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We report the application of our dc SQUID (superconducting quantum interference device) 
spectrometer [C. Connor, J. Chang, and A. Pines, Rev. Sci. Instrum. 61, 1059( 1990)] to 
nuclear quadrupole resonance (NQR) studies of aluminum-27, and boron-II in crystalline and 
glassy solids. Our results give e2qQ /h = 2.38 MHz and 1] = 0.0 for a-A120 3 at 4.2 K. For the 
natural mineral petalite (LiAISi4 010)' we obtain e2qQ /h = 4.56 MHz and 1] = 0.47. The 
quadrupole resonance frequency is 1467 kHz in boron nitride, and in the vicinity of 1300 kHz 
for various borates in the B20 3 . xH2 0 system. The distribution of boron environments in a 
B20 3 glass gives rise to a linewidth of about 80 kHz in the SQUID detected resonance. 

I. INTRODUCTION 

Nuclear quadrupole resonance spectroscopy (NQR) is 
an excellent method to probe chemical bonds, and the envi
ronment of an atomic nucleus, because the electric field gra
dients at the nucleus arise primarily from valence elec-

12' • 
trons.· In thiS paper we report the measurement of NQR 
spectra by monitoring the magnetization induced in a sam
ple, during a radiofrequency (rf) sweep, by means of a dc 
superconducting quantum interference device (SQUID). 
The technique is a broadband method for measuring qua
drupole resonances from a few hundred kilohertz to tens of 
megahertz. Single crystal or polycrystalline samples may be 
used to determine accurate values for the quadrupole split
ting, with minimal line broadening. 

In high field NMR of polycrystalline samples, the ran
dom distribution of crystal axis orientations with respect to 
the applied magnetic field produces a broad powder spec
trum. For quadrupolar nuclei with noninteger spin, one 
usually observes only the central ( + 1/2+-+ - 1/2) transi
tion, and information about the quadrupolar interaction 
must be extracted from this transition. This is often done by 
numerical simulations ofthe spectra, sometimes in combina
tion with magic-angle spinning (MAS). 3.4 Recent progress, 
using the novel methods of dynamic-angle spinning (DAS) 
and double rotation (DOR), has allowed for high-resolution 
spectra providing a more direct way of deriving NQR data 
on the sample. 5 

When the quadrupole splittings are large, pure NQR 
can be used, but for small splittings conventional NQR spec
trometers are not useful because the signals associated with 
the low frequencies are weak. This is the case for a number of 
important isotopes, including 2D, 7Li, liB, 170, 23Na, and 
27 AI, which often have resonance frequencies below a few 
megahertz. The techniques of field cycling and indirect de
tection have been applied to obtain low and zero field spec
tra,6 but it would be desirable to detect the signals directly. 

Such direct low frequency measurements ofNQR tran-
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sitions are possible using a dc SQUID,7 a device which di
rectly measures the magnetic flux from the sample. The dc 
SQUID itselfis capable of detecting signals over a frequency 
range from dc to tens of megahertz, since its sensitivity is 
relatively independent of the frequency of the oscillating 
magnetization. However, a flux-locked dc SQUID, which 
provides a linear response to the sample magnetization, can 
typically operate only from dc to a few hundred kilohertz. 
This frequency limitation is due to the feedback circuit used 
for flux-locking. We have taken advantage of the linear re
sponse of the flux-locked dc SQUID, while avoiding the fre
quency limitations of the feedback circuit, by measuring 
longitudinal (z-axis) magnetization rather than transverse 
magnetization. This approach was originally demonstrated 
with an rf SQUID.8 In this paper, an extension of our pre
vious communication on 27 Al in a-A12 0 3 ,9 we present a 
detailed description of the technique, and further results on 
the NQR of 27 Al and II B in crystalline and glassy solids. 

