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The application of two-dimensional spectroscopy to nuclear quadrupole resonance (NQR) is
reviewed with special emphasys on spin 3/2 nuclei. A new two-dimensional level crossing double
resonance NQR nutation technique based on magnetic field cycling is described. This technique
allows for a determination of both the electric quadrupole coupling constant and the asymmetry
parameter for spin 3/2 nuclei in powdered samples even in cases where the quadrupolar signals are
too weak to be observed directly. It works if the usual double resonance conditions are met, i.e. if
the spin-lattice relaxation times are not too short if the quadrupolar nuclei are dipolarly coupled to
“strong” nuclei. Variations of this techique can be also used for 2D “exchange” NQR spectroscopy

and NQR imaging.
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1. Introduction

Two-dimensional (2D) NMR and nuclear quadru-
pole resonance (NQR) spectroscopy [1], introduced
by J. Jeener at the Ampere International Summer
School in Basko polje, Yugoslavia (1971), exploits the
possibility of manipulating the spin Hamiltonian so
that it differs during the evolution (¢,) and data acqui-
sition (t,) periods (Figure 1). The free induction decay
signal S(t,, t,) thus depends on two variables, ¢, and
t,. The 2D spectrum is obtained by double Fourier
transformation over ¢, and t,:

+w +o
Sy, w)= [ [ Sy, ty)eei®22de, dt,. (1)

While 2D spectroscopy has been widely used both
in high resolution and solid state NMR, its applica-
tion to NQR spectroscopy is just starting. Here we
shall discuss those 2D NQR techniques which apply
to spin 3/2 nuclei and enable one to obtain all three
eigenvalues of the quadrupole coupling tensor from
powder sample data.

We shall first review 2D Zeeman perturbed NQR
spectroscopy [2] and 2 D zero field NQR spectroscopy
[3] both of which allow the determination of the asym-
metry parameter 7 for polycrystalline powder samples
in cases where it had previously only been obtainable
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from high field single crystal data. After that we shall
describe a new level crossing double resonance 2D
technique which allows for a determination of both
the asymmetry parameter 5 and the electric quadru-
pole coupling constant e>q Q/h in powder samples for
I=3/2 nuclei. In contrast to the above 2D NQR tech-
niques it works also in cases, where the NQR signal is
too weak to be directly observable. A modification of
this technique, which allows for 2D NQR “exchange”
spectroscopy experiments, is as well proposed.

IL. 2D NQR Techniques

a) 2D Zeeman Perturbed Nuclear Quadrupole
Resonance Spectroscopy [2]

For a system of quadrupolar nuclei of spin I in zero
magnetic field, the pure NQR Hamiltonian is

€’qQ

‘# =
T G2 I-1)

BIZ—P+n(2+1}). 2

The eigenvalues of J#, are in the absence of a magnetic
field degenerate with respect to +m. For I=3/2 only
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Fig. 1. Basic pulse sequence for 2D spectroscopy.
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a single quadrupole resonance frequency is observed

1 ezq Q
Vo = —
T2 h

[1+n%/3]"2, ©)
which is insufficient to determine the quadrupole
coupling constant, e2q Q/h, and the asymmetry param-
eter n separately. The application of a static magnetic
field removes the degeneracy of the quadrupole energy
levels. For polycrystalline samples where the static
magnetic field H, is applied parallel to the radio-
frequency field H,, singularities occur in the powder
lineshape [4] at

v=votv.(1+n) (4a)
and

v=votv.(1—1n). (4b)

Here v, =y H,, is the Zeeman Larmor frequency. From
the splitting of the singularities, which amounts to
2v.n one can determine x. Standard Zeeman per-
turbed NQR is difficult in view of signal to noise
problems and line overlaps associated with the pres-
ence of the static magnetic field. These problems are
eliminated in the 2D Zeeman perturbed NQR scheme
introduced in [2] as here the data acquisition takes
place in zero external field.

