g1+g2)).*(f2-f1));

end

hold on

%h=plot(VV,N,'r');

h=plot(VV,I./I0,'r');

set(h,'linewidth',[3.0]);

%h=plot(VV,N,'ro');

h=plot(VV,I./I0,'ro');

set(h,'linewidth',[1.0]);

set(gca,'Fontsize',[25])

%xlabel(' Voltage ( V ) --->')

%ylabel(' Normalized Current ---> ')

%ylabel(' Number of electrons ---> ')

grid on

%  4B. Equilibrium coulomb blockade regime

clear all

%Parameters

U0=0.5;kT=0.005;

%ep=[0.2 10 10 10];

%ep=[0.2 0.2 10 10];

ep=[0.2 0.2 0.2 0.2];

%ep=[0.2 0.2 -0.2 -0.2];

% 0 1 2 3 4 12 13 14 23 24 34 123 124 134 234 1234

H=[0 ep(1) ep(2) ep(3) ep(4) ep(1)+ep(2)+(U0) ep(1)+ep(3)+(U0) ep(1)+ep(4)+(U0) ...

ep(2)+ep(3)+(U0) ep(2)+ep(4)+(U0) ep(3)+ep(4)+(U0) ep(1)+ep(2)+ep(3)+(3*U0) ep(1)+ep(2)+ep(4)+(3*U0) ...

ep(1)+ep(3)+ep(4)+(3*U0) ep(2)+ep(3)+ep(4)+(3*U0) ep(1)+ep(2)+ep(3)+ep(4)+(6*U0)];
NN=[0 1 1 1 1 2 2 2 2 2 2 3 3 3 3 4];

% Chemical potential

IV=101;mu=linspace(-2,2,IV);

for iV=1:IV


P=exp(-(H-mu(iV)*NN)./kT);P=P./sum(P);


N(iV)=sum(NN.*P);

end

hold on

h=plot(mu,N,'b');

h=plot(mu,N,'bo');

set(h,'linewidth',[3.0])

set(gca,'Fontsize',[25])

%xlabel(' Voltage ( V ) --->')

%ylabel(' Current ( A ) ---> ')

%ylabel(' Number of electrons ---> ')

grid on

% 4C. Non-equilibrium Coulomb blockade, 2 levels

clear all

%Constants (all MKS, except energy which is in eV)

hbar=1.055e-34;q=1.602e-19;

%Parameters

U0=0.1;kT=0.0025+10e-3;mu=0;ep=[0.05 0.05];

gam1=1;gam2=1;g1=gam1*[1 1];g2=gam2*[1 1];

I0=sum(g1.*g2./(g1+g2));

N0=sum(g2./(g1+g2));

alphag=0;alphad=0;

%Bias

IV=101;VV=linspace(0,0.2,IV);

for iV=1:IV


Vg=0;Vd=VV(iV);



mu1=mu;mu2=mu1+Vd;UL=-(alphag*Vg)-(alphad*Vd);


f1=1./(1+exp((ep+UL-mu1)./kT));ff1=1.-f1;



f2=1./(1+exp((ep+UL-mu2)./kT));ff2=1.-f2;


f1U=1./(1+exp((ep+U0+UL-mu1)./kT));ff1U=1.-f1U;



f2U=1./(1+exp((ep+U0+UL-mu2)./kT));ff2U=1.-f2U;

A=g1.*f1;B=g1.*f1U;



% 0 1 2 12

R1in=
[0 0 0 0;
% 0



A(1) 0 0 0;
% 1



A(2) 0 0 0;
% 2



0 B(2) B(1) 0];
% 12

A=g2.*f2;B=g2.*f2U;



% 0 1 2 12

R2in=
[0 0 0 0;
% 0



A(1) 0 0 0;
% 1



A(2) 0 0 0;
% 2



0 B(2) B(1) 0];
% 12

A=g1.*ff1;B=g1.*ff1U;



% 0 1 2 12

R1out=
[0 0 0 0;
% 0



A(1) 0 0 0;
% 1



A(2) 0 0 0;
% 2



0 B(2) B(1) 0];
% 12

R1out=R1out';

A=g2.*ff2;B=g2.*ff2U;



% 0 1 2 12

R2out=
[0 0 0 0;
% 0



A(1) 0 0 0;
% 1



A(2) 0 0 0;
% 2



0 B(2) B(1) 0];
% 12

R2out=R2out';

R=R1in+R2in+R1out+R2out;

R=R-diag(sum(R));

R(4,:)=[1 1 1 1];

P=inv(R)*[0 0 0 1]';

N(iV)=[0 1 1 2]*P;

