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A new highly sensitive XH -14N  nuclear quadrupole double resonance technique is presented 
which is based on magnetic field cycling and on the application of multiple frequency sweeps of an 
r.f. magnetic field. The sensitivity and the resolution of the new technique are estimated. Some 
experimental results obtained by the new technique are presented.
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Introduction

14N N Q R  has proven to  be a sensitive technique for 
the study of the structure and dynam ics of m olecular 
solids.

A 14N  nucleus has a spin 7 =  1 and thus in zero 
magnetic field three generally nondegenerate nuclear 
quadrupole energy levels (Figure 1). N one of the tran ­
sitions between the 14N  nuclear quadrupole energy 
levels is forbidden. The 14N N Q R  frequencies are 
rather low -  typically between 0 and 4 M H z -  and in 
addition the magnetic dipole m om ent of a 14N nu ­
cleus is small. It is therefore often convenient to  m ea­
sure the 14N N Q R  frequencies with the *H -14N nu ­
clear quadrupole double resonance (N Q D R ) tech­
niques [1-4] which are m ore sensitive than  the direct 
pulse or cw techniques.

The JH -14N N Q D R  techniques are based on m ag­
netic field cycling. A magnetic field cycle is shown in 
Figure 2. First the sample is left in a high magnetic 
field B 0 until the tem perature Ts of the *H (proton) 
spin system reaches the lattice tem perature TL. The 
pro ton  m agnetization is in equilibrium  (Ts = TL) equal 
to  M 0 (B0) = C B 0/T l . Here C is the Curie constant. 
Then the static magnetic field is adiabatically reduced 
to a low value B ,B < ^ B 0. The pro ton  spin tem perature 
is immediately after the adiabatic dem agnetization
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Fig. 1. Energy levels and resonance frequencies of 14N. The 
constant K, K  =  \  {eQVZZ/h), is equal to one quarter of the 
quadrupole coupling constant.

TIME
Fig. 2. A magnetic field cycle.
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equal to  Ts = TLB /B 0. It is thus by a factor B / B 0 lower 
than  the lattice tem perature. The proton m agnetiza­
tion is at the same m om ent by a factor B J B  larger 
than  the equilibrium  pro ton  m agnetization M 0{B), 
M 0{B) = C B /T l , in the low magnetic field B. The p ro ­
ton m agnetization relaxes tow ards the new equilib­
rium  value M 0(B) w ith the spin-lattice relaxation time 
T i(B ). After a time A, A k T^(B), the static magnetic 
field is adiabatically increased to the initial value B 0 
and the p ro ton  N M R  signal S is measured. It is p ro ­
portional to  the rem aining proton m agnetization, and 
it decreases with increasing A as

S(zl)ocexp ( — A/T^B)).

If during the time spent in the low magnetic field B 
the 14N nuclear spin system is resonantly coupled to 
the p ro ton  spin system then the relaxation tim e of the 
p ro ton  spin system m ay decrease. This happens either 
if the nitrogens are strongly coupled to the lattice and 
have thus high spin-lattice relaxation rates o r if the 
nitrogens are affected by a resonant r.f. magnetic field. 
As a result of the faster relaxation of the pro ton  spin 
system a lower p ro ton  signal is observed at the end of 
the m agnetic field cycle.

In the present paper we briefly describe a new 1H - 
14N N Q D R  technique based on magnetic field cycling 
and on the irrad ia tion  of nitrogens with a train  of 
frequency sweeps of an r.f. magnetic field. A more 
detailed description of the new technique will be pub­
lished in [5].

Excitation of a Spin System by a Frequency Sweep 
of an r.f. Magnetic Field

Let us assume tha t the frequency of an r.f. magnetic 
field starts to increase a t a value which is far below a 
14N N Q R  frequency and then slowly passes the N Q R  
frequency. The question is how do the populations of 
the nitrogen energy levels change after the sweep is 
com pleted, i.e. when the frequency of the r.f. magnetic 
field is far above the N Q R  frequency.

The situation is sim ilar to the well known adiabatic 
fast passage [6 ] where the frequency co of the r.f. m ag­
netic field 2 B  j cos (co t) is constant whereas the Lar- 
m or frequency coL(t) is varied in time by varying the 
external magnetic field. In this experiment the nuclear 
m agnetization follows the direction of the effective 
m agnetic field B e({.

if the ad iabatic condition d c o jd t  ( y B J 2 is fulfilled. 
Thus if the L arm or frequency starts far from the fre­
quency co of the r.f. m agnetic field, |coL(0 ) — co| > y B l , 
it passes the frequency co and ends on the other side of 
co at a frequency coL(oo), |coL(oo) — co| >  y B 1, then af­
ter the passage the direction of the m agnetization as 
well as the populations of the Zeem an energy levels 
are inverted.