The 2D pulse and magnetic field sequence [2] is
shown in Figure 2a. In the preparation period a n/2
radiofrequency pulse is applied to the spin system and
the static magnetic field H, is switched on. In the
subsequent evolution period the spin magnetization is
allowed to evolve for a time ¢, in the presence of both
Zeeman and quadrupole interactions. During the de-
tection period t, the static magnetic field is switched
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Fig. 2. Pulse sequence for 2D Zeeman modulated NQR
spectroscopy: (a) free precession technique, (b) spin echo
sequence technique.
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off and the magnetization evolves under the influence
of the quadrupole interactions. By incrementing the ¢,
values a two dimensional data matrix S(t,, t,) is ob-
tained which after a double Fourier transformation
yields the 2D spectrum S(w,, ®,). The projection of
the 2D spectrum on the w, axis yields the zero field
NQR spectrum, whereas the projection along the w,
axis gives the Zeeman NQR powder pattern multiplet
structure. Cross sections parallel to the w, axis yield
the n values for the various nuclear sites.

A modification of the above procedure [2] is shown
in Figure 2b, where a n/2—1—n pulse sequence is used
to produce an NQR spin echo. The n/2—7—=n pulse
sequence is applied during the evolution period ¢,
simultaneously with a static magnetic field H,. The
refocusing 7 pulse is applied in the middle of the evo-
lution period. When the echo appears after 2t1=t,, H,
is turned off and the data are collected for a time ¢, .

b) 2D Zero Field NQR Nutation Spectroscopy [3]

In the absence of an external frame of reference the
pure NQR spectrum is orientation independent. In
order to determine the principal values and orienta-
tion of the electric field gradient (EFG) tensor at the
nuclear sites, an external static magnetic field can be
applied producing orientation dependent spectra in
single crystals and generating additional information
in powder samples, as discussed in the previous sec-
tion.

It is in fact not necessary to apply such an external
static perturbation to obtain orientation dependent
NQR spectra. The direction of the radiofrequency
field H, relative to the EFG (or quadrupolar) tensor
axes introduces an orientation dependence in single
crystal NQR spectra as well as singularities in the
powder spectra [3], which allow for a determination of
the asymmetry parameter.

The response of a quadrupolar nucleus with =0 to
a radiofrequency (rf) pulse in zero external field has
first been derived by Bloom et al. [5]. During an rf
pulse a spin I =3/2 nucleus undergoes nutation about
the unique axis of its EFG (or quadrupolar) tensor.
The strength of the effective H, field in a frame rotat-
ing about the quadrupolar axis depends on the rela-
tive orientation of the radiofrequency field H, and
quadrupolar axis and goes to zero when these two
axes are parallel. The nutation frequency is

oy =(|/3wgsin 0)/2, (5a)
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Fig. 3. Pulse sequence for 2D NQR nutation spectroscopy.

where

wg =yHg =7H, (5b)

and 6 is the angle between the coil and the largest
quadrupolar principal axes.

The voltage induced in the coil by the precessing
magnetization after the end of the rf pulse is also
proportional to sin 6. The NQR free precession signal
of a single crystal is thus in this case

S(tl ’ tZ’ g)cryslal
=const sin 6 sin [[/gwR ty sin 0/2] sin(wg t,), (6)

where t; measures the evolution time during which
the rf field is turned on, t, measures the acquisition
time during the free precession and w, is the quadru-
polar frequency. The 2D NQR spectrum is obtained
by a double Fourier transformation over ¢, and ¢,.
The sequence is shown in Figure 3.

For a powder we have to perform in addition an
integration over 6:

S(wl ’ wZ)powdcr
n +oo +oo
=const| | [ sin®@sin[(})/3wgt,sin6/2]
0 —o —o

- sin(wqt,) e’ e'22 dt, dt, df .

(6)

The corresponding 2 D spectrum shows a single zero
field NQR line at o, in the @, dimension and a pow-
der pattern in the w, dimension. The powder pattern
exhibits [4] a singularity at the “perpendicular” edge,
as in high field NMR.

