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The possibilities of dynamically polarizing proton spin system via the quadrupole '“N spin system in low
magnetic field are analyzed. The increase of the proton magnetization is calculated. The polarization rate
of the proton spin system is related to the transition probabilities per unit time between the '“N quad-
rupole energy levels and proton energy levels. The experiments performed in 1,3,5-triazine confirm the
results of the theoretical analysis. A new double resonance technique is proposed for the measurement of
nuclear quadrupole resonance frequencies vq of the order of 100 kHz and lower. The technique is based
on magnetic field cycling between a high and a low static magnetic field and observation of the proton
NMR signal in the high magnetic field. In the low magnetic field the quadrupole nuclei and protons res-
onantly interact at the proton Larmor frequency vy = vo/2. The quadrupole nuclei are simultaneously
excited by a resonant rf magnetic field oriented along the direction of the low static magnetic field.
The experimental procedure is described and the sensitivity of the new technique is estimated. Some
examples of the measurement of low N and 2H nuclear quadrupole resonance frequencies are
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1. Introduction

Nuclear quadrupole double resonance (NQDR), as introduced by
Slusher and Hahn [1], is a powerful technique which has been
mainly used for the measurement of low nuclear quadrupole reso-
nance (NQR) frequencies of nuclear isotopes (°Li, “Li, °B, 1“N, 170,
39K, etc.) which may also appear at a low natural abundance.

The NQDR technique is based on magnetic field cycling. A mag-
netic field cycle is schematically presented in Fig. 1. Here the sam-
ple first waits in a high magnetic field By until the equilibrium
proton magnetization is reached. This is called the polarization
period. Then the sample is transferred into a second magnet, where
the variable magnetic field B is lower than By. In the original NQDR
experiment [1] the low magnetic field B is set to zero. The sample
remains in the second magnet for a time 7. During this time an rf
magnetic field may be applied to the sample. The period the sam-
ple spends in the second magnet is called the mixing period. The
sample is after the mixing period transferred back into the first
magnet where the intensity S of the proton NMR signal is mea-
sured immediately after the sample stops in the magnet.
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The high-field NMR techniques are recently approaching the
resolution of either pure NQR techniques or NQDR techniques in
the measurement of the nuclear quadrupole interaction of the
half-integer spin nuclei in polycrystalline samples. In the high-field
NMR spectrum of a half-integer nucleus there is the central —1/2 to
1/2 transition. The frequency of this transition is only slightly
shifted from the Larmor frequency and can easily be measured
by NMR. The frequency distribution of the central transition in a
polycrystalline sample reflects the nuclear quadrupole coupling
constant and the asymmetry parameter # of the electric-field-
gradient (EFG) tensor.

Nitrogen atoms are present in a series of organic compounds
and the nuclear quadrupole interaction of its nucleus, N, reflects
the molecular structure, crystal structure, chemical bonds and
molecular dynamics. A N nucleus has a spin I=1 and there is
no central transition in its high-field NMR spectrum. The satellite
lines are in polycrystalline samples usually several MHz broad
and therefore difficult to be detected by NMR. Pure NQR and NQDR
techniques in this case still retain their power.

A N nucleus has in zero magnetic field three, generally nonde-
generated, nuclear quadrupole energy levels and consequently
three NQR frequencies labeled as v, > v_ > vo=v. — v_. The sensi-
tivity of the original NQDR technique [1] is in case of N strongly
reduced due to the spin quenching effect [2] when the asymmetry
parameter # of the EFG tensor is nonzero. Several "H-14N NQDR
techniques [3-10] have been developed to overcome this problem.
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Fig. 1. Schematic presentation of a magnetic field cycle in a double resonance
experiment.

The sensitivity and resolution of these techniques strongly depend
on the experimental conditions, especially the proton spin-lattice
relaxation rate, the '“N spin-lattice relaxation rates, the pro-
ton-'“N dipolar interaction and on the size of the NQR
frequencies.

In the present paper we treat theoretically and experimentally
three types of the 'H-'“N NQDR experiments:

(i) Dynamic polarization of protons by '¥N using resonant
TH-'“N interaction in a low magnetic field B, where the pro-
ton Larmor frequency vy is equal to the lowest *N NQR fre-
quency Vo,

(ii) Dynamic polarization of protons by '“N using the solid effect
[10] and

(iii) A new NQDR technique based on the interaction between
the quadrupole nuclei and protons at vy =vq/2 and the rf
irradiation the quadrupole nuclei with the rf magnetic field
parallel to the static magnetic field. In this technique a
two-quantum transitions in the proton spin system occurs
simultaneously with a single-quantum transition in the
quadrupole spin system conserving the total energy of the
two spin systems. The rf irradiation at the NQR frequency
vq produces an energy flow to the coupled spin systems
and consequently increases the proton relaxation rate
towards the state with zero proton magnetization.

Spin-lattice relaxation of quadrupole nuclei in solids is often
faster than the spin-lattice relaxation of protons. A molecular mo-
tion may in a nitrogen and hydrogen containing solid strongly
modulate the nuclear quadrupole interaction of “N what results
in a fast spin-lattice relaxation of the '*N quadrupole spin system.
The same molecular motion modulates also the proton dipolar
interaction, but the intensity of this modulation is on the frequency
scale weaker than the modulation of the *N quadrupole interac-
tion. The spin-lattice relaxation rate of protons is in such a case
lower than the spin-lattice relaxation rates of '*N. Resonant cou-
pling of protons and N in a low magnetic field B where
vy = YuB/27m = v, v_ or vy may increase the spin-lattice relaxation
rate of protons and allow the determination of the 14N NQR fre-
quencies and spin-lattice relaxation rates from the B-dependence
of the proton spin-lattice relaxation rate.

Simultaneous coupling of protons and '*N at vy = v¢ and a con-
tinuous rf irradiation at a higher '*N NQR frequency (v, or v_) may
dynamically produce a proton magnetization which is several
times larger than the equilibrium proton magnetization in the
same magnetic field at the temperature of the sample.