II. ZERO FIELD NOR WITH DETECTION OF 

LONGITUDINAL MAGNETIZATION 

The spin Hamiltonian for a quadrupolar nucleus in a 
low magnetic field is given by 

H=HQ +Hz +HD • (1) 

The dominant term is the quadrupolar Hamiltonian,2 writ
ten as 

when expressed in the principal axis system (PAS) of the 
quadrupolar interaction. The second term is the magnetic 
Zeeman Hamiltonian, 

Hz = - ylUJo (lz cos () + Ix sin () cos ¢ 

+ Iy sin () sin ¢ ), (3) 

where () and ¢ define the orientation of the magnetic field 
with respect to the PAS of the quadrupolar interaction and r 
is the gyromagnetic ratio of the nucleus. The last term is the 
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dipole-dipole Hamiltonian, which appears only as a small 
perturbation on the quadrupolar interaction and will not be 
discussed in detail. Our treatment is limited to nuclei with 
noninteger spin in an axially symmetric electric field gradi
ent. 

A. Single crystal sample 

The energy level scheme of a spin with I = 3/2 is shown 
in Fig. 1. In zero magnetic field, there is only one transition, 
the pure quadrupolar resonance, at OJQ = e-qQ /2fz. Apply
ing a small magnetic field parallel to the z-axis of the quadru
polar PAS splits the degeneracy of the levels, resulting in two 
transitions, at OJQ, + m = OJQ - yBo and 
OJQ, _ m = OJQ + yBo, centered about OJQ' JO Atthermal equi
librium the spin states have, according to the high tempera
ture approximation, the following relative populations: 

P _ 1. (1 _ e2
qQ 3rfzBo ) (4a) 

+ 3/2 - 4 4kT + 2kT ' 

P -3/2 = ~ (1 - ::~ _3:'0), (4b) 

P _ 1. (1 e
2
qQ + rfzBo) 

+ 112 - 4 + 4kT 2kT' 
(4c) 

P _ 112 = 1. (1 + e
2
qQ _ rfzBo) . 

4 4kT 2kT 
(4d) 

Using 

(5) 

where N is the number density of spins, the net magnetiza
tion of the sample is 

:::::----------h I-~ ) 
---------- I+~) 

0>0 +1Bo 

0>0 

0>0 - 1Bo 

----------U I-~ ) ---------- I+~) 

Bo= 0 

FIG. I. Energy levels for a spin 1=3/2 with a small magnetic field 
(yBo .:e,e2qQ Iii) along the z-axis of the electric field gradient. During a 
sweep from low to high frequency, one rotating component of the linearly 
polarized rf excites transitions between the + 3/2 and + 112 states, induc
ing a net magnetization in the sample. As the frequency sweep continues, 
the counter-rotating component of the rf destroys the magnetization by ex
citing transitions between the - 3/2 and - 112 states. During the sweep, 
the z-axis magnetization of the sample is monitored by a dc SQUID. 

M z = Nyfz2 [J.Q. YBo] . (6) 
4kT 2 

Consider the effect of a linearly polarized rf field swept 
through the two components of the ± 1/2++ ± 3/2 transi
tion. The linearly polarized rf can be decomposed into two 
counter-rotating fields, left circularly polarized and right 
circularly polarized. Each rf component selectively excites 
transitions within either the + m or the - m manifold. 11 

During a sweep of saturating linearly polarized rf from low 
to high frequency, the populations ofthe + 3/2 and + 1/2 
states are equalized by one component of the rf, giving the 
new populations 

P'+3/2 =P'+1I2 =1.(1 + rfzBo). (7) 
4 kT 

After saturating this + 3/2++ + 1/2 component, the sam
ple magnetization is 

I Nyfz2 [9 1 e2qQ] 
M z = 4kT TyBo +4""T . (8) 

AcomparisonofEq. (8) withEq. (6) shows that saturating 
the + 3/2++ + 1/2 component produces a large increase in 
the sample magnetization, when e2qQ /fz>yBo' This in
duced magnetization will remain, neglecting relaxation pro
cesses, until the - m manifold is excited. As the sweep is 
continued, the other component of the rf saturates the 
- 3/2++ - 1/2 component of the transition, reducing the 

magnetization to 

M" - Nyfz2 [8 B] 
z - 4kT T Y 0 , 

(9) 

close to its original value. 
For I = 5/2 nuclei, the initial magnetization is 

Nyfz2 [ 35 ] 
M z = 6kT TyBo . (10) 