The above technique can easily be extended to the
case of an axially asymmetric EFG tensor [6]. Here
the factor sin 6 has to be replaced by )

R(0, p)={4n*-cos?> 0 +[9+n>+ 61 cos(2 )] sin* O}/
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where 6 and ¢ are the usual polar angles relating the
quadrupolar frame to the coil axis. The time domain
signal now becomes

S(tI’IZa 9’ QD) (8)
=const R(6, ¢) sin[wg t; R(6, )/(2)/30)] sin(wq1,),
where for I=3/2

wq=¢eqQ0/(2h)
with
o=(1+n*/3)".

“a)

(9b)

Expression (8) of course reduces to (5) for n=0.

The 2D spectrum of a powder sample is now ob-
tained by double Fourier transformation over ¢, and
t,, as well as by a simultaneous integration from
0-27 and 0—7 over ¢ and 6.

The powder spectra in the w; domain show for
I=3/2[4], as in high fiecld NMR, three singularities at

n g

27IV1=W, (103)
(3—n)wg
g — (10b)
P23+
2y, B+ e (10¢)

2130+
which allow for a determination of 7 in a straightfor-
ward way.

III. 2D Level-Crossing Double Resonance
NQR Nutation Spectroscopy

The two techniques discussed in the previous sec-
tion can only be applied if the signal of the quadrupo-
lar nucleus is directly observable. In many systems this
is not the case in view of a too low NQR frequency or
a to low natural abundance of the investigated nuclei.
2D spectroscopy can be applied in such a case as well
with the help of double resonance techniques [7] which
allow the observation of the “weak” quadrupolar
nucleus via their effect on the signal of “strong” nuclei
(e.g. the proton signal). These techniques work if the
two kinds of nuclei are dipolarly coupled and the
spin-lattice relaxation times (7;) are long enough for
double resonance manipulations to be performed.

Here we describe a new 2D NQR technique based
on level crossing double resonance nutation spectros-
copy. It allows for the simultaneous determination of
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Fig. 4. Pulse sequence for 2D level crossing double resonance
NQR nutation spectroscopy.

the zero field NQR spectra of quadrupolar nuclei, the
signal of which is too weak to be directly observable,
and the nutation spectra of these nuclei in the applied
radiofrequency field which, among other things, allow
for a determination of the asymmetry parameter # for
I=3/2 nuclei in powdered samples. The level crossing
is achieved by magnetic field cycling.

The scheme of the experiment is as follows (Fig-
ure 4): The nuclei with a strong NMR signal and a
spin 1/2 (e.g. protons) are first polarized in a strong
magnetic field H,. After some time of the order or
several T, the system is adiabatically demagnetized by
decreasing H, to zero or moving the sample out of the
magnet. At a certain field (LC1) level crossing [8, 9]
takes place between the protonic Zeeman levels and
Zeeman perturbed quadrupolar levels of the investi-
gated quadrupolar nuclei. The level crossing polarizes
the quadrupolar nuclei and decreases the proton mag-
netization. The polarized quadrupolar system is in
zero static magnetic field irradiated with a strong ra-
diofrequency field H,, the frequency of which is

w=wy+9d,

(11)

where w,, is the pure NQR transition frequency. The
irradiation takes place for a time ¢,. When =0 and
®=wyq, the population N, ,, of the quadrupolar levels
(say +1/2 and +3/2) is significantly changed by irra-
diation, thus decreasing the population difference
(N4 12— N.3)5). The proton system is remagnetized [8]
after the second level crossing (LC2) with the quadru-
polar system, and the resulting proton magnetization
is measured by a resonant 90° radiofrequency pulse.
The change in the proton signal is proportional to the
population difference (N.,,—N;;,,) and thus de-
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pends on ¢, . The cycle is repeated for different irradi-
ation times t, and different quadrupolar irradiation
frequencies w=wq+ 6. When the quadrupolar irradi-
ation frequency is resonant (6=0) the proton signal
will show a dip. The Fourier transformation of the
proton signal with respect to t, gives the w, dimen-
sion, whereas the variation of the quadrupolar irradi-
ation frequency w=wg,+ 6 gives the w, dimension in
the 2D spectra. We thus deal with mixed frequency
space-time space 2D experiment.