A dynamical increase of the proton magnetization above its
equilibrium value can also be obtained using the solid effect [10].
This is the result of the “forbidden” transitions at the frequency
Vo * vy, which occur simultaneously in both spin systems, and
the spin-lattice relaxation of '“N.

In the present paper we first discuss these two aspects of the
dynamic polarization of protons by “N theoretically. In the exper-
imental section we present a study of the dynamic polarization of
protons by N in 1,3,5-triazine (s-triazine).

The main problem which occurs in measuring low NQR fre-
quencies of the order of 100 kHz or lower using a strong rf mag-
netic field is a direct absorption of the rf power by the proton
spin system which destroys the proton NMR signal during the mix-
ing period. The techniques which work in this frequency region are
as follows.

The dependence of the proton spin-lattice relaxation time on
the proton Larmor frequency vy, as measured by magnetic field cy-
cling between a high magnetic field By and a variable low magnetic
field B, may exhibit dips at vy =vq and vy = vo/2 [5-8]. This hap-
pens when the spin-lattice relaxation rate of the quadrupole nuclei
exceeds the spin-lattice relaxation rate of protons. From the posi-
tion of the dips in the vy-dependence of proton T; one can thus ex-
tract the NQR frequencies vq. The resolution of this technique is
dominated by the proton NMR linewidth and is usually low.

In the level-crossing technique [3,4] the low magnetic field B is
set to zero. The two spin systems resonantly couple (vy = vq) on the
way between the two magnets: first during the decrease of the
external magnetic field (By — B) and secondly during the increase
of the external magnetic field (B — By). These couplings are called
the level crossings. Three level crossings (vy = v4, v_, Vo) occur for
each N nucleus on the way from the first to the second magnet
and three level crossings (vy = Vo, v_,v+) occur on the way back.
The first set of level crossings strongly changes the population of
the N quadrupole energy levels and to some extent also the spin
temperature of the proton spin system. During the second set of le-
vel crossings the proton spin system probes the population of the
14N quadrupole energy levels. The application of a weak rf mag-
netic field of the frequency v between the two sets of level cross-
ings may change the final proton magnetization. When v = vq the
rf magnetic field equalizes the population of the nuclear quadru-
pole energy levels separated by vq. The final proton magnetization
after the second set of level crossing is in this case smaller than in
the case when v # vq. A dip is therefore observed in the v-depen-
dence of the proton NMR signal S at the end of the magnetic field
cycle when v = vq. The level-crossing technique is limited to long
quadrupole spin-lattice relaxation times. In addition the decrease
and increase of the external magnetic field may not be too fast
for the level-crossing process to be effective. The sensitivity of
the level-crossing technique is moderate because only a single
set of level crossings changes the proton magnetization after the
rf irradiation, but its resolution may be high.

Zero field NMR and NQR with selective pulses and indirect
detection [11-13] is based on magnetic field cycling between a
high, intermediate and zero magnetic field and a selective pulse
excitation of the quadrupole nuclei. These experiments yield well
resolved, sharp line spectra in polycrystalline solids.

The application of a SQUID spectrometer [14-16] is another
possibility for the determination of the low NQR frequencies at
low temperatures.

Here we propose a new double resonance technique for the
measurement of low NQR frequencies. The technique is based on
the resonant coupling between the quadrupole and proton spin
systems during the mixing period at vy =vg/2 and simultaneous
irradiation of the quadrupole nuclei by a weak rf magnetic field
B; with the frequency v = vq. The resonant coupling at vy = vo/2 in-
volves simultaneous two-quantum transitions in the proton spin
system at the frequency vy and single-quantum transitions in the
quadrupole spin system at the frequency vq. These transitions,
which conserve the total energy of the two spin systems, are
allowed due to the strong proton-proton dipolar interaction in
solids. They lead to a quasi equilibrium (neglecting the spin-lattice
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relaxation) where the spin temperature associated with the quad-
rupole transition at the frequency vq is one half of the proton spin
temperature. The rf magnetic field B, is directed along the direction
of the static magnetic field B. When the frequency of the rf mag-
netic field matches the NQR frequency vq, the rf magnetic field sat-
urates the NQR transition and the quasi equilibrium is obtained at
the infinite spin temperature i.e. the proton magnetization is in the
quasi equilibrium zero and the proton NMR signal S at the end of
the magnetic field cycle is zero as well.

The new technique may be useful for the measurement of the
NQR frequencies in case of a small quadrupole coupling constant
(deuterium, ammonium ion...) or in search of the lowest !“N
NQR frequency v in a polycrystalline sample.

2. Dynamic polarization of protons

A N nucleus (I = 1) has in zero magnetic field three -generally
nondegenerated-nuclear quadrupole energy levels, as shown in
Fig. 2a. The nuclear quadrupole resonance (NQR) frequencies are
given as

v, =993 1)
v =993 _p) (1)
Vo=V, —v_ =50y,

Here e2qQ/h is the quadrupole coupling constant and # is the asym-
metry parameter of the electric-field-gradient (EFG) tensor. The
spin-lattice relaxation of N is governed by three pairs of transition
probabilities per unit time between the nuclear quadrupole energy
levels: W!, W'; W', W! and W), W}, as shown in Fig. 2b. The two
transition probabilities per unit time within each pair are in the
high-temperature approximation related as
W] = Wi(1 — hv;/2ksT)

i= + - 0 (2)
W! = Wi(1 + hv;/2ksT)

Here h is the Planck’s constant, kg is the Boltzmann’s constant and T
is the temperature of the sample.

In a weak magnetic field, in which the '*N Larmor frequency is
much lower than the lowest NQR frequency vq, the Zeeman shifts
of the N NQR frequencies are negligible and the spin-lattice
relaxation of *N may still be treated in the same way as in zero
magnetic field.