The induced magnetization becomes 

M' = Nyfz2 [17YB +.2.. e2qQ
] 

z 6kT 0 40 fz ' 
(11 ) 

when exciting the ± 1/2++ ± 3/2 transition, and 

, Nyfz2 [ 6 e2qQ] 
M z = 6kT 17yBo + 4O""T ' (12) 

when exciting the ± 3/2++ ± 5/2 transition. The final mag
netization, when exciting either the ± 1/2++ ± 3/2 or the 
± 3/2++ ± 5/2 transition, is 

M" = Nyfz2 [~ B ] 
z 6kT 2 Yo' (13) 

A few modifications to the above equations need to be 
made when considering a sweep from high to low frequency. 
Since the order in which the two components of the transi
tion are saturated is reversed, the sign of the quadrupolar 
term in Eqs. (8), (11), and ( 12) must be changed. The sign 
of the Zeeman terms remains the same. Since the magnitude 
of the quadrupolar term is normally much larger than that of 
the Zeeman term, the sign of the resonance peak is effectively 
switched. This behavior provides a convenient means to dis
tinguish between instrumental artifacts and NQR signals. 

Although the above equations predict a single square 
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wave signal, in practice several other factors must be consid
ered when attempting to predict the observed line shape. We 
discuss these factors first for a single crystal sample, with an 
axially symmetric quadrupolar axis aligned along the dc 
magnetic field. In Sec. n B we extend the discussion to the 
± m~ ± (m + 1) (for m> 112) transitions of a powder 

sample, and finally to the case of the ± 112~ ± 3/2 transi-
tion of a powder sample. 

The line shape for a single crystal sample, with the qua
drupolar axis parallel to the magnetic field, can be approxi
mated by 

Sew) = f' [g+m(W') +g_m(w')]e-(",-",'l/KT1dw'. 

(14) 

The functions g ± m (w') are Gaussians, centered at 
wQ ± yBo, representing the absorption line shapes of the 
two components contributing to the transition. Ifwe assume 
the sample to be a perfect crystal, the width of each Gaussian 
is determined by dipolar coupling. The time constant Tl 
accounts for the effects of spin-lattice relaxation during the 
sweep, and K is the sweep rate. Simulated line shapes of the 
± 3/2~ ± 5/2 transition are compared, in Fig. 2, with 

those observed experimentally from an a-A120 3 crystal. 
Cross relaxation between the + m and - m manifolds 

may also be important in determining the line shape. After 

Crystal 

(a) 

(b) 

(c) 

(d) 

4 kHzls 

(e) 

600 700 7ro 7~ 700 600 700 7ro. 7~ 700 
Frequency (kHz) Frequency (kHz) 

FIG. 2. Simulated (left) and experimental forward sweeps of the 
± 3/2- ± 5/2 transition of an a-Alz 0 3 crystal, for various sweep rates. 
In Figs. 2 and 3, the amplitudes of the simulated spectra are matched to the 
amplitudes of the experimental spectra. The experimental signal-to-noise 
was increased in some cases by run-averaging. The a-Al,O, spectra were 
obtained in a 10 G dc field at 4.2 K. 

the excitation of the + m manifold, and before reaching the 
- m manifold, the spin system undergoes cross relaxation 

between the manifolds as well as spin-lattice relaxation. 
Both of these processes tend to decrease the magnitude of the 
induced magnetization. Cross relaxation between neighbor
ing nuclei is induced by the I + ;I + j and I _ ;I _ j terms of the 
dipolar interaction. 12 Both of these spin-operator terms 
produce nearly energy-conserving spin flip-flips. One of 
them acts to increase the magnetization, while the other re
duces the magnetization, depending on the sign of the gyro
magnetic ratio and the direction of the sweep. The flip-flip 
which reduces the magnetization is always more probable 
because of the thermal equilibrium population distribution 
of the unperturbed transition. The rate of the frequency 
sweep effectively determines the amount of time that cross 
relaxation is allowed to occur. Cross relaxation makes it dif
ficult to accurately predict the line shape ofthe resonance a 
priori and may slightly shift the position of the line towards 
the direction of the rf sweep. However, as explained in Sec. 
n C, the effect of this shift can be easily removed while re
cording spectra. 

