APPPHYS383 Thursday 18 February 2010

Bloch Equations for a two-level atom
Recall the general relation between spin-1/2 operators and the Pauli matrices,
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Here the matrix forms of the spin operators are written in a basis in which
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The dimensionless matrices o.,0,,c. satisfy the commutation relations

where
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lox,0,] = 2i0., [0y,0:] =2io,, [0:,0.] = 2ioy.
In addition,
Trloio;] = 20y,
and
0% = 0')2, =02 =1

The Pauli matrices are both Hermitian and unitary.
If we switch now to considering a two-level atom whose pure states live in the Hilbert space spanned by
orthonormal basis kets representing a ground state and excited state,

|'V) < span{|g).|e)},
we can use the matrix notation corresponding to
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in which case we have
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le)e| < ( 00 ) < 5(1+0:), o=[gXel < ( 10 ) = 5 (0x—ioy),

and so for example we can equate the usual Hamiltonian for the atomic internal state
Hatom = hoale)e|,
which is equivalent (by change of the origin of the energy scale) to
Haon = Shoa(le) el - |gXel) < Shoxo-.

This is then formally equivalent to the Hamiltonian for a spin-1/2 patrticle in a static field along the z-axis,

H=—yS.B. = @,S: = %ha}LGZ,
with the simple correspondence o, < wa. Furthermore, for a rotating transverse magnetic field

B.(t) = bi(kcos(wr) + psin(wr))
the corresponding spin Hamiltonian can be written in the form

H = —ybi(S,cos(wt) + Sysin(wt)) = %th(ox cos(mt) + o, sin(w,))
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which is identical in form to the usual Hamiltonian used to describe the response of a two-level atom to a harmonic
driving field in the RWA.

It thus follows that the Bloch Equations that arise in the context of magnetic resonance can equally well be
used to describe the response of a two-level atom to harmonic driving fields. When using the spin language and



the Bloch sphere in reference to a two-level atom, one often speaks of the dimensionless version of the Bloch
vector,

= @) = 2(5) = (G)i+ (0,9 +(02)%,
as representing the state of a ‘pseudo-spin’ associated with the mapping
| =) <=lg) |+:) < le).

Rotating frame as a unitary transformation of the state space

In this section we will revisit the idea of transformation to a rotating frame and show how it can be performed via
unitary transformation of the Hilbert space. We will have in mind a general scenario for a harmonically driven
two-level system,

H = Hy+ Hy,
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Consider a general unitary transformation acting on the entire state space,
') = UY(@®)).
We can start from the Schrodinger Equation
LW (@) = HI¥(©) = HU Y1),
and simply apply the chain rule on the left-hand side to yield
ind1w@) = ind U190 = (Y19 0) + UL v @)),

U4 d |‘P(z)>—zh 1w - zhdU 1P (£)).
Hence, combining the two expressmns and multiplying through from the left by U, we obtain
2 d g _ 4 aprdUL '
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= H'|Y'(0)).
Recall that since U is unitary, Ut = U'. Hence if we now specialize to the case
U = exp(+ioc.i2), U = exp(-ino.12),
we have

_jpudUut _ ; A oyn(—i _ho
ihU 7 ihexp(+iwo.t12) 7 exp(—iwo.t/2) = 5 0z

where the final step follows from a power-series expansion of the operator exponential. Noting the commutation
relations

[of,0.] = %([ox,az] +iloy,0.]) = %(—21'0), ~26,) = 20,

[0,0:] = & L (64,01~ i[0,,0:]) = %(721'0_},+2ox) = 20,
we have

H' = UHU- - ipydU
dt

= U(Ho + H)U™ - %woz

U(%hwooz + %hﬂl@“‘u’c e i >> Ut- hco
= %hAo; + %th exp(+ino-t/2)(e"'c + e ) exp(—ioo-t12),

where A = wo — » and we have used the fact that [c., U] = [0.,exp(-iwc.t/2)] = 0. Next we need to compute
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= exp(+iwt/2)cT,
where in going from the second to the third line we have used the fact that
ofo. = |e)gl(eXel - |g)el) = —le)gl = -
Similarly,
exp(+iwo-t12)c’ = exp(+iwt/2)cT,
oexp(—iwo.t12) = exp(—iwtl2)o,
exp(—iwo.t/2)o = exp(+int/2)o,
and we finally arrive at
H' = %hAGZ th<G+G{> 1}‘1AGZ
In the case where we are considering magnetic resonance, we see that
H' =S By,
§(,,, = (Bo + 2 ) &i,

and we recover the simple idea that if ® = —yB, the Z component of BC,, vanishes.

2 th(Fx.