The spin-lattice relaxation of protons can also be described by

two transition probabilities per unit time, W}, and Wj:
W}, = Wy(1 — hvy/2ksT) 3)
Wi = Wy(1 + hvy/2ksT)

If the N quadrupole spin system relaxes fast, the '"H-"N resonant
interaction at vy = v; (i = +, —, 0) increases the spin-lattice relaxation
rate of protons. In such a case the proton spin system approaches
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Fig. 2. "N NQR frequencies (a) and transition probabilities per unit time between
the N nuclear quadrupole energy levels (b).

the equilibrium magnetization faster than in absence of the reso-
nant 'H-'*N interaction. This can be used for a fast determination
of the "N NQR frequencies in a quite common situation where
the proton spin-lattice relaxation time in the high magnetic field
By is long, say 10s of minutes, while the “N quadrupole spin-lattice
relaxation time is short. If this is the case, we can repeat the field
cycles quite fast, say every 5 s, and let the proton spin system to re-
lax in the low magnetic field B for a time typically equal to a few
seconds. The proton magnetization is in such a situation at the
beginning of the mixing period lower than the equilibrium proton
magnetization in the low magnetic field B. It therefore starts to re-
lax towards the larger equilibrium value with the spin-lattice relax-
ation rate (Tyu) ' =Ry=2Whq. In a special situation, where the
proton spin system is in resonance with N (vg=v,, v_, or vq),
the spin-lattice relaxation rate of protons changes to the following
value [8]

Ru(vi = vi) = (1 — &)Ru + 2e(W; + W;W, /(W) + Wy)). 4)

Here Ry is the “pure” proton spin-lattice relaxation rate at the fre-
quency vy = V;, € is two thirds of the number of crystallographically
equivalent nitrogen atoms Nq divided by the number of hydrogen
atoms Ny in the unit cell, while the indices j and k in the nitrogen
contribution to the proton spin-lattice relaxation rate correspond
to the two other N NQR transitions that are not in resonance with
protons. Expression (4) is derived for the case of ¢ << 1, but it can
still be used as an approximate expression for a larger &. If the nitro-
gen contribution to the proton spin-lattice relaxation rate exceeds
the “pure” proton spin-lattice relaxation rate Ry, the proton spin
system reaches its equilibrium magnetization much faster than in
case of no resonance.The experiment is performed in such a way
that we repeat the magnetic field cycles at different values of B so
that the range of the N NQR frequencies is scanned by the proton
Larmor frequency vy, vy = y»B/27 in steps of, say, 10-20 kHz. At the
end of each magnetic field cycle we measure the proton NMR signal
S. In the vy-dependence of the proton NMR signal S we expect peaks
at vy = v, v_, and v,. This is an opposite situation to a usual double
resonance experiment [5-7], where we start at the beginning of the
mixing period with a large proton magnetization, much larger than
the equilibrium proton magnetization in the low magnetic field B,
and let it relax towards its equilibrium value. In the vy-dependence
of the proton NMR signal we observe in this case dips at vy =v., v_,
and vo. The width of a dip at a *N NQR frequency [6,7] is equal to
the width of the peak obtained in the presently proposed experi-
ment at the same N NQR frequency. The intensity of the peak at
vg=V; (i=+, —, 0) is proportional to the NQR frequency v; The
intensity of the dip around the same NQR frequency is larger than
the intensity of the peak by a factor v, v;. Here v is the proton Lar-
mor frequency in the high magnetic field By, v = yuBo/27. The main
advantage of the presently proposed experiment is its duration. The
duration of the polarization period must be a few proton T; in the
high magnetic field By when the dips are measured. In the presently
proposed experiment this time is not important and can be taken
very short. What counts is only the duration of the mixing period,
which is typically of the order of 1 s. The usefulness of the proposed
experiment thus depends on the proton spin-lattice time in the high
magnetic field Bo. If it is several 100 s or longer, the presently pro-
posed experiment may - even if the averaging is needed- give the
equal-quality results in a shorter time than the cross relaxation
spectroscopy [5-7].

The measurement of the vy-dependence of the proton NMR sig-
nal S at different durations of the mixing period can be used to esti-
mate the proton spin-lattice relaxation rate Ry in the low magnetic
field and the nitrogen contributions 2&(W; + WW,[(W; + W) to the
proton spin-lattice relaxation rates in resonances. The transition
probabilities W, W_, and W, can further be related to the fluctua-
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tions of the EFG tensor at the nitrogen positions and to the molec-
ular dynamics.

When the proton spin system is resonantly coupled to the N
spin system at vy = v, the proton spin system approaches its equi-
librium magnetization with the relaxation rate given by Expression
(4) with i=0, j=—, and k = +. The equilibrium proton magnetiza-
tion is proportional to vy = vg and is therefore rather small. If in this
case we apply during the mixing period an rf magnetic field at the
frequency v = v, or v = v_, the proton spin system may dynamically
reach a much larger magnetization. Let’s consider the situation
when v = v_. The situation is illustrated in Fig. 3. We assume that
both spin systems are prior to the application of the rf magnetic
field in thermal equilibrium with the lattice. The rf irradiation,
which saturates the NQR transition at v =v_ and the proton nitro-
gen cross relaxation, which makes the ratio of the populations of
the nitrogen energy levels N;/N, equal to the ratio of the popula-
tions of the proton energy levels n;/n,, produce in a short time a
quasi equilibrium population of the proton and nitrogen energy
levels that can be expressed as

n=n(l-2
n, =n(l+2z)
N; = N(1 - 4z/3) (5)

N, = N(1 +2z/3)
N; = N(1 +2z/3).
Here N =Ng/3 is one third of the number of crystallographically
equivalent nitrogen atoms in the unit cell and n = Ny/2 is one half
of the number of protons in the unit cell. The time dependence of

the parameter z, which is proportional to the proton magnetization,
may be calculated from the equation

d(N; +ny)/dt = ~W{N; — WA Ny + WIN, + WIN; — Win,

+ Win,. (6)
The equation for z in the high-temperature approximation reads
dz/dt = -W(z — z). (7)

Here the relaxation rate W of the parameter z is expressed as

6
W= 31 4s Wh +e(Wo +W,)] (8)
while its stationary value z; is
_ < hvo ) Wy +e(Wo + (v /vo)W,) ()
0™ \2ksT Wy +eWo+W,)

The equilibrium populations of the proton energy levels are in case of
no 1f irradiation equal ny=n(1-2") and n,=n(1+z), where

‘I4N 1H

A~ N1 A n1
v Vy
14

N N3

Fig. 3. Nuclear quadrupole energy levels of '“N and Zeeman energy levels of 'H in
resonance at vy = vy, the population of the energy levels and the frequency v of the
rf irradiation in a dynamic polarization experiment at v="v_.