B. Unoriented samples 

In powders, glasses, and amorphous samples, the z-axes 
of the quadrupolar principal axis systems are not uniformly 
aligned with respect to the dc magnetic field. The dc field is 
truncated by the quadrupolar interaction, becoming 
Bo,eff = Bo cos e, where e is the polar angle between the field 
and the quadrupolar symmetry axis, For 1m I ;;.3/2 the eigen
states are unchanged, and Eq. (14) may still be used to de
scribe the expected line shape. However, the functions 
g ± m (w') must be replaced by the corresponding powder 
averages, 

1 i
21T 

i1T g±m(w',Bo,B1 )=- dtjJ g±m(w',e) 
41T 0 0 

X 'I' (e,B I ) r (e) =: (e,Bo ) sin e de. 
(15) 

In this equation g ± m (w',e) are Gaussians centered at 
wQ ± yBo cos e. The width of these Gaussians is determined 
both by the distribution of quadrupolar coupling parameters 
within the sample, and by dipolar coupling between nuclei in 
the sample. For glassy or amorphous samples the contribu
tion from the distribution of quadrupolar parameters may 
far outweigh the contribution from dipolar coupling. For 
highly crystalline samples, the line broadening will be exclu
sively due to dipolar coupling. In Sec. IV we show spectra 
which exhibit both these extremes. The other terms can be 
explained as follows. 

The rf radiation is most effective in inducing transitions 
when it is applied orthogonally to the quadrupole symmetry 
axis. This will not be the case for many crystallites in a pow
der sample, so the 'I' (e,B I ) term takes into account that only 
the projection of the rf perpendicular to the quadrupolar z
axis is effective in inducing transitions. From studies of a 
single crystal of a-A12 0 3 , we find that the 'I' (e,B I ) term, 
which describes the signal height as a function of rf strength, 
has the approximate form 
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(16) 

The effective rffield is B\.eff = B\ cos 0, and B\ 0 is a charac
teristic rf strength which depends on the sam pie parameters 
and the sweep rate. 

The magnetization induced in a spin system appears 
along the z-axis of the quadrupole PAS, while the SQUID 
measures magnetization along the laboratory z-axis. The de
tected signal from a crystallite with polar angle ° will thus be 
proportional to r(O) -cos 0. 

The small dc field, used to split the degeneracy of the 
wQ• + m and wQ• _ m components, reduces the cross relaxation 
rate between the + m and - m manifolds. The effective 
field, BO•eff = Bo cos 0, decreases in crystallites for which the 
z-axis is tilted away from the magnetic field axis. The 
E (O,Bo ) term accounts for the decreased effectiveness of the 
dc field in reducing the cross relaxation rate when the qua
drupolar z-axis is not aligned along the magnetic field. The 
result is a reduction in signal intensity, and a distortion of the 
line shape, when the effective field approaches the local field 
B L (due to dipolar coupling) of the sample. We have found 
that, for a single crystal of a-A12 0 3 , E (O,Bo ) can be rough
ly represented by 

E(O,Bo );::: 1 - exp( - Bo.eff/Bd. (17) 

The sweep rate and the zero field cross relaxation rate affect 
the overall magnitude of E(O,Bo )' Figure 3 shows a com
parison of simulated and experimental line shapes for the 
± 3/2++ ± 5/2 transition of an a-A12 0 3 powder. 