In our case the electric field gradient (EFG) tensor is 
constant. Thus the N Q R  frequencies are constant as 
well and the passage of an N Q R  transition with fre­
quency v0 is done by the time variation of the frequency

v (t), v (r) =  v0 +  ( —  ) t, of the r.f. m agnetic field. The 
\ d t  J

time dependence of the r.f. magnetic field B x (t) is of the

form B 1(t) = B l cos ^ 2 n  ^v0 t +  ^ et us

denote the two eigenstates of the quadrupole H am il­
ton ian  separated by h v0 as | a )  and | b ). If a nucleus is 
p rior to  the sweep in the state |a>  or | fr>, then the 
probability  P  that the nucleus will end after the sweep 
in the state | b}  or |a>  can be obtained by numerical 
solution (5) of the Schrödinger equation

(2)

(1)

The probability  P  depends on a param eter E,

£  =  4 n |< a |F |fc > |2/(/i2 (dv/d()), (3)

as show n in Figure 3. Here V = y B 1 /  is the perturba­
tion caused by the r.f. magnetic field and d v /d t is the 
sweep rate. At low values of E, P  increases linearly as 
P  oc 0.7 E, whereas at large values of E  it approaches 
the value P  =  1 (adiabatic inversion). P is practically 
equal to 1 for E > 3.

In the case of a system of 14N nuclei irradiated with 
an r.f. m agnetic field of am plitude 2 mT, the frequency 
of which varies in time with the rate d v /d t = 1 M H z/ 
10 ms, the values of E  are for the upper two N Q R 
transitions (v =  v+ and v_) equal to 7.2 cos2 a + _. 
H ere a + (v = v +) is the angle between the X-principal 
axis of the E F G  tensor and the direction of the r.f. 
m agnetic field, whereas a_  is the angle between the
7-principal direction of the E F G  tensor and the direc­
tion of the r.f. magnetic field. These values of E are not 
small at all, which dem onstrates tha t an r.f. magnetic 
field of m oderate intensity which sweeps at a decent 
rate through the 14N N Q R  spectra significantly 
changes the populations of the 14N  quadrupole en­
ergy levels.
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Fig. 3. The probability P  to find a nucleus after the frequency 
sweep in another state than that at the beginning of the 
frequency sweep as a function of the parameter of the adia- 
baticity E.

Fig. 4. Nitrogen N Q R frequencies, proton Larmor frequency 
and the time dependent frequency of the r.f. magnetic field 
field which sweeps between Vj and vu.

Double Resonance

The low magnetic field in a m agnetic field cycle 
(Fig. 2) is set to such a value th a t the L arm or fre­
quency vL is equal to  the lowest 14N N Q R  frequency 
v0 (Figure 4). The two spin systems are thus reso­
nantly coupled and  the proton m agnetization relaxes 
tow ards the equilibrium  value w ith a com m on spin- 
lattice relaxation ra te  W  which depends both  on the 
proton spin-lattice relaxation rate T { ~ 1 (B ) and on the 
nitrogen spin-lattice relaxation rates. If during the 
time spent in the low  static m agnetic field B m ultiple

frequency sweeps of an r.f. magnetic field which cover 
the 14N N Q R  frequencies v+ and v_ are applied, then 
the repetitive excitations of the 14N  N Q R  transitions 
are sim ilar to a fast spin-lattice relaxation of the n itro ­
gens. If for both upper nitrogen N Q R  transitions the 
adiabatic conditions are fulfilled {P = 1), then the ap ­
parent nitrogen spin-lattice relaxation rate is approx­
imately t ~ l , where ts is the sweep time. This appears 
in the resonantly coupled pro ton  spin system as a 
relaxation of the p ro ton  m agnetization tow ards the 
value zero with the relaxation rate which is approxi­
mately e t~K  Here e = N  (N ) /N  (H) is the ratio  of the 
num ber of chemically equivalent nitrogens to  the 
m um ber of protons within the unit cell. This addi­
tional relaxation of the pro tons can easily be seen 
when e t ~ 1 ^  Tj~1 (B ), i.e. when e ^  ts/T 1 (B ). If for ex­
ample ts = 10 ms and Ti {B) = 1 s then nitrogen signals 
can easily be seen when N  (N) ^  N  (H)/100. In practice 
the sensitivity is even higher and depends on the 
signal-to-noise ratio which the pro ton  N M R  signal is 
measured. The sensitivity is mainly lim ited by the p ro ­
ton spin-lattice relaxation time in the low m agnetic 
field B.