Z = hvo/2kgT. Under the influence of the rf irradiation the parameter
z,whichis proportional to the proton magnetization, reaches the value
2o after several characteristic times °, T = W~1. The second fraction of
Expression (9) represents the increase of the proton magnetization zy/
z under the influence of the dynamic polarization. The increase of the
proton magnetization with respect to its equilibrium value, zo/Z', is in
the extreme case, when eW. >> Wy, eW,, equal to v./vo. The increase
of the proton magnetization is in a realistic situation smaller.

When we apply the rf magnetic field at the frequency v = v, we
can again describe the population of the proton and nitrogen en-
ergy levels by a single parameter z

nm=n(l-2
n, =n(l+2)
N; = N(1 —2z/3) (10)

N, = N(1 +4z/3)

N; = N(1 —2z/3).

The rate equation in the form of Expression (7) is obtained also in
this case with the relaxation rate W and the equilibrium value zq
equal

W =38 Wy +e(Wo + W_)]

L Wit e(Wo — (v_/vo)W-) (1)

Zn =
0 Wh + e(Wo + W_)

In the extreme case, when W >> Wy, eW,, we obtain zy = z'(v_[vo).
The proton magnetization by the factor v_/vq exceeds the equilib-
rium proton magnetization at vy =vy and points antiparallel to
the magnetic field direction.

Next possibility of dynamically polarizing the proton spin sys-
tem via the quadrupole N spin system is given by the application
of solid effect. As shown in [10] the dynamic polarization of pro-
tons may occur if in a weak magnetic field B we irradiate the sam-
ple by a strong rf magnetic field with the frequency v =v; £ vy, i=+,
—, 0. When v = v; + vy, the magnetization of the dynamically polar-
ized proton spin system points antiparallel to the direction of the
magnetic field B. When v = v; — vy, the proton magnetization points
parallel to the direction of the magnetic field B. The population of
the proton energy levels may again be described by the parameter
z as given in Expressions (5) and (10) and the equilibrium value of z
in case of no rfirradiation may be again denoted as z', z° = hvy/2kgT.
The ratio of the magnetization of the dynamically polarized proton
spin system and the equilibrium proton magnetization at the Lar-
mor frequency vy, Zo/Z', is under the 1f irradiation at the frequen-
cies v=v; + vy equal [10]

20/7 Wi[2W + Wee(W; + Wy)] F eWse W vi/ vy
0 = .
Wi[2W} + Wee(W; + Wy)] + eWseWo

(12)

Here W is the transition probability per unit time for the solid ef-
fect transition, Wy = W, W_ + W, W, + W_W,, and the indices j
and k stand for the two “N NQR transitions that are not hit by solid
effect. The proton magnetization is in the extreme case, when
Wu[2W5 + Wi(W_ + Wo)] < eWsgW5, dynamically increased by
the factor vi/vy.

3. Measurement of low NQR frequencies

The quadrupole nuclei and protons strongly interact when
vy = vq. In this case the flip-flop transitions occur in the two spin
systems leading towards an equilibrium where the ratio of the
populations of the two proton energy levels is equal to the ratio
of the population of the two quadrupole energy levels separated
by vq. It is also well known that the proton spin system in a solid
sample absorbs energy also at the multiples of the Larmor fre-
quency. This effect, which is the consequence of the proton-proton
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dipolar interaction, is easily observed at low proton Larmor fre-
quencies. Thus the two spin systems resonantly interact also when
yy=vg/n, n=2, 3... In practice the resonance interaction at
Vi = Vg/2 is still rather strong [6-8], whereas at higher n the reso-
nance interaction between the two spin systems is weaker.

An useful resonance interaction between the proton and the
quadrupole spin systems can thus be established at a low magnetic
field B equal to B =27mvq/yy (Vu = Vq) OF B = mvg/yuvy = vo/2). Here
yu is the gyromagnetic ratio of protons. If the proton and the quad-
rupole spin systems resonantly interact and the NQR transition is
simultaneously saturated by an rf magnetic field, which does not
produce transitions between the energy levels of the proton spin
system, the proton relaxation rate increases. In the two-frequency
irradiation technique, used for the measurement of the *N NQR
frequencies [8], protons resonantly interact with nitrogen at the
lowest N NQR transition frequency v, whereas the populations
of the two nitrogen energy levels separated by v are made equal
by a simultaneous irradiation of the other 14N NQR transitions at
the frequencies v. and v_.

Here we propose the application of an rf magnetic field parallel
to the static magnetic field. When the proton Larmor frequency is
large as compared to the dipolar width of the proton NMR line, this
irradiation has no effect on the proton magnetization even if the
frequency of the rf magnetic field is equal to the proton Larmor fre-
quency. In the sub-100 kHz region this is no more the case. We base
the new technique on the supposition that the rf irradiation of the
quadrupole nuclei at v = vq plus nitrogen-proton cross relaxation
at vy = vo/2 have a stronger effect on the proton relaxation than
the direct absorption of the rf power by the proton spin system at
v = vq = 2vu. This supposition is tested in the experimental session.

The cycle of the proposed double resonance experiment are as
follows:

—

. Polarization of the proton spin system in a high magnetic field By.

2. Sample transfer to a second magnet where the static magnetic
field is B and the proton Larmor frequency is equal to
vy = yuB[2T.

3. Application of an rf magnetic field B; with the frequency v =2vy
during the stay of the sample in the low magnetic field. In order
to ensure the parallel orientation of B and B;, both magnetic
fields are produced by a single coil.

4. Transfer of the sample back into the first magnet and measure-
ment of the intensity S of the proton NMR signal.

5. A change of the frequency of the rf magnetic field to vAv and of
the low magnetic field B for such a value that the proton Larmor
frequency vy in the low magnetic field changes to vy = v + Av/2.