Powder 

(a) 

O.2kHzls 

(b) 

(e) 1 kHzls 

(d) 
4 kHzls 

(e) 

740 760 
Frequency (kHz) 

FIG. 3. Simulated (left) and experimental forward sweeps of the a-A12 0 3 

powder sample, using the ± 3/2_ ± 5/2 transition, for various sweep 
rates. 

A description of the line shape of the ± 1/2++ ± 3/2 
transition is somewhat more complicated, due to zero order 
mixing ofthe + 1/2 and - 1/2 states by the dc field. In this 
case the transition is made up of four components, so four 
g;'s are required in Eq. (14). The amplitude and frequency 
of each component have been given by Das and Hahn.2 

Several points regarding the comparison of the powder 
and single crystal line shapes should be apparent from the 
above discussion. Consider a powder sample composed of 
highly crystalline particles, so the only source ofline broad
ening is the dipolar coupling. Under optimum conditions 
(Bo = Bv and a fast sweep), both the powder and crystal 
samples give roughly Gaussian lines about one and one-half 
times wider than the naturallinewidth. For a given dc field 
strength, the ± 3/2++ ± 5/2 transition of a powder sample 
is slightly narrower than that of the crystal. This situation, of 
which an example is given in Figs. 2 and 3, may be unique in 
magnetic resonance. Because of the mixing ofthe + 1/2 and 
- 1/2 states in a powder sample, the ± 1/2++ ± 3/2 transi

tion is about three times as broad as the + 3/2++ + 5/2 
transition. - -

If the nuclei of interest in the sample experience a distri
bution of quadrupolar splittings, as in amorphous samples, 
this distribution will often determine the observed linewidth. 
Since the dc field need be only of comparable strength to the 
dipolar interaction, the line shape and linewidth observed 
using the SQUID NQR technique described in this paper 
will be similar to those observed in pure NQR. For these 
samples the ± 1/2++ ± 3/2 transition may be narrower 
than the ± 3/2++ ± 5/2 transition. 

The last point concerns the response of the spin system 
to circularly polarized rf. For a single crystal in a dc field 
much larger than the local field, different spectra are ob
served for the two possible polarizations of circularly polar
ized rf. This arises because the functions g ± m are well sepa
rated, and have opposite signs. Due to the averaging in the 
powder, the corresponding functions for the powder sample 
overlap completely. Thus the line shape is the same when 
using linearly polarized rf as when using rf of either circular 
polarization. 

c. Determination of quadrupolar parameters 

In general one cannot determine e2qQ /h and 1] sepa
rately, for 1= 3/2, from pure NQR. For I = 5/2, e2qQ /h 
and 1] can be evaluated separately since there are two pure 
quadrupolar transitions. For both the single crystal and 
powder samples, the resonances in a small magnetic field are 
centered about the pure quadrupolar resonance frequencies. 
For I = 3/2, the frequency, 

_ e2qQ ( 1]2)\12 
W Q --- 1+-

2fz 3 
(18) 

is well known. We find that, for 1= 5/2, the + 1/2++ + 3/2 
transition occurs at --

e
2
qQ M' (0) wQL =--r(2,,3) sm -

. 2M 3 
(19) 

while the ± 3/2++ ± 5/2 transition occurs at 
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CUQ,H = e;~ r[ 3 cos( ~) - f3 Sin( ~ ) ] , (20) 

where 

(
7 )112 

r= 3"l+7 , (2Ia) 

(J = arctan[ ~ p ] , 
10(11 - 1) 

(2Ib) 

and 

p = [343 6 + ~ 4 + 543 2 + 243] 112. 
27 11 3 11 11 (2Ic) 

The ratio of (cuQ,H/cuQ,d is used to determine 11, and then 
e2qQ /h can be determined using either cuQ.L or CUQ,H' It ap
pears that these analytical expressions for cuQ.L and cuQ•H' 
derived by solving for the roots of the cubic secular equa
tion,13 have not previously been published. 