The evaluation of the NQR nutation spectra is per-
formed with the help of the corresponding rotating
frame density operator. The procedure is similar to
the one used in the previous section. The difference is
that here — because of the double resonance level
crossing detection scheme — the population difference
(N+y/2—N43),) and not the transverse component of
the quadrupolar magnetization is observed.

If the direction of the radiofrequency field H, with
respect to the principal axes system of the electric field
gradient tensor is characterized by the polar angle 6
and the azimuthal angle ¢ (i.e. 0 is the angle between
H, and the largest principal axis V,,, whereas ¢ is the
angle between the Vy, direction and the projection of
H, on the Vyy—Vyy-plane), we find (see Appendix) the
part of the proton signal Sy(¢,) which is proportional
to the population difference (N,,,, — N, 3,,) as

Si(ty) oc (Ngyja—Nyisp)=Acos[w(0, @, 8)t,]. (12)

Here A is a constant, w (6, ¢, d) is the nutation fre-
quency of the quadrupolar nuclei

w(0, @, 0) = [/(52/4)+w2(0, Q) (13a)
and
Wr
g — (13b)
Bl 21/3+49?

V40> +(9—3n%) sin*0+ 67 sin?0 cos 2¢
with wg standing for

Q)R=‘;!QH1_ (13C)

7q is the gyromagnetic ratio of the quadrupolar nuclei.
The above expression for Sy(t,) is appropriate for a
single crystal. In a powdered sample all orientations of
the principal axes of the EFG tensors with respect to
H, are equally probable, and the expression (12) for
Su(t,) has to be replaced by

Su(

0
SH(H):v) | cos[w(0, @, ) t,]dQ (14)
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Fig. 5. (a) Calculated nutation powder lineshapes (in the w,
dimension) for a I =3/2 nucleus with the asymmetry param-
eter n=0, 0.5 and 1. (b) The corresponding double resonance
signals S (¢,) in the time domain ¢, .

The Fourier transform of Sy(¢,) gives the fre-
quency distribution function g(w,) which reflects the
“powder” lineshape in the presence of the field H, . It
has anomalies at the same position as expressions
(10a)—(10c). The singularity occurs at the frequency
given by (10b). The asymmetry parameer 7 can easily
be determined from the difference between v, and v,
divided by the sum of v; and v, . The w, dimension, on
the other hand, reflects the zero field NQR spectra.
The calculated nutation powder lineshapes g(w,) and
the corresponding double resonance signals Sy (t,) are
presented for some typical asymmetry parameters in
Figure 5.

The experimental results obtained by the above
technique in NaHCO are presented in Figure 6. The
specific advantage of the 2D level crossing double
resonance NQR nutation spectroscopy technique is
that e2q Q/h and 7 can also be determined in cases like
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Fig. 6. Comparison between the experimental and theoreti-
cal 23Na (I=3/2) double resonance nutation powder time
domain (t,) signal of NaHCO,. The value of the asymmetry

parameter is here #=0.70 and the value of v, obtained from
the zero field NQR spectra in the w, dimension, is 358 kHz.

tris-sarcosine calcium chloride, where the 3Cl NQR
frequency is as low as 600 kHz and all other techniques
fail because of a too low signal to noise ratio. The
above technique has also been applied for the determi-
nation of order parameters in Rb,_.(NH,),H,PO,
type proton pseudo-spin glasses [10, 11] and other
strongly disordered systems. It can also be modified to
allow for the study of slow nucleus exchange processes
by inserting between the evolution and detection
periods an additional mixing period — where the
quadrupolar Hamiltonian is changing due to ex-
change between different nuclear sites — in analogy to
2D exchange NMR techniques [12].

IV. 2D “Exchange” NQR and NQR Imaging

The 2D level crossing double resonance NQR tech-
nique described in the previous chapter can be easily
modified (Fig. 7) with the addition of a “mixing” pe-
riod to allow for the study of slow “exchange” pro-
cesses via the observation of “cross-peaks”. These
cross peaks are — similarly as in NMR exchange spec-
troscopy [12] — due to the fact that the quadrupolar
resonance frequency is changed in the “mixing” period
due to nuclear exchange. The w,; dimension is as
before given by the irradiation frequency whereas the
w, dimension is now obtained by incrementing the
mixing period t and performing the Fourier transfor-
mation with respect to 1.
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Fig. 7. Pulse sequence for 2D level crossing double resonance
NQR “exchange” spectroscopy.