I1(iV)=sum((R1in-R1out)*P);

I2(iV)=sum((R2in-R2out)*P);

end

hold on

%h=plot(VV,N./N0,'mx');

%h=plot(VV,I1./I0,'b');

h=plot(VV,I2./I0,'m');

set(h,'linewidth',[2.0])

set(gca,'Fontsize',[25])

xlabel(' Voltage ( V ) --->')

ylabel(' Current ( A ) ---> ')

%ylabel(' Number of electrons ---> ')

grid on

% 4D. Non-equilibrium Coulomb blockade, 4-level

clear all

% Parameters

U0=0.5;kT=0.005;mu=0;

%ep=[0.2 10 10 10];

ep=[0.2 0.2 10 10];

%ep=[0.2 0.2 0.2 0.2];

%ep=[0.2 0.2 -0.2 -0.2];

gam1=0.005*10;gam2=0.005;g1=gam1*[1 1 1 1];g2=gam2*[1 1 1 1];

I0=(1/2)*sum(g1.*g2./(g1+g2));

alphag=0;alphad=0;

% Bias

IV=101;VV=linspace(-2,2,IV);

for iV=1:IV


Vg=0;Vd=VV(iV);



mu1=mu;mu2=mu+Vd;UL=-(alphag*Vg)-(alphad*Vd);


f1=1./(1+exp((ep+UL-mu1)./kT));F1=1.-f1;



f2=1./(1+exp((ep+UL-mu2)./kT));F2=1.-f2;


f1U1=1./(1+exp((ep+U0+UL-mu1)./kT));F1U1=1.-f1U1;



f2U1=1./(1+exp((ep+U0+UL-mu2)./kT));F2U1=1.-f2U1;


f1U2=1./(1+exp((ep+U0+U0+UL-mu1)./kT));F1U2=1.-f1U2;



f2U2=1./(1+exp((ep+U0+U0+UL-mu2)./kT));F2U2=1.-f2U2;


f1U3=1./(1+exp((ep+U0+U0+U0+UL-mu1)./kT));F1U3=1.-f1U3;



f2U3=1./(1+exp((ep+U0+U0+U0+UL-mu2)./kT));F2U3=1.-f2U3;

A=g1.*f1;B=g1.*f1U1;C=g1.*f1U2;D=g1.*f1U3;

% 0 1 2 3 4 12 13 14 23 24 34 123 124 134 234 1234

R1in=
[0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
% 0



A(1) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
% 1



A(2) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
% 2



A(3) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
% 3



A(4) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
% 4



0 B(2) B(1) 0 0 0 0 0 0 0 0 0 0 0 0 0;
% 12



0 B(3) 0 B(1) 0 0 0 0 0 0 0 0 0 0 0 0;
% 13



0 B(4) 0 0 B(1) 0 0 0 0 0 0 0 0 0 0 0;
% 14



0 0 B(3) B(2) 0 0 0 0 0 0 0 0 0 0 0 0;
% 23



0 0 B(4) 0 B(2) 0 0 0 0 0 0 0 0 0 0 0;
% 24



0 0 0 B(4) B(3) 0 0 0 0 0 0 0 0 0 0 0;
% 34



0 0 0 0 0 C(3) C(2) 0 C(1) 0 0 0 0 0 0 0;
% 123



0 0 0 0 0 C(4) 0 C(2) 0 C(1) 0 0 0 0 0 0;
% 124



0 0 0 0 0 0 C(4) C(3) 0 0 C(1) 0 0 0 0 0;
% 134



0 0 0 0 0 0 0 0 C(4) C(3) C(2) 0 0 0 0 0;
% 234



0 0 0 0 0 0 0 0 0 0 0 D(4) D(3) D(2) D(1) 0];
% 1234

A=g2.*f2;B=g2.*f2U1;C=g2.*f2U2;D=g2.*f2U3;