Using the SQUID NQR technique, spin-lattice and 
spin-spin relaxation during the rf sweep tend to destroy the 
symmetry of the line shape for a single sweep. By taking the 
difference of forward and reverse sweeps, one obtains a line 
shape that is symmetric with respect to cuQ • This symmetri
zation eliminates the need to consider the effects of relaxa
tion when determining cuQ' Aside from this benefit, the dif
ference spectrum is more immune to instrumental artifacts. 
This comes about because the NQR signal changes sign 
when the direction of the rf sweep is reversed, while artifacts 
generally do not. 

III. EXPERIMENT 

The applied dc field, usually a few gauss, is trapped in a 
superconducting lead tube along the laboratory z-axis. A 
Helmholtz coil along the x-axis provides rf excitation, typi
cally at tens of milligauss levels. In experiments requiring 
circularly polarized radiation, rf fields which have been 
phase shifted by 90· are also generated by a similar coil along 
the y-axis. A Hewlett-Packard 3326A two-channel synthe
sizer functions as the radio frequency source. The sample is 
contained in a standard 5 mm NMR tube, attached to the 
end of a moveable rod. A superconducting pickUp coil along 
the lab z-axis, which is connected to a commercial flux
locked dc SQUID,14 detects the sample magnetization. The 
output from the SQUID control unit is digitized and stored 
on computer. Complete details of the experimental appara
tus are available elsewhere. 1s.16 

IV. RESULTS 

A. Aluminum oxide (a-AI2 0 3 , corundum) 

a-A120 3 is a dense and highly ordered system in which 
the oxygen atoms are arranged in a hexagonal closest packed 
array.17 Two thirds of the possible aluminum sites, which 
are all octahedral, are filled in a well defined scheme. Each 
aluminum nucleus is surrounded by two equilateral triangles 
of oxygen atoms such that the space group is D3d.

18 This 
arrangement of oxygen nuclei produces an axially symmet
ric electric field gradient at the aluminum site, i.e., 11 = 0, 
and the C3 axis serves as the z-axis of the quadrupolar PAS. 
The high frequency transitions of single crystal and poly-

crystalline a-A12 0 3 , recorded with an rf sweep from low to 
high frequency, are shown in Figs. 2 and 3, respectively. The 
low and high frequency transitions were observed at 357 ± 3 
and 714 ± 3 kHz, giving e2qQ /h = 2.38 ± 0.01 MHz and 
11 = 0.0 + 0.1.9 This is in excellent agreement with earlier 
work by Pound 1 and others. 19 

B. Petalite (LiAISi4 0 10 ) 

In petalite, folded Si2 Os layers are linked by Li and Al 
tetrahedra. The AI04 tetrahedra are distorted such that the 
aluminum-oxygen bond distances are 1.742 and 1.732 A.20 
The spectrum of petalite is shown in Fig. 4, and the two 
transitions are determined to be at 834 ± 5 and 1314 ± 5 
kHz. Using Eqs. (19)-(21), we find that 
e2qQ /h = 4.56 ± 0.01 MHz and 11 = 0.47 ± 0.1. This mea
surement confirms estimates of e2qQ /h and 11 derived from 
MAS spectra.21 The relatively broad lines indicate a consid
erable amount of structural disorder in this natural mineral 
sample. Dipolar broadening is not expected to contribute 
significantly to the linewidth. 

C. Boron nitride (BN) 

Hexagonal boron nitride forms in a layered network of 
hexagonal rings, similar to graphite.22 Each ring is made up 

1200 

Frequency (kHz) 