The experiment is performed as follows:

Let us assume that we have two chemically non-
equivalent nuclear sites with different NQR frequen-
cies vy’ and v§ which are on the time average equally
occupied: PV =P =1/2. The spin-lattice relaxation
times at the two sites have to be long enough to allow
for a level crossing experiment to be performed.

The first level crossing (LC1) occurs at those values
of the magnetic field where vy = vQ Vand vy =v§ (Fig-
ure 7). After the first level crossing the inverse spin
temperature equals

ﬁ(l) B(Z) = /3(0) (17)
At zero field we now apply a strong radiofrequency
pulse v* for a time t, which saturates the NQR tran-
sition at v$’. Immediately after this pulse we have

P =0, fP=p,. (18)
After a time ¢ we get, because of nuclear exchange,

B“) B(O)

-Wt
3 —— =2 ")

(19)

and
(0)

B‘Z’=ﬁ—(1+e‘w'). (20)

If we now apply at t=1 a second pulse at the fre-
(1)

quency vg’, we have immediately after the second
pulse
B =0 (21)
B = ﬂ 54, (22)

The proton signal after the second level crossing
(LC2) (Fig. 7) reflects the quadrupolar order:

Su=SoutK(BV+p?). (23)
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Here S, is the proton signal obtained for the case of
a complete saturation of the two quadrupolar transi-
tions (BV= B =0 respectively TV =T = 0).

In the case when both pulses are applied at vV =v{’
we get

Bo

Su=Sou+ 1+e 7).

(24)

The same proton signal would be obtained if the two
pulses would be applied at a frequency v® =v§. Thus
we get two diagonal peaks at v§’ and v§.

If, however, we make a 2D experiment by varying
both v and v® we get for vV =v{’ and v?=vJ
(i.e. when the frequency of the first pulse is v(*> and of
the second pulse v?):

po=Loq—er, g0 29

The corresponding proton signal after LC2 will now be
K

S=SOVH+%(1—e‘W’). (26)

The probability of the nuclear exchange W can thus
be determined by varying the exchange time 7 in the
mixing period and monitoring the resulting changes in
the intensities of the diagonals

ﬁo

Lyjg = (1+e™"7); vO=v@B=yP or v (27)
and off-diagonal peaks:
K
L e = _zﬁo Q—e "), vO=y{; vB=yQ or
v“’:vg’; (1)_v(1) (28)

The method works for W ™! lying in the interval 100 ps
up to several second, i.e. when exchange is fast com-
pared to T, cross-relaxation and spin diffusion effects.

The same modification can also be applied to 2D
NQR nutation spectroscopy described in Section IIb.
Here the 2D “exchange” spectrum is obtained by in-
crementing the length of the mixing period 7 and per-
forming a 2 D Fourier transform with respect to T and
aquisition time ¢, .

Finally we should mention the possibility of NQR
imaging via the use of strong radiofrequency field
gradients. Special coils can be used to produce an
inhomogeneous H, necessary to encode the spatial
dimension in the NQR nutation experiment. Still an-
other possibility is to use as the source of the required
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H, inhomogeneity the the continuous attenuation of
the radiofrequency field as it penetrates into a con-
ducting sample [13]. This technique has been success-
fully used in a recent “skin-effect enhanced imaging”
experiment. In a metal the H, field attenuates expo-
nentially,

H,=H, o exp(—x/d), (15)
producing an rf field gradient
dH
G=—"2| =-—H,,/é (16)
dx ’

x=0

at the surface. Here =1/]/npov, is the skin depth.
For high H, fields, nutation frequencies of v, =150 kHz
for copper are obtainable, leading to 6=10—-30 pm.
This results in a field gradient of up to 20 T/cm at the
surface, i.e. an extraordinarily large field gradient
allowing for unprecented spatial resolution in solid
samples [13, 14]. The described labelling of the spatial
dimension by the nutation frequency allows for a sim-
ple one pulse nutation experiment. Incrementing the
pulse length and performing a 2D transform with
respect to pulse length and acquisition time leads to a
2D spectrum which shows the ordinary zero field
NQR spectrum in the @, and the spatial information
in the w, dimension. The technique may be particu-
larly important for the study of surface. Double reso-
nance detection as described in the previous section
can be used here too.

