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The Bloch-Siegert shift of the NQR frequency is calculated for the case when more than one
resonance transition are excited by radiofrequency fields.
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Bloch and Siegert [1] were the first who showed that
the Larmor frequency must have a shift in the pres-
ence of the linearly polarized radio frequency (r.f.)
field. The Bloch-Siegert shift of the NQR frequency
was theoretically studied by Lurcat [2] for the case
that the symmetry of the electric field gradient (EFG)
is axial and that there is only one resonance transition.

In the present paper the Bloch-Siegert shift of the
NQR frequency is considerd for the case when more
than one quadrupole resonance transition is excited
by rf. fields and EFG symmetry is arbitrary.

Let the nuclear spin system (spin S >1/2) be per-
turbed by r.f. fields. The behavior of the spin system
is described by the equation

ide(t)/dt = [H(2), e (0)] (1)
where ¢(t) is the density operator,
H(t)=Hy+ H,(1) @

and
Hy, = eQq[4s2S—1) !

‘[3S2—S(S+1)+m/2)(S3+S2)]. ()

eQq and 75 are the quadrupole-interaction constant
and asymmetry parametry of the EFG, respectively.
H () is the Hamiltonian of the interaction of the spin
system with the r.f. fields
N
H (t)= ZlprScos(wpt). 4)

p=
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Here y is the gyromagnetic ratio of the nuclei in ques-
tion and H, and w, are the amplitudes and frequen-
cies of the r.f. fields, respectively.

All the spin operators will be considered in a basis
in which the Hamiltonian H, is diagonal. We intro-
duce the projection operators e,,, [3], with the matrix
elements {(m'|e,, |n'> =, 0,, and express the
Hamiltonian (2) in terms of them:

H(®)=25+1) ' 0%, epm

N
+ X X yH,SE, cos(w,t)e,,. (5)
p=1 mm
Here w9, =/, — 13, A5 are the eigenvalues of H,, and
on=<m|1,8|n}; I, are the unit vectors lying along
the r.f. fields H,.

After the unitary transformation [4, 5] of (1) the

Hamiltonian (5) can be written as

N
A= X X 7H,S5,exp(i0f, 1) cos(@,1) €y, . (6)
p=1 mn

The expression (6) can be separated into two parts, a
time-independent and a time-dependent term:

H(t)=Hy+ H, (1), (7

where

N
HO = % Zl b pr S;n(awﬂ,,w, + 5w,‘,’,,,,w,) €mn > ®)

p=1 mn
N

HO(t) = % Zl Z pr{Sr’;m exp [l(wgm-}-wp) t]

p=1 mn

*(1—0u2,,0,) €mn &)

+82,exp[—i(@9,+®,) 1] (1—802,. w,) €um) -

0w?,, », 1s the Kroneker symbol. The expressions (8)
and (9) may be considered as a Fourier series of the
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Hamiltonian (7), and using the averaging method [6]
we obtain the expression for averaged Hamiltonian
accurate to ¢* (where ¢ = (yH,/eQq) < 1):

N
H =% Z Z pr Syl:m(éw,?.,,,w,‘i'aa)gm.w,) €mn

p=1 mn
N

+i T T OH)SE (-0, 0,) (@0 +0,) !
p=1 mn

ey e (10)

Using (10) it is easy to find the shift NQR frequencies:

Opym = wglm’ it % Z(pr/z)z

p=1 n

mn?> nm] .

{[Smn Sim + 00,085, 1 — 6y, —1) 21, ST1]
(1 =002, 0,) (@ + ©,) 7
—(1=00p,,0,) (g + @,) 7]
—[Smn Sim + 00,0001 — 0y, -1) §24, ST1]

. [(1 _5(02,,,,(0,)((‘02'" I wp)_l

—(1=002,,0,)(@p + @,)7'1}. (11
As an example, we consider particular cases:
1. S=1 and #=0. From (11) it follows
Wy =wo[l+ 1 (yH, sin 8/wy)?], (12)
_y10=wo[1 + % (yH, sin 8/w)?], (13)
®,_,=(yH, sin 0)*/(8 w,). (14)
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Here w,=37n eQ q/2. 0 is the azimuthal angle included
between the Z-axis of the EFG and the direction of the
r.f. field. In this case the degeneration of the energy
level is taken off.

2. For S§=3/2 and n=0. The shift NQR frequency is

W33 12 = ©o {1+ (yH,/16 0o)? (15)

[(2+1/8) sin 0+ (1 —1/E%)(cos? 0 +1/3 n cos (¢)/41},
where ¢ =(1+7?%/3)"/? and w, is NQR frequency.

3. For §=5/2 and n=0, when the transitions
+1/2— +3/2 and +3/2— +5/2 are excited by the r.f.
fields H, cos (w, t) and H, cos (2w, t), respectively, the
shifted frequencies are

W32 1)2 = Wo + (yH, sin 6,)*/12w,

—143(yH, sin 6,)/192 w,,  (16)

Ws)232 =2we+ T(yH,sin 6,)*/12 w,
+47(yH, sin 6,)/96 w,, 17)

Ws)212 =3we— 2(yH, sin 91)2/3 @g
+49(yH, sin 0,)/192 w,, (18)

where o, is the NQR frequency of the resonance tran-
sition +1/2— +3/2.

In particular H, =0 and 6, =n/2 it follows from (16)
that

W3/ 12 = Wo + (VH1)2/12 g - (19)

This result was received early by Lurcat [2].
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