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a b s t r a c t

The non-cyclic geometric phase of 14N and 35Cl NQR signals induced by the character of trajectory of

nuclear magnetization motion upon pulse r.f. excitation of powdered samples is studied. Analytical

expressions for the geometric phases of NQR signals of the nuclei of spins I¼1 and 3/2 upon nuclear

magnetization rotation induced by means of r.f. pulses with frequency detuned from the resonance and

for any impulse duration for a separate crystallite are obtained. It is shown that the geometric phase

recorded for the signal from a powdered sample at Do¼0 can be different from zero and can oscillate

upon changes in duration of the r.f. excitation pulse. An alternative variant of the nutation experiment

aimed at obtaining the asymmetry parameter Z from locations of frequency singularities in the nutation

phase spectrum for nuclei of spin I¼3/2 in powder substances is proposed.

& 2011 Elsevier Inc. All rights reserved.

1. Introduction

Since the publication of the well-known Berry’s work [1], the
concept of geometric phase has been significantly extended and
applied in various branches of physics, including radiospectro-
scopy. There are many theoretical publications devoted to the
Berry phase in NQR and NMR.

The first experiment of pure NQR illustrating the Berry phase
was carried out by Tycko [2], who used a monocrystal of sodium
chlorate, in which the quadrupole nuclei of chlorine are oriented
along the axis of crystal symmetry, which being also the axis of
quantization. At crystal rotation about any axis, the two spin
states acquire geometric phases, which increase in time leading to
changes in the frequencies of transitions between these two
states. This change was manifested as a shift of NQR frequencies
of the nuclei and measured by means of standard phase-sensitive
methods of detection.

The non-adiabatic geometric phase was observed by Suter
et al. [3] using the NMR method. They studied a system of coupled
protons, i.e. a quantum system with the total spin I¼1. In their
experiment the subspace with two levels was exposed to cyclic
evolution induced by application of a time-dependent magnetic
field. The geometric phase was measured on the basis of inter-
ference between these two states and the third, undisturbed level.

Zee [4] decided to perform the Tycko’s experiment applying
the rotation not around one axis but around two axes and proved

the appearance of non-Abelian Berry phase. A similar experiment
was repeated by Zwanzinger and Koenig [5]. Zwanzinger’s [6]
work describes the changes in the geometric component of
probability of transition in the system studied by NMR with two
levels at a frequency sweep of r.f. irradiation. Furman and
Kadzhaya [7] have shown theoretically that in a non-resonance
case the shift of NMR frequency consists of two parts: the Bloch–
Sigert shift and a shift of the Berry effect. Appelt et al. [8], using
optical detection of 131Xe NQR, extended the Tycko’s experiment
into non-adiabatic area, and for analysis of the Berry phase they
applied the rotating frame of reference. The Berry dephase as a
result of diffusion was investigated by Jones and Pines [9],
applying optical detection of NQR in gas 131Xe. The nontrivial
mixing of spin states at a rotation of the system studied by NQR
around the two axes and formation of a non-Abelian Berry phase
is shown in Asakura’s work [10]. Gopinath and Kumar [11]
proposed the use of the Berry phase in NMR for strongly dipole-
coupled nuclear spins to carry out controlled phase shifts for
quantum-processing of the signal information.

In spite of a number of theoretical publications devoted to the
Berry phase in NQR and NMR, experimental works are unavailable
and the experiments in which the Berry phase would be recorded
for pure NQR are not known except for the Tycko’s one (mono-
crystal, Z¼0) and our experiment (powder, Za0) [12].

In our publications [12,13] the Tycko’s experiments for pure
NQR were extended for the nuclei with spins I¼3/2 and 1 for the
substances in powder whose asymmetry parameter was not equal
to zero. These our works were the first attempts at practical use of
the Berry phase manifestation in pure NQR to obtain the asym-
metry parameter of the EFG tensor on the nuclei with spin I¼3/2
in powdered substances.
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Lisin et al. [14] investigated by NMR the geometric phase of a
system with two levels, whose cyclic evolution was stimulated by
means of ‘‘off-resonance’’ 2p-pulse. These authors proposed
observations of the influence of the Berry phase without macro-
scopic rotation of a sample, for example, making use of the fact
that the adiabatic evolution of a spin system can be achieved by
rotation of nuclear magnetization in spin space induced by r.f.
pulse sequence application. Such a rotation is the nutation of
magnetization around the effective field. The frequency of nuta-
tion and positions of the nutation axis depend on the r.f.
amplitudes of excitation pulses and on the frequency of detuning
from the resonance. The Berry phase difference in different states
of the Hamiltonian in a rotating frame system of reference results
in the phase shift dependent on the orientation and asymmetry of
FEG tensor, which is manifested in the experiment.

The aim of the present work was to check the effect of the
open-ended trajectory of motion of nuclear magnetization on the
phase of NQR signals of the sample in the off-resonance pulse
NQR experiments carried out on the nuclei of spins I¼1 and 3/2 in
powdered samples.