Appendix

Evaluation of the Level-Crossing Double Resonance
NQR Nutation Signal Sy (¢,)

Let us now derive expressions (12)—(14) and (23),
which are basic for the understanding of 2D level-
crossing double resonance NQR nutation spectros-
copy.

Before the first level crossing (LC1) the two-level
proton system is polarized in the magnetic field so that
we have (Ny/2)(1—40,) protons on the upper and
(Nu/2)(1+6,) protons on the lower energy level. For
simplicity we assume that the quadrupolar system is
unpolarized so that we have N,/2 quadrupolar nuclei
on the upper and N,,/2 nuclei on the lower level. After
the first level crossing the quadrupolar system be-
comes polarized and the proton magnetization de-
creases as the inverse spin temperatures of the two
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systems become equal:

Sy=04=0"=38,(1—¢).... (A1)

Here

&= No/(No+Ny) (A2)

stands for the ratio between the number of quadrupo-
lar nuclei and the total number of nuclei N = N+ Ny.

Thus we have now (Ny/2)(1—0’) protons on the
upper and (Ny/2)(1+6’) protons on the lower level.
The corresponding populations for the quadrupolar
system are (Ng/2)(1—0') and (No/2)(1+6’). The po-
larized quadrupolar system is now in zero static mag-
netic field irradiated with a strong radiofrequency
field H,, for a time ¢, . This decreases the quadrupolar
population difference if the frequency of H,, equals
the pure NQR transition frequency. Before the second
level crossing (LC2) the two systems spend a total
time ¢t in zero static field.

The inverse spin temperatures are in addition
changed because of spin-lattice relaxation in zero
field. Just before LC2 we thus have

Oy = 9" exp(—1t/Tiy) (A.3)

and
dq=10"exp(—t/Tyq) f(ty),

where f(t,) describes the effect of the radiofrequency
irradiation on the quadrupolar system. The proton
system is remagnetized after the second level crossing
(LC2) and we have

Sy=04=25",

(A4)

(A.5)

where

5" =08'"(1—g)e M 4 8" ge™"Me f(1)). (A6)

The proton signal which is measured after remag-
netization with a 90° pulse, is proportional to 6”. We
thus get

Sulty) oc 8”=A+Bf(t,). (A7)

If t < T, we can determine f(t,) by varying the irradi-
ation time t, in zero magnetic field and measuring
Su(ty).

Let us now evaluate the form of f(¢,). To do that we
have to determine the effect of the radiofrequency irra-
diation on the form of the density matrix in the inter-
action representation. We shall carry out the calcula-
tion for an I=3/2 quadrupolar nucleus.

In zero static magnetic field the Hamiltonian of the
system is the sum of the quadrupolar Hamiltonian
and the time dependent Zeeman Hamiltonian J# de-
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scribing the interaction of the radiofrequency field
H,, with the magnetic moment of the quadrupolar
nucleus:

where

(A.82)

Hy=—hawg(I- n)cos(wgt) . (A.8Db)

Here wg =y H,q, and the unit vector n describes the
direction of the radiofrequency field H,, with respect
to the X, Y, Z principal axes system of the EFG tensor.
The frequency of the radiofrequency field is wq. The
angle between n and the direction of the largest prin-
cipal axis V,, is 6, whereas ¢ stands for the angle
between the projection of n on the X — Y plane and the
direction of the Vyy principal axis.