1300 
Frequency (kHz) 

FIG. 4. 27Al NQR powder spectrum of the mineral petalite (LiAlSi4 0\O), 
at 4.2 K, derived from the difference between spectra obtained with forward 
and reverse sweeps of a small rf field, while detecting the dc component of 
the magnetization with a SQUID. A 10 G dc field was applied to the sample. 
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of alternating boron and nitrogen nuclei. Directly above and 
below each boron are the nitrogen nuclei of the adjacent 
layers. The z-axis of the quadrupolar interaction is perpen
dicular to the planes formed by the layers. From symmetry 
considerations, the electric field gradient at the boron nuclei 
has been taken to be axially symmetric.23 The spectrum of 
BN, shown in Fig. 5, has two resonance frequencies, al
though only one has been previously reported. The position 
of the high frequency peak, 1467 ± 2 kHz, is in agreement 
with previous high field results, 1480 ± 50 kHz.23 We have 
not yet identified the source of the low frequency shoulder at 
1437 ± 2 kHz, but it may be associated with the well-k~own 
turbostratic nature of hexagonal boron nitride.22.24 X-ray 
diffraction analysis of the BN powder shows that 
B20 3 . xH2 0, responsible for the broad peak near 1300 kHz, 
is the only major crystalline impurity. 

D. 8 2 0 3 and hydrates 

The basic units in the borates are planar B03 groups and 
approximately tetrahedral B04 groups. The z-axis of the 
quadrupolar interaction is perpendicular to the plane of the 
B03 group, producing quadrupolar splittings of about 1300 
kHz. The undistorted B04 group has no electric field gradi
ent at the boron site. Distortions are usually not large 
enough to bring the quadrupolar splitting of the B04 group 
within the range of our spectrometer. Hence our results are 
confined to the B03 group. 

1. B203·3H2° (boric acid) 

The boron nuclei in boric acid are surrounded by three 
oxygen atoms, in the same plane, such that the O-B-O bond 
angle is approximately 120°.25 Although x-ray diffraction 
and neutron scattering data show two boron sites,25,26 they 

2000 
Frequency (kHz) 

FIG. 5. lIB NQR spectrum of polycrystalline BN at 4.2 K in a 3.5 G dc 
magnetic field. The broad resonance at 1300 kHz is due to B2 0 3 • xH2 0, 
which is a product ofBN hydrolysis in air (Ref. 30). The upper trace shows 
an expanded view of the 1467 kHz transition in a hot-pressed rod ofBN, 
obtained in a dc field of 1.2 G. No decomposition products were observed in 
the hot-pressed rod. Both spectra are the difference between spectra ob
tained with forward and reverse sweeps. 

do not appear to be resolvable by NQR. The planar B03 

units are joined together by hydrogen bonding between the 
oxygen atoms to form a layered network. The signal from 
boric acid powder is shown in Fig. 6(a). The frequency of 
the main peak, 1286 ± 5 kHz, is in excellent agreement with 
the previously reported 11 B quadrupole resonance frequency 
of 1288 ± 4 kHz.27 Assignment of the high frequency peak, 
1335 ± 5 kHz, to the highest frequency transition of lOB is 
made by comparison with reported lOB resonances at 
1335 ± 1 kHz in boric acid enriched with IOB.27 Further 
verification of these assignments lay in the absence of the 
1335 kHz peak in a sample of99% liB-enriched boric acid. 
A search for the other transitions of the lOB nuclei yielded 
negative results, leading us to propose that the lOB resonance 
at 1335 kHz is observable because of spin diffusion between 
the lOB and lIB nuclear spin systems.28 This conclusion is 
supported by the fact that the high frequency transition is 
not observable while sweeping rapidly from low to high fre
quency, since the lIB spins are still saturated when the rf 
reaches the lOB line. A rapid high to low frequency sweep 
yields a larger lOB line and a reduced liB line. The small 
linewidth of the lOB transition relative to the liB transition 
may be partially attributed to the quenching of the dipolar 
interaction in integer spin systems29 and partially to the re
duced Zeeman interaction, due to the smaller magnetic mo
ment of lOB. 