6. The magnetic field cycles are repeated at different values of v
and vy (v =2vy) so that the range, where the NQR frequencies
are expected, is scanned by the frequency v. The step Av in the
frequency scan is typically 0.1 Hz. When the frequency v equals
to a NQR frequency vq, we expect a drop of the intensity of the
proton NMR signal S at the end of the magnetic field cycle.

A possible variant of the technique uses the rf irradiation at the
frequency v = vy. The advantage is a stronger resonance interaction
of the two spin systems at vy = vq than at vy = vo/2.On the other hand
the magnetic field broadening of a NQR line is larger and also the di-
rect absorption of the rf power by the proton spin system is higher.

4. Experimental results and discussion

4.1. Dynamic polarization of protons

The experiments of proton polarization via 4N are performed in
1,3,5-triazine (C3H3N3). The 14N NQR frequencies have been in this

compound previously measured by pure NQR [17,18]. In 1,3,5-tri-
azine a phase transition occurs at 198 K. The three nitrogen posi-
tions in a molecule are crystallographically equivalent above the
phase transition temperature. A molecule performs a slow reorien-
tation around its threefold axis [17] what strongly influences the
EFG tensor at the nitrogen position and causes a fast nitrogen
spin-lattice relaxation. The threefold axis of a s-triazine molecule
coincides with the principal axis Y of the EFG tensor [17]. The reori-
entation thus modulates the elements of the EFG tensor in the X-Z
plane and produces transitions between the nuclear quadrupole
energy levels separated by the NQR frequency v. The transition
probability per unit time W is thus expected to be larger than W,
and W, as indeed observed by N NQR [17]. The same molecular
motion has a much weaker influence on the proton spin-lattice
relaxation.

The dynamic polarization experiments were performed on a
home made double resonance spectrometer using mechanical mo-
tion of the sample between two magnets. The high magnetic field
Bo is equal to 0.75T, corresponding to the Larmor frequency
vL =32 MHz. The time of the sample transfer between the two
magnets is approximately 0.1 s. A commercial sample of 1,3,5-tri-
azine was used.

The dependence of the proton NMR signal S at the end of the
magnetic field cycle on the proton Larmor frequency vy in the
low magnetic field B as observed in a field cycling experiment is
presented in Fig. 4. The magnetic field cycles are repeated every
10 s and the duration of the mixing period is 1s. The frequency
range between 2 and 4 MHz is scanned in steps of Avy =100 kHz.
Each point in the figure represents an average of 16 measurements
under the same experimental conditions. Two peaks are easily ob-
served at around 2.7 and 3.5 MHz. They correspond to the proton-
nitrogen resonance interaction at vy =v and vy =V, respectively.
The two peaks are relatively broad and their widths increase with
increasing temperature in accordance with the increasing reorien-
tation rate of the s-triazine molecules. At each temperature the
scan lasted about 1 h. This may be compared to the proton spin-
lattice relaxation time at v, = 32 MHz, which is in the temperature
range of the measurements approximately 10 min. Thus only a few
magnetic field cycles cam be repeated within an hour if a reason-
able proton magnetization is expected at the end of the polariza-
tion period.

The NMR signal of the dynamically polarized proton spin sys-
tem at vy~ v="775kHz is presented in Fig. 5. The experiments
were performed at T=243 K. The magnetic field cycles were re-
peated every 10 s, the duration of the mixing period was equal to
1 s and the amplitude of the rf magnetic field applied during the
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Fig. 4. Proton NMR signal as a function of the proton Larmor frequency in a
magnetic field cycling experiment where the proton magnetization is negligible at
the beginning of the mixing period and the proton-'*N cross relaxation polarizes
protons at vy = v and vy = v. The duration of the mixing period is 1 s.
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Fig. 5. Dynamic polarization of protons by '“N in 1,3,5-triazine at T =243 K using
direct resonance interaction (vy = v = 775 kHz) and solid effect (vy # v).

mixing period was approximately equal to 3 mT. Each measure-
ment was averaged four times. When vy = vo = 775 kHz we observe
a positive peak at v=v_=2750kHz and a negative peak at
v=v,=3525kHz in accordance with Expressions (9) and (11).
The intensities of the positive and negative peaks are about 5
and 7% of the intensity of the equilibrium proton NMR signal at
vL = 32 MHz, respectively. If the sample is left in the low magnetic
field at vy =vo=775kHz for a long time and then moved in the
magnet where v = 32 MHz, we expect, before the proton spin-lat-
tice relaxation considerably changes the proton magnetization, the
proton NMR signal, with the intensity equal to vo/v, = 2.4% of the
intensity of the equilibrium proton NMR signal at v; =32 MHz.
The intensities of the experimentally observed peaks are larger
than this value, so the proton spin system is indeed dynamically
polarized in the low magnetic field where its magnetization ex-
ceeds the equilibrium proton magnetization at vy = vo. The maxi-
mum possible intensity of the positive peak is v./v. = 11% of the
intensity of the equilibrium proton NMR signal at vy =32 MHz.
The maximum possible intensity of the negative peak is v_/
v, = 8.4% of the intensity of the equilibrium proton NMR signal at
vL =32 MHz. The intensities of the two experimentally observed
peaks are lower than their maximum intensities. There are three
main possible reasons for this difference.

(i) A lower intensity of a peak is expected when the transition
probability per unit time W, is not much lower than W.or
w_.

(ii) If during the irradiation time t the dynamic equilibrium is
not yet established, the proton magnetization is lower than
its maximum value.

(iii) The 'H-'*N level crossings on going from the low into the
high magnetic field alter the proton magnetization.