% 0 1 2 3 4 12 13 14 23 24 34 123 124 134 234 1234

R2in=
[0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
% 0



A(1) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
% 1



A(2) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
% 2



A(3) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
% 3



A(4) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
% 4



0 B(2) B(1) 0 0 0 0 0 0 0 0 0 0 0 0 0;
% 12



0 B(3) 0 B(1) 0 0 0 0 0 0 0 0 0 0 0 0;
% 13



0 B(4) 0 0 B(1) 0 0 0 0 0 0 0 0 0 0 0;
% 14



0 0 B(3) B(2) 0 0 0 0 0 0 0 0 0 0 0 0;
% 23



0 0 B(4) 0 B(2) 0 0 0 0 0 0 0 0 0 0 0;
% 24



0 0 0 B(4) B(3) 0 0 0 0 0 0 0 0 0 0 0;
% 34



0 0 0 0 0 C(3) C(2) 0 C(1) 0 0 0 0 0 0 0;
% 123



0 0 0 0 0 C(4) 0 C(2) 0 C(1) 0 0 0 0 0 0;
% 124



0 0 0 0 0 0 C(4) C(3) 0 0 C(1) 0 0 0 0 0;
% 134



0 0 0 0 0 0 0 0 C(4) C(3) C(2) 0 0 0 0 0;
% 234



0 0 0 0 0 0 0 0 0 0 0 D(4) D(3) D(2) D(1) 0];
% 1234

A=g1.*F1;B=g1.*F1U1;C=g1.*F1U2;D=g1.*F1U3;

% 0 1 2 3 4 12 13 14 23 24 34 123 124 134 234 1234

R1out=
[0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
% 0



A(1) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
% 1



A(2) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
% 2



A(3) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
% 3



A(4) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
% 4



0 B(2) B(1) 0 0 0 0 0 0 0 0 0 0 0 0 0;
% 12



0 B(3) 0 B(1) 0 0 0 0 0 0 0 0 0 0 0 0;
% 13



0 B(4) 0 0 B(1) 0 0 0 0 0 0 0 0 0 0 0;
% 14



0 0 B(3) B(2) 0 0 0 0 0 0 0 0 0 0 0 0;
% 23



0 0 B(4) 0 B(2) 0 0 0 0 0 0 0 0 0 0 0;
% 24



0 0 0 B(4) B(3) 0 0 0 0 0 0 0 0 0 0 0;
% 34



0 0 0 0 0 C(3) C(2) 0 C(1) 0 0 0 0 0 0 0;
% 123



0 0 0 0 0 C(4) 0 C(2) 0 C(1) 0 0 0 0 0 0;
% 124



0 0 0 0 0 0 C(4) C(3) 0 0 C(1) 0 0 0 0 0;
% 134



0 0 0 0 0 0 0 0 C(4) C(3) C(2) 0 0 0 0 0;
% 234



0 0 0 0 0 0 0 0 0 0 0 D(4) D(3) D(2) D(1) 0];
% 1234

R1out=R1out';

A=g2.*F2;B=g2.*F2U1;C=g2.*F2U2;D=g2.*F2U3;

% 0 1 2 3 4 12 13 14 23 24 34 123 124 134 234 1234

R2out=
[0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
% 0



A(1) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
% 1



A(2) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
% 2



A(3) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
% 3



A(4) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
% 4



0 B(2) B(1) 0 0 0 0 0 0 0 0 0 0 0 0 0;
% 12



0 B(3) 0 B(1) 0 0 0 0 0 0 0 0 0 0 0 0;
% 13



0 B(4) 0 0 B(1) 0 0 0 0 0 0 0 0 0 0 0;
% 14



0 0 B(3) B(2) 0 0 0 0 0 0 0 0 0 0 0 0;
% 23



0 0 B(4) 0 B(2) 0 0 0 0 0 0 0 0 0 0 0;
% 24



0 0 0 B(4) B(3) 0 0 0 0 0 0 0 0 0 0 0;
% 34



0 0 0 0 0 C(3) C(2) 0 C(1) 0 0 0 0 0 0 0;
% 123



0 0 0 0 0 C(4) 0 C(2) 0 C(1) 0 0 0 0 0 0;
% 124



0 0 0 0 0 0 C(4) C(3) 0 0 C(1) 0 0 0 0 0;
% 134



0 0 0 0 0 0 0 0 C(4) C(3) C(2) 0 0 0 0 0;
% 234



0 0 0 0 0 0 0 0 0 0 0 D(4) D(3) D(2) D(1) 0];
% 1234

R2out=R2out';

R=R1in+R2in+R1out+R2out;

R=R-diag(sum(R));

R(16,:)=[1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1];

P=inv(R)*[0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1]';

N(iV)=[0 1 1 1 1 2 2 2 2 2 2 3 3 3 3 4]*P;

I1(iV)=sum((R1in-R1out)*P);

I2(iV)=sum((R2in-R2out)*P);

end

hold on

%h=plot(VV,N,'b');

%h=plot(VV,N,'bo');

h=plot(VV,I2./I0,'b');

set(h,'linewidth',[3.0])

h=plot(VV,I2./I0,'bx');

set(h,'linewidth',[1.0])

set(gca,'Fontsize',[25])

%xlabel(' Voltage ( V ) --->')

%ylabel(' Current ( A ) ---> ')

%ylabel(' Number of electrons ---> ')

grid on









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