2. Theory

The trajectory of motion of nuclear magnetization in the spin
space induced by the r.f. pulse is defined by nutation of magne-
tization around the effective field, depending on the amplitude of
the excitation pulse and the frequency detuning from the reso-
nance (Fig. 1).

Let’s consider the nuclei of spin I¼1 in an electric field with
non-axial tensor symmetry of the electric field gradient Za0. The
energy levels in this case are not degenerated. To assess the
influence of r.f. pulse with frequency detuning Do from the
resonance on the spin system it is necessary to solve the non-
stationary Schrödinger equation for the time interval 0rtrtw,
where tw is the pulse duration. The wave function can be
presented as [15]

C¼
Xm ¼ þ1

m ¼ �1

CmðtÞjmexpð�iEmt=_Þ ð1Þ

where jm are the orthogonal eigenfunction of quadrupole Hamil-
tonian HQ, and Em is the energy of quadrupole interaction
energy level.

For the spin I¼1 and for the asymmetry parameter Za0, the
frequencies of transitions between the three energy levels can be
expressed as n7¼eQqxx/4(37Z). The coefficients Cm(t) in expres-
sion (1) are obtained by solving the non-stationary Schrödinger
equation:

i_ _c ¼ ½HQþH1ðtÞ�c ð2Þ

in the interval 0rtrtw. Using the property of orthogonality of
the eigenfunctions jF (m¼þ1,�1,0) and making use of (2), we

get the equation system for Cm:

i_
dCm

dt
¼
X

n

VmnCn e�iomnt ð3Þ

where omn¼Em�En/_ are the frequencies of transitions between
the energy levels. The Hamiltonian of interaction with r.f. field is
defined as H

!
1 ¼�g_ð B

!
1UI

,
Þcosot, where o¼o7þDo—the spec-

trometer frequency.
The matrix H1 in HQ—representation has the form:

H1¼�g_B1cos o0 � tVkn, where Vkn is the matrix with elements:

Vkn ¼

0 cosy sinycosj
cosy 0 �isinysinj

sinycosj isinysinj 0

0
B@

1
CA ð4Þ

Let’s consider the excitation of a signal at the frequency oþ . Then
in the rotating frame the Hamiltonian of interaction with a r.f.
field is: H1 ¼�g_B1 cosotVmneiomnt . When only the terms slowly
varying in time are left, we obtain:

H1 ¼

0 0 AxeiDot

0 0 0

Axe�iDot 0 0

2
64

3
75 ð5Þ

where Do is the spectrometer frequency detuning from the
resonance, Ax ¼ gB1=2sinycosj, Ay ¼ gB1=2sinysinj and Az ¼ gB1=

2cosy.
The solution for Cm(t) can be expressed in terms of the initial

coefficients Cm(0) and matrix R as follows: C(t)¼RC(0), where
C(0)¼[Cþ1(0) C�1(0) C0(0)] and

R¼

cos a
2 t�i Doa sin a

2 t
� �

eiDot=2 0 i 2Ax
a sin a

2 teiDot=2

0 1 0

i 2Ax
a sin a

2 te�iDot=2 0 cos a
2 tþ i Doa sin a

2 t
� �

e�iDot=2

2
664

3
775
ð6Þ

Here on ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Do2þ4A2

x

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Do2þo2

1

q
is the nutation frequency;

o1¼gB1sin ycos j the Rabi frequency.
The total phase of the induction signal consisting of geometric

and dynamic phases can be calculated by means of the formula
from [16]:

Ft ¼FgþFd ¼ arg/cð0Þ9cðtwS ð7Þ

where the non-cyclic geometric phase is

Fg ¼ arctan
Do
on

tan
ontw

2

� �� �
�
Dotw

2
¼

1

2
O ð8Þ

and Ft¼arctan[Do/ontan(ontw/2)] is the total phase, FdDotw/2
the dynamic phase and O the solid angle made by the trajectory
of the end of the vector of magnetization on the sphere and the
geodetic curve passing through the final and initial points (Fig. 1).
The value of this solid angle O can be calculated also only on the
basis of geometry using the integral:

O¼ 2

Z y2

y1

sinyarccos
tany1

tany

� �
dy ð9Þ

where y1¼arctan[cos(wntw/2)tan y2] and y2¼arc cos(Do/on).
Integration of expression (9) results in the formula for the solid

angle:

O¼ 2arctan
Do
on

tan
ontw

2

� �� �
�Dotw ð10Þ

On condition that the start of the recording is synchronized
with the end of the r.f. pulse, the induction signal induced in the
receiver coil set at oþ (I¼1) turns out [17] to be proportional to

Fig. 1. Off-resonance r.f. pulse of variable duration and movement trajectory of

nuclear magnetization of the isochromatical group.
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