Density matrices and the Bloch vector
When working with density operators, the dimensionless Bloch vector is given by

V= (0) = (0:)X +(0,)¥ +(0:)2,
ve = Trlo.p], vy =Trlo,p], v:=Trlo.p].
It is worth noting that for a pure state |V|* = 1 while for a mixed state, [¥|> < 1. For example, if p =

since the Pauli matrices are all traceless (Tr[o;] = 0).
In cases where p corresponds to a known ensemble

p=2 P ¥ XY,

then
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where ¥; = (¥; || ¥, ) and the summation is a vector sum. In other words, the Bloch vector corresponding to an
ensemble of pure states is the weighted vector sum of the Bloch vectors representing the members of the
ensemble. Hence we find that for any equally-weighted two-member ensemble with (V1 |V, ) = 0, the ensemble

Bloch vector will be zero since |1 ) and |V, ) correspond to antipodal points. Indeed, we know that

p= %(|‘I’1 W1+ | P2 XVP2)) = % for any such ensemble. Similarly, we see that the generalized Bloch vector

corresponding to
Y1) =1+) p1=a
[W2) =|—) p2=a
|\P3> = | +; >, p3 = 1—2(1,

will simply be (v,,v,,v.) = (0,0,1 - 2a). Hence the Bloch vector (now using the spin form with units of angular

momentum)
(3) = L(Trlowpli+ Trio,pli+ Trlo.pl2),



can clearly be used to compute the net magnetization of an ensemble of spins,
M= —N}/<§>,
assuming the ensemble density operator p is used in computing the Bloch vector.
It is worth noting that any density operator may be expressed in the form
p=21+¥-3),
by virtue of the trace orthogonality of the Pauli matrices noted above. Thus V is just as general as p for the purpose

of specifying mixed quantum states. The Bloch vector v has only three real parameters v,,v,,v. (or 0, ¢,|V|), but the
same is true for p since Hermiticity (p = p') fixes

Im [p1] = Im[p22] =0, Re[pa]=Re[p1], IMm[pa]=—-Im[p12],

and normalization (Tr[p] = 1) gives us Re [p22] = 1 — Re [p11]. Hence Re [p11], Re [p12], and Im [p12] are the only
real degrees of freedom for a density operator on a two-dimensional Hilbert space. Furthermore,

Trp?] = %Tr[(l +3.3)%] = %Tr[(uv;o; +1202 +1262)] = %(um?).

Hence the length of the Bloch vector is directly related to the purity of p.

Derivation of Bloch damping terms from a Master Equation
If we consider the Master Equation

-0 [P S
p=-7 [H,p]+yL<20pcr o'op—po G),
using
p=21+¥-3),
we see that the decay terms produce

62;" = }/lTr[G,(ZGpGT —ofop- p0+6> ]

- %Tr[m(ZG(l +¥-Dot—clo(@+¥.8) -1 +3- 3)0%) ]

= 21t[0,(200" + 206G+ 3)0" ~20"0 60 -3) ~ 7+ 3)0"0) ]

= %TI’[OU(—ZUZ + 26(7 . 8)GT _ UTO'(T; . 8) _ (T; . 3)6’“7)]

- % (-2Tr[oi0.]+ 2Tt [0 '0:0( - 3) | - Tr[6i0T0( - 6) | - Tr[0:(3 - 3)o T ]).

From the relations

ox0io+oloo. = (Ig)el+|e)g)le) el +|eXel(g)el +|eXgl) = |g)Xel +|eXgl = ox
G_vo*o + o"'cdv = (i|g)e| —ileXg])|e)Xe| + |e)e|(lg)e| —ileXg]) = i|g)e|—ile)Xg| = oy,
0:010 +0%00: = (leXel -~ |eXaDleXel +leXel(eXel - |eXal) = 2e)(el = L+,

and
olowo = |e)gl(g)el+|eXgDlg)Xel = leXellg)e| =0,
o'o,0 = |eXglllg) el —ileXgDlg)e| = ile)ellg)e| =0,
olo.0 = [e)gl(le) el - |g)XgDlg)el = —|eXgllg)Xel = —|eXel,
and
leXelox = [e)e|(lg)e| +]e)gl) = |e)Xgl
leXeloy = [e)e|(i|g) el —ile)g|) = —ileXgl,
leXelo: = |e)el(leXe|—|g)Xgl) = |eXel,
we have
dv,
dt - _}ILVx:
dv,
g = v
‘i;; = (4= 2Tr[lexe|F )] - 2v:) = -2y, - 2p.v-

We see that this reproduces the decay terms in the ‘zero-temperature’ Bloch Equations, with y, = /2. In your



homework this week you will show that the Hamiltonian part of the above Master Equation reproduces the
remaining ‘torque’ terms in the Bloch Equations.

The full zero-temperature Bloch Equations resulting from the above Master Equation are thus found to be
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V. = Quv, —Tv. - T.
The following figure will give you an idea of the effect of damping on the dynamics of the two level system.
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The oscillations between the ground and excited state are damped and for large enough T" they disappear

altogether. The excited state population settles down to a steady state value which depends Q1,T’,A so long as
I' + 0. We see from the graph (which is computed with A = 0) that the excited state population at long times is

It is enlightening to consider the ‘quantum trajectory’ picture of spontaneous emission interrupting Larmor/Rabi
oscillations to produce dephasing in the above plots.