The experimental procedure goes as follows. First 
the sweep limits and vu (Fig. 4) are set in such a way 
that they cover the frequency range in which the 14N 
N Q R  frequencies v+ and  v_ are expected to  be found. 
The tim e A spent in the low magnetic field is set to  a 
value which is approxim ately equal to  the pro ton  
spin-lattice relaxation time in the low m agnetic field. 
Then the magnetic field cycles are repeated at different 
values of the low magnetic field B. In resonance, i.e. 
when vH = y HB /2 n  =  v0 the p ro ton  N M R  signal a t the 
end of the magnetic field cycle drops to  a lower value. 
Now the lowest 14N N Q R  frequency v0 is approxi­
mately known. The w idth of the dip in the vH-depen- 
dence of the pro ton  N M R  signal observed around 
vH =  v0 is approxim ately equal to  the w idth of the 
pro ton  N M R  line.

After v0 is determined, B  is fixed in the center of the 
dip around  vH =  v0 and the limits of the frequency 
sweeps are varied. The additional relaxation of the 
proton system in resonance at vH =  v0 is observed only 
when the frequency sweeps cover bo th  frequencies v+ 
and v_. If this is not the case, then after a few fre­
quency sweeps a quasiequilibrium  population  of the 
nitrogen energy levels is established which is no m ore 
affected by the following frequency sweeps. Thus when 
the lower sweep limit va passes v_ or when the upper 
sweep limit vu passes v+ then an increase of the pro ton
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Fig. 5. The determination of the 14N  NQ R frequencies from 
the — N (C H 3)2 sites in 4-(N,N-dimethylamino)-3-acetami- 
donitrobenzene (DAN) with the new technique.

N M R  signal at the end of the magnetic field cycle is 
observed. In such a way the three 14N N Q R  frequen­
cies are determ ined, and in addition in the case of 
complex 14N  N Q R  spectra the N Q R  lines belonging 
to  the same nitrogen sites can easily be determined.

The resolution of this technique is typically a few 
kHz. The r.f. m agnetic field w ith the am plitude of 
approxim ately 1 m T influences namely the nitrogen 
N Q R  transitions already when its frequency is a few 
kH z shifted from the N Q R  frequencies. The experi­
ment is also not done in zero magnetic field. The 
nonzero m agnetic field causes broadenings of the ni­
trogen quadrupole energy levels in polycrystalline 
samples. The line broadenings are of the order of

v l n / v q - Here vLN is the n itrogen L arm or frequency 
and vQ is a nitrogen N Q R  frequency. These broaden­
ings are in case of nitrogens resonantly coupled to 
protons at vH = v 0 approxim ately equal to vo/ 2 0 0 .

As an exam ple of the application  of the new tech­
nique we present the procedure with which the 14N 
N Q R  frequencies from the C —N (C H 3) 2 n itrogen sites 
in 4-(N ,N -dim ethylam ino)-3-acetam idonitrobenzene 
(DAN) have been measured. The results are shown in 
Figure 5. The tem perature of the sample is 240 K. The 
param eters of the magnetic field cycles are: B 0 = 0.8 T, 
the proton po larization  time in the high m agnetic field 
is 30 s, the tim e spent in the low m agnetic field is 
A — 0.3 s, and  the 90° pulse is applied to the sample
0.5 s after the rem agnetization is com pleted. The ini­
tial limits of the frequency sweeps are on the basis of 
the know n experim ental d a ta  for the — N (C H 3 ) 2 

group choosen as vx =  3.5 M H z and vu =  4 M Hz. The 
am plitude B t of the r.f. m agnetic field was approxi­
mately 1 mT. In Fig. 5 a two dips are clearly seen in the 
vH-dependence of the p ro ton  N M R  signal a t the end 
of the m agnetic field cycle under the influence of mul­
tiple frequency sweeps. N o dips are observed without 
the r.f. irradiation . The dip a t vH =  140kH z indeed 
corresponds to  vH =  v0 w hereas the o ther dip at 
70 kHz, which is narrower, corresponds to  vH = v 0 /2. 
At low L arm or frequencies p ro tons absorb  energy not 
only at the L arm or frequency but also a t sub-multi- 
ples of the L arm or frequency. This is the reason why 
the dip at vH =  v0/2  is seen. In  Fig. 5 b the determ ina­
tion of the upper two nitrogen N Q R  frequencies by 
varying the lim its of the frequency sweeps is shown. 
Sharp transitions in the p ro to n  N M R  signal are ob­
served when the lower sweep limit vx passes the fre­
quency 3605 kH z and when the upper sweep limit vu 
passes the frequency 3745 kHz. The 14N  N Q R  fre­
quencies are thus (3745 +  5) kHz, (3605 ±  5) kHz, and 
(140+10) kHz. It should be m entioned th a t in DAN 
the nitrogen N Q R  frequencies have been easily ob­
served at a relatively low value of e, e =  N  (N)/iV (H) 
=  1/13 which dem onstrates th a t the sensitivity of the 
new technique is high indeed.
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