Since the electric quadrupole coupling is invariant
with respect to the reversal of the nuclear spin direc-
tion, no macroscopic magnetization is present in ther-
mal equilibrium if #,;=0. The states +m are thus
degenerate. The presence of the radiofrequency field
causes transitions between energy levels correspond-
ing to different orientations of the electric quadrupole
moment with respect to the electric field gradients,
thus inducing an oscillating macroscopic nuclear
magnetization.

In the presence of #, and #;, the wave function for
I=3/2 is expressed as a linear combination of eigen-
functions of #;,. We have now time dependent states:

|ta)=cl£3/2) +s[F1/2), (A9a)

|£b) =—s|£3/2) +c|F1/2). (A.9b)

The calculation is performed in the interaction repre-
sentation where the Hamiltonian is
He = exp{(i/h) Hyt} Hyexp{—(i/h) Hyt}.  (A.10)

It can be expressed in the |a), |—a), |b), |—b) repre-
sentation as

0 f —a O
= hog | g+ 0 0 «a
0 « p* 0
Here
/3 ,
a=Sn,, [3=7Cn,+35n+, (A.12a)
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S=2cs, C=c?—s?, (A.12b)
oo 1+)/1+n%3 o —1+)/1+7%/3 (A120)
214073’ /14073
ny=cosf, n,=sinfe?, n_=sinfe *. (A12c)

#, has two doubly degenerate eigenvalues

PRy 7

(A.13)

3
= i|/52+%(C2—SZ) sin? 0 + —l{~ CSsin?6 cos 2¢

and the following eigen-states:

1 h
Wi y=—— (=20, |41, B%);  Ey=——=% |4,
141/2 (A14a)
1
=——(B,|2],0,0); E,=E,, (A14b
V2> |;.|1/§(ﬁ“' %) ,=E,, (Al4b)
1 h
3> =——— (=20, —| 4], f*); Ey=—=2 |4,
141/2 (A14c)
1
=— (B, —|4],0, o); E,=E,. A.14d
Ve mﬂ(ﬁ 141,0,2);  E,=E;. (Al4d)

The density matrix in the interaction representation
is now

&(t) = exp {(i/h) Hct} (0) exp{ —(i/h) Het}

=Tao(0)T*, (A.152a)
where
1 0 0
.10 —1 0 O
a(0)=1-96 0 1 0 (A.15b)
0 0 0 1

and / is the unity matrix. In the representation |y, ),
[V2), [¥3), [Wa), T is diagonal

e’ 00 0
0 e 0 0

T=| , eo o FOED-a (A.16a)
0 0 0 e it
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with y=w,|4]/2. In the |a), |—a), |b), | —b) representation T is given by

— i

io

cos yt ——sin yt - 0
[4] [4]
ip* . ia .
——sin yt cos yt 0 —sin yt
| 4] [4]
T= (A.16D)
i . ip .
— ——sin yt 0 cos yt ——sin yt
| A | A
i ip* .
0 —sin yt ——sin yt cos yt
! 171 171 :
The level crossing experiment measures the diagonal elements of 6(t). These are
cos 2yt 0 0 0
~ . 0 —cos 2yt 0 0
PE=t—0'| ¢ 0  —cos2yt O (AdT)
0 0 0 cos 2yt

After a radiofrequencvy pulse of duration ¢, the population of the upper energy level is thus (for T;o= o)
(Ng/2)[1—06"cos(2yt,)] and the population of the lower energy level (Ny/2)[1+6' cos(2yt,)]. The function
f(t,) is thus cos(2yt,). It can be explicitly expressed as

wg by : =
f(t,) = cos |:— 4r]2+(9—3r12)sm29+6nsm20-0052(p:|=cos[9t 1. (A.18)
' 2)/3+n% V '
We thus see that in a single crystal f(t,) depends on the orientation of H with respect to the principal axes of
the EFG tensor at the investigated nuclear site. In a polycrystalline sample f(t,) is averaged over the solid

angle:

ft) = % [ cos[Q(6, ¢) t,]sin 0 dO do .

(A.19)

The Fourier transform of f(t,) is the frequency distribution function g(w,), which exhibits singularities given

by expressions (10a)—(10c).
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