Fig. 5 also shows that if a different low magnetic field B is cho-
sen, so that vy =yuB[2T # v, the positive peak moves. It is ob-
served at v=v, — v.. The positive peak is in this case produced
by the solid effect in agreement with Expression (12). A different
situation is observed with the negative peak. It splits into two
peaks. One negative peak remains at v =v,, whereas the second
peak occurs at v=v_+v;. The second negative peak is produced
by the solid effect, while the first peak which occurs at v = v, inde-
pendent on v, seems to be associated with the level crossings. If in

the time interval between the end of the rf irradiation and the set
of level crossings on the way back into the first magnet the N spin
system does not reach thermal equilibrium with the crystal lattice,
the effect of the saturation of the N NQR transition at v = v, may
be observed on the proton spin system. The saturation of the N
NQR transition at v=v_ has in general a much weaker effect on
the level crossing signals [3,10] and is not observed in the present
experiment. The intensities of the solid-effect peaks are in the
present case about 3% of the intensity of the equilibrium proton
NMR signal at v; =32 MHz.

The polarization rate of the proton magnetization in s-triazine
was studied at T=230K. Here the N NQR frequencies are
v, =3540 kHz, v_ = 2760 kHz, and vo = 780 kHz. The low magnetic
field B was adjusted to the resonance vy = vy and the intensities
of the positive and negative peaks were measured as functions of
the irradiation time 7. The experimental results are presented in
Fig. 6. The intensity of the positive peak at v =v_ =2760 kHz starts
from zero and exponentially approaches its limiting value with the
relaxation time (W(v =v_))"! =400 + 100 ms. The intensity of the
negative peak is nonzero already well below 7 = 1 ms. This is pre-
sumably the effect of level crossing. The rf magnetic field first sat-
urates the NQR transition what after the second set of level
crossings changes the proton magnetization. This change is ob-
served for T well below 7 =1 ms and is independent on t. At larger
values of 7 the negative peak exponentially approaches its limiting
value with the relaxation time (W(v=v,)) ' =100%20 ms. The
large difference of the two relaxation times is not surprising. The
pulsed NQR experiments in s-triazine [7] show the presence of
two !“N relaxation times: a short one associated with the NQR
transition at the frequency v =v_ and a long one associated with
the NQR transition at the frequency v = v.. At 230 K the short relax-
ation time is about T15 = 30 ms and the long relaxation time about
T11=650ms. The short relaxation time steeply decreases on
increasing temperature, while the long relaxation time only
slightly varies with temperature. If we first concentrate on the
short relaxation time T;;, which is approximately equal to
Tis ~ (2W_)"1[17,19], we obtain W_ ~ 17 s~!. In the present exper-
iment we have (Expression (11)) W(v=v,)=10s"'~ (6¢g/
(3+4¢))W_=~0.7 W_. From the last expression we obtain
W_=14s"", what is not far from the value obtained by pulsed
NQR. A larger difference is observed in case of the long relaxation
time. In the present case, when W_ >> W., W, the long relaxation
time Ty, may be expressed as (Ty)~" = (3/2)(W. + W) [17,19]. From
this expression we obtain W.+Wy=1.0s"'. In the dynamic
polarization experiment we have (Expression (8)), neglecting the
“pure” proton spin-lattice relaxation, W(v=v_)=2.5s"!~(6¢/
(3 +4¢))(Wpo+W,) From this expression we obtain Wy+ W,

05 10 15  Tis

Proton signal farbitrary units

Fig. 6. The intensity of the positive peak at v=v _=2760 kHz (open squares) and
the intensity of the negative peak at v = v, = 3540 kHz (full squares) as functions of
the irradiation time t in 1,3,5-triazine at T=230K.
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~ 3.5 57!, what is more than obtained by pure NQR. The reason for
this difference is not known. Proton spin-lattice relaxation may not
account for the observed difference. A possible explanation may be
the difference in the structure and purity of the commercial sam-
ples used.

4.2. Measurement of low NQR frequencies

The experiments were performed in a home made double reso-
nance spectrometer previously described. The sample coil in the
second magnet is perpendicular to the field lines of the magnetic
field B, in the second magnet (see Fig. 7).

The magnetic field B as produced by the DC current I in the
sample coil (Fig. 7) was measured as follows. A water sample
was shuttling between the magnets. The DC current I was set to
zero and the frequency v of the synthesizer was set to 40 kHz.
The magnetic field B. was varied between the magnetic field cycles
by varying the electric current through the second magnet. In
resonance, i.e. when yyB./27 = 40 kHz, we observed a drop of the
proton NMR signal S at the end of the magnetic field cycle. Then
B. was fixed at this value and the DC current I through the rf coil
was set to I=1A. The magnetic field cycles were repeated at
different values of the frequency v. A drop of the proton signal S
was observed when v=50.5kHz, meaning that vy =y,B/2n =

\/(50‘5 kHz)? — (40 kHz)? = 31 kHz. Proton Larmor frequency vy

in the DC magnetic field B produced by the DC current I through
the rf coil is thus vy = (31 kHz)I[A]. This relation was later used in
adjusting the frequency vy to the irradiation frequency v (vy = v/2).

In the following experiments B. was set to zero.

In order to determine the change AW of the proton relaxation
rate which is due to the direct absorption of the rf power by the
proton spin system at v=2vy we performed measurements in
(NH4)»S04 and KH,PO4. Two values of the static magnetic field B
were used with vy =40 kHz and vy = 60 kHz. The rf magnetic field
had an amplitude of B; = 0.011 mT. The magnetic field cycles were
repeated with different duration 7 of the period spent in the low
magnetic field B. In (NH,),SO, we obtained AW=0.60s""! at
v=2vy=80kHz and AW =0.40 s~! at v = 2vy = 120 kHz. In KH,PO,
we obtained AW=0.55s"" at v=2vy=80kHz and AW=0.355"
at v=2vy=120kHz. Thus at a typical value of T between 0.3 s
and 1 s the direct absorption of the rf power produces a minor de-
crease of the proton magnetization. Using the Fermi’s golden rule
we estimated the transition probability per unit time W between
the quadrupole energy levels when subject to a rf magnetic field
with the amplitude B; = 0.01 mT. In case of a '“N nucleus we ob-
tained W of the order of 1000 s~!, what is three orders of magni-
tude more than the direct proton absorption rate.