1300 

Frequency (kHz) 
1350 

FIG. 6. Boron NQR spectra of poly crystalline borates in a 10 G de field at 
4.2 K. The high frequency shoulders on the main peaks in (a), (b), and (c) 
are from lOB, arising from spin diffusion between the liB and lOB spin sys
tems. These spectra are the difference between forward and reverse sweeps. 
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2. 8 2 0 3 ·H2 0(III) (orthorhombic) 

This sample was prepared by heating powdered boric 
acid, in an open container, at l00·C for 24 h. 3o,3) 
B20 3 • H2 0 has a layered structure in which B3 0 3 rings are 
joined by hydrogen bonding between OH groups on the bo
ron atoms. 30,32 The immediate environment of the boron is 
similar to that in boric acid, except there is a lower extent of 
hydrogen bonding in B20 3 . H2 O. Our measured transition 
frequency from Fig. 6(b), 1338 ± 10 kHz, is significantly 
different from that obtained from the second order quadru
polar broadening of the Zeeman transition, 1280 + 10 
kHz.33 The high frequency shoulder on the main reson;nce 
is attributed to the 1 ± 2)++1 ± 3) transition of lOB. 

3.82 0 3 (polycrystalline) 

The crystalline form of B2 0 3 consists of trigonal B03 
groups joined through their oxygen atoms to form a three
dimensional network. 32 This sample of poly crystalline 
B2 0 3, dried overnight at 70 ·C, yields a main peak at 
1320 ± 10 kHz and a shoulder on the high frequency side at 
1360 ± 10 kHz, Fig. 6(c). The separation between the main 
peak and the shoulder is the same as that observed in boric 
acid, so we assign the shoulder to the )~ resonance. Pre
vious work on the glass phase of lOB-enriched B2 0 3 shows a 
lOB transition around 1375 kHz.4 

4.82 0 3 (glass) 

This sample was prepared by heating boric acid in a 
graphite mold until bubbling had essentially ceased. The 
slug of B2 0 3 glass was then extracted from the mold. Vitre
ous B20 3 consists of a three-dimensional network of B03 
triangles and B30 3 rings connected by bridging oxygen 
atoms.4,30 The resonance, shown in Fig. 7, occurs at 
1360 ± 10kHz in reasonable agreement with previous 
work.4,34 The broad spectrum indicates large variations in 

1300 1350 1400 

Frequency (kHz) 
1450 

FIG. 7. liB NQR spectrum of vitreous B,03 at 4.2 Kin adcfield of 2.4 G. 
This spectrum is the difference between forward and reverse sweeps. 

the electric field gradients at the boron-II nuclear sites, as 
expected from the glassy structure. A measurement of the 
linewidth is of interest because it is directly related to the 
distribution in the boron sites. An estimate of the linewidth 
from the fitting of high-field NMR experiments yielded a 
width of about 100 kHz (FWHM), while our direct mea
surement gives only 80 kHz. We may ignore the effect of the 
small dc magnetic field, which causes a broadening of only 2 
or 3 kHz. Recent pure NQR work with a conventional 
spectrometer gives a linewidth of 60 kHz for vitreous 
B2 0 3 •
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V. CONCLUSIONS 

Using the low frequency sensitivity of our SQUID 
spectrometer, we have made several measurements of low 
frequency NQR of aluminum and boron. 27 Al NQR reson
ances in a-A120 3 and petalite were detected in the range 
from 350 to 1300 kHz, allowing for easy, accurate determi
nations of e2qQ /h and 1]. The liB NQR resonances were 
observed between 1 and 1.5 MHz in boron nitride, polycrys
talline B20 3 . xH2 0, and in vitreous B2 0 3, In addition, the 
1 ± 2)++1 ± 3) lOB resonance was observed in polycrystal
line B20 3 'xH2 0 via cross relaxation with the liB spin sys
tem. In most cases, our results compare well with those ob
tained with conventional techniques, considering the small 
structural changes expected when cooling to 4.2 K. How
ever, in several samples we were able to obtain more accurate 
or more detailed spectral information than was previously 
available. We feel that this technique has very'broad applica
bility in NQR of aluminum, boron, and other nuclei in this 
frequency range, particularly in disordered systems like 
glasses and amorphous materials. Efforts are currently un
derway to extend this technique to other half-odd-integer 
and I = 1 spin systems. 
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