In an analysis of our previous measurements of the *N NQR fre-
quencies by the two-frequency irradiation technique, which exhi-
bit dips at vy =vq/n, n=1, 2, 3.., we obtained Wcg at vy = vg/2 of
the order of 10s~! The sensitivity of the new technique is thus

frequency 50Q 1pF
synthesizer —— Be

v B
computer 3 pH
control [

sample

I coil
DC current _r_i,_‘:r'.}i.\_
generator

Fig. 7. Some details of the low-frequency part of the double resonance
spectrometer.

mainly limited by the cross-relaxation rate Wcg between the pro-
ton and quadrupole spin systems at vq=2vy and by the proton
spin-lattice relaxation. If the proton spin-lattice relaxation in the
low magnetic field allows 7 to be equal to 1s and if the signal to
noise ratio of the detection of the proton NMR signal S is about
100, we expect the minimum number of the quadrupole nuclei
which can be detected by the present technique to be equal to
about 1% of the number of protons in the sample.

We measured also the frequency width Av of the absorption dip
at v =2vy. In both samples we obtained Av ~ 25 kHz. This tells us,
how sharp is the resonance condition 2vy = vq which is dominated
by the width of the proton absorption line. The resolution of the
technique is much higher. It depends on the width of the '“N
NQR lines which is expected to be less than 1 kHz.

4.2.1. "N NQR in (NH4),S0,4

As a test of the new technique we performed a measurement of
the "N NQR frequencies in (NH4),SO,4 at the room temperature.
The proton polarization time in the high magnetic field was equal
to 20 s and the time 7 spent in the low magnetic field B was equal
to T = 0.3 s. The frequency scan was performed between v = 40 kHz
and v =150 kHz. The amplitude B; of the rf magnetic field was
B; =0.011 mT. The results are presented in Fig. 8. Six dips are ob-
served in the double resonance spectrum corresponding to two
non equivalent nitrogen positions in the crystal structure. For
one nitrogen position N(1) we obtain v.(1)=(108.5+0,5)kHz,
v_(1)=(65.5%0,5)kHz, and vo(1) =(43.0 £0,5) kHz. For the other
nitrogen position we obtain v.(2)=(141.5%0,5)kHz, v_(2)=
(89.0 £0,5) kHz, and vo(2) =(52.5 £ 0,5) kHz.. The obtained results
are in good agreement with the results of zero field NMR and
NQR [11].

4.2.2. N NQR in NH;NO3

In order to check the resolution of the new technique we mea-
sured the low-frequency part of the N NQR spectrum in NH,NO3
at room temperature. The 149N NQR frequencies in NH4NOs are
known from a previous measurement [20]. The parameters of a
magnetic field cycle and the amplitude of the rf magnetic field
were the same as in the previous experiment. The results are pre-
sented in Fig. 9. Below 150 kHz we observe three N NQR lines at
the frequencies (72.1£0.2), (103.0£0.2), and (131.6 £0.2) kHz.
The NQR frequency 72.1 kHz is the lowest '*N NQR frequency
(vo) from the nitrate ion. The NQR frequencies 103.0 and
131.6 kHz are the lowest (vo) and the intermediate (v_) *N NQR
frequencies, respectively from the ammonium ion. The NQR lines,

4N NQR IN (NH,),50,

T=295K  wvy=v/2

i
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Fig. 8. "“N NQR spectrum of (NH,),SO4 as measured by the new NQDR technique.
The details of the experiment are given in text.
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Fig. 9. The shapes of the 'H-"#N NQDR lines in the low-frequency part of the 4N
NQR spectrum in NH4NOs.

as measured by the present technique, are much narrower than the
same NQR lines previously measured by the two-frequency irradi-
ation technique and by the solid-effect technique.

4.2.3. Deuterium NQR in K(H;_xDy)2PO4

In both previous cases we may neglect the magnetic field
broadening of the NQR lines. A N nucleus has namely a rather
low magnetic moment and in addition the asymmetry parameter
n of the EFG tensor at the position of the ammonium nitrogen is
rather high in both compounds. In case of the NOs ion in NH4NO3
the NQR frequencies v. and v_ are much higher than vq. In such a
case the lowest NQR frequency can still be measured rather pre-
cisely by the above technique.

A completely different situation arises in case of I = 1 when the
asymmetry parameter # is small and we want to apply the above
technique to measure the upper NQR frequencies v, and v_ Such
a situation often occurs in deuterium NQR. Now the Larmor fre-
quency viq of a quadrupole nucleus is no longer small as compared
to the lowest NQR frequency v and the magnetic shift of the two
quadrupole energy levels separated by v is not small. A significant
magnetic broadening of the NQR lines at v, and v_ is expected.

In order to show the double resonance results in case of a large
magnetic broadening of the NQR lines we performed measurement
of deuterium NQR frequencies in polycrystalline K(Hg g5sDg.35)2PO4.
An extensive study of the deuterium quadrupole coupling in
K(H;_xDx)>PO4 has already been published [21].

Measurements have been performed in the paraelectric phase
at 230 K. The proton polarization time in the high magnetic field
was 30 s. The time 7 spent in the low magnetic field was 0.5 s. Pro-
tons and deuterons were in the low magnetic field coupled at
vy = Vo/2. The amplitude B, of the rf magnetic field was equal to
0.011 mT.

The double resonance spectrum is shown in Fig. 10. A broad fre-
quency distribution centered at 86 kHz is observed. The frequency
distribution consists of two lines indicating that the asymmetry
parameter # of the EFG tensor is nonzero. In order to determine
the NQR parameters from the double resonance spectra we per-
form a fit of the double resonance spectra to a model where we
first assume that the nonzero magnetic field B shifts infinitely
sharp NQR lines v. and v_. Instead of the NQR frequencies v. and
v we observe in this case two resonance frequencies v; and v,:

2
Vip =¥+ \/@n) +12, C0s(O). (13)

Here v = (v, +v_)/2, viq = yqB/27 is the deuterium Larmor fre-
quency and @ is the angle between the direction of B and the prin-

Deuterium NQR in K(Hg g5D¢.35)2P04
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Fig. 10. 'H-?H double resonance spectrum of K(HggsDo.35)2PO4 at 230 K. The full
line represents the best fit to the model given in text.

cipal axis Z of the EFG tensor. Expression (13) is calculated in the
first order perturbation theory assuming viq << v, v_.. When B=0
we obtain v;=v, and v, =v_, whereas in nonzero B v; > v, and
v, < v_. Since the frequencies v, and v, depend on the orientation
of the external magnetic field B with respect to the principal axis
Z of the EFG tensor we obtain in a polycrystalline sample two fre-
quency distributions: g;(v) above v. and g»(v) below v_:

-V
(r=3=(3n)

y—y - 7 = 3 2
V) =o v =T-i > v > V- (5n)° 0

(7=~ (31)

— Pl 7 1) 2
=, Ve =VEEN <V <V (5n) 0t

~

(14)

The frequency distribution g;(v) has a square root singularity at
v =v,, whereas the frequency distribution g»(v) has a square root
singularity at v=v_.

The NQR lines v and v are of course not infinitely sharp due to
the dipole-dipole interaction and the distribution of the principal
values of the EFG tensor. Also the line broadening caused by the
rf magnetic field may not be neglected. We must therefore convo-
lute the distributions g;(v) and g,(v) with the line shape function
L(v' — v) which we assume to be of the Gaussian form:

Y
LY —v) = %ﬁ exp < m> (15)

The best fits of the experimental data to the above model is in
Fig. 10 shown as the full line. The best fit parameters are
v=(86+0.5)kHz, 1 =0.04 £0.01 and ¢ = (2.0 £ 0.4) kHz. The deute-
rium quadrupole coupling constant is equal to e?qQ/
h=(115+£0.7) kHz. The deuterium NQR frequencies v, and v_ are
(87.5+1) and (85.0 + 1) kHz, respectively. These results may be
compared to the NMR results of Blinc et al. [22] who obtained in
a single crystal of paraelectric KD,PO, at 30 °C the following deute-
rium NQR parameters: eqQ/h = 119.7 kHz and # = 0.048. The pres-
ently observed asymmetry parameter # is close to the one
observed by NMR. The deuterium quadrupole coupling constant,
as observed by NMR, is larger than the deuterium quadrupole cou-
pling measured by the present technique. However, as shown in
[21], the deuterium quadrupole coupling constant in K(H;_,Dy),PO4
linearly increases with increasing deuterium concentration, which
explains the difference.

The present results show that even in case of a large line broad-
ening, which is due to nonzero external magnetic field and a small
asymmetry parameter 7 the NQR frequencies v, and v_ can still be
determined rather precisely from the double resonance spectrum
obtained by the new technique.
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5. Conclusions

Two types of NQDR experiments are treated in the present
paper:

(i) Experiments involving dynamic polarization of protons by
1N in a low magnetic field and

(ii) A new NQDR technique involving simultaneous two-quan-
tum transitions in the proton spin system and single-quan-
tum transitions in the quadrupole spin system conserving
the total energy of the two spin systems plus resonant rf
irradiation of the quadrupole transition which is coupled
to the proton spin system.

It is shown theoretically that the resonant coupling of 'H and
N at vy =vo plus the rf irradiation at the "N NQR frequency
v=v, or v=v_ may dynamically lead to a proton magnetization
that is larger than the equilibrium proton magnetization at
vy = Vo. The maximum ratio of the proton magnetization obtained
by the dynamic polarization and the equilibrium proton magneti-
zation in the same magnetic field is at v = v_ equal to v./v,, while
itis at v = v, equal to v_/vo. In the later case the proton magnetiza-
tion points antiparallel to external magnetic field B.

A larger proton magnetization than the equilibrium one can
also be obtained by the solid effect. Application of a strong rf mag-
netic field at the frequency v = vq * vy may in case of a fast nitrogen
spin-lattice relaxation lead to a dynamical equilibrium where the
proton magnetization exceeds the equilibrium proton magnetiza-
tion at the Larmor frequency vy. The maximum ratio of the proton
magnetization obtained by the dynamic polarization and the equi-
librium proton magnetization at the Larmor frequency vy is in both
cases equal to vq/vy. When v =vq — vy the proton magnetization
points parallel to the external magnetic field B, while when
v=vq+vy the proton magnetization points antiparallel to the
external magnetic field B.

An increase of the proton spin-lattice relaxation at vy = vq may
also be used for a fast determination of the *N NQR frequencies
when the proton spin-lattice relaxation time in the high magnetic
field is very long. The vy-dependence of the proton NMR signal S at
the end of the magnetic field cycle exhibits a peak at vy = vq in con-
trast to the usual cross relaxation spectroscopy [5-7] where the vy-
dependence of the proton NMR signal S at the end of the magnetic
field cycle exhibits a dip at the same proton Larmor frequency vy.

The experiments performed in 1,3,5-triazine confirm the results
of the theoretical analysis.

In the second part of the paper we analyze a new double reso-
nance technique, suitable for the measurement of low NQR fre-
quencies of the order of 100 kHz and lower.

The technique is based on the resonant 'H-14N (or 'H-2H, etc.)
interaction at vy = vo/2 and the application of a rf magnetic field at
the frequency v = vq parallel to the external magnetic field B. In an
actual experiment the frequency v is changed between repetitive
magnetic field cycles in steps of, say, 100 Hz. Also the low magnetic
field is changed in steps between the repetitive magnetic field

cycles so that the condition vy = v/2 is fulfilled. In resonance, when
v=vq and vy = v/2 = vg/2, we expect a decrease of the proton NMR
signal. The sensitivity of the new technique is estimated. The new
technique is used for the measurement of low "N and ?H NQR fre-
quencies in (NH4),SO4, NH4NOs3, and K(Hg g5Dg 35)2PO4. In the nitro-
gen containing compounds the NQR frequencies can be measured
with an accuracy better than 0.5 kHz, while in K(Hgg5Dg35)2PO4
the asymmetry parameter # is low and the magnetic field broaden-
ing of the deuterium NQR lines is not small. The NQDR spectrum is
analyzed ion a simple model and the deuterium NQR frequencies
are determined with an accuracy of +1 kHz.
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