
Low Frequency Nuclear Quadrupole Resonance 
with SQUID Amplifiers*
John  Clarke
Department of Physics, University of California, Berkeley, CA 94720 and 
Materials Sciences Division, Lawrence Berkeley Laboratory, Berkeley, CA 94720

Z. Naturforsch. 49a, 5 -1 3  (1994); received October 18, 1993

The dc SQ U ID  (Superconducting QUantum Interference Device) can be configured as an ampli­
fier of spin-echos with a noise temperature of approximately 10 mK (f/1 MHz) at an operating 
temperature of 1.5 K. A Fourier transform spectrometer based on a SQ U ID  with a superconducting 
input circuit and operated in a flux-locked loop is used to obtain nuclear quadrupole resonance 
(NQR) spectra in a broadband mode over the bandwith 0 -1  MHz. Spin-echo spectra of 14N in 
N H 4C 104 reveal sharp NQ R resonances, obtained simultaneously, at 17.4, 38.8 and 56.2 kHz. At
1.5 K, the measured longitudinal and transverse relaxation times Tx and T2 for the 38.8 kHz transi­
tion are 63 ±  3 ms and 22 +  2 ms, respectively.
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1. Introduction

N uclear m agnetic resonance (NM R) spectra enable 
one to  m easure nuclear m agnetic dipole-dipole and 
electric quadrupole interactions in crystalline solids 
and thus yield valuable inform ation on the inter­
atomic distances and local electric field gradients [1-3]. 
However, in polycrystalline or disordered materials 
the random  orientations of molecules with respect to 
the applied m agnetic field produce a “pow der p attern” 
in which structural inform ation m ay well be obscured. 
O ne can overcom e this problem  by removing the ex­
ternal m agnetic field, which defines a direction in 
space, and  perform ing experim ents such as nuclear 
quadrupole resonance (N Q R) [4] o r zero field N M R  
[5], in which all equivalent sites have the same reso­
nan t frequencies and the resulting spectra should 
therefore be sharp. Exam ples of N Q R  are 2D  in selec­
tively deuterated  organic molecules and  9 Be, U B or 
14N in nearly sym m etric environm ents; an example of 
zero field N M R  is w ater in hydrated  crystals. H ow ­
ever, the corresponding resonant frequencies co/ 2  n are 
often very low com pared w ith those in conventional 
N M R  or N Q R , for example, abou t 42 kH z for the 
zero field N M R  of w ater in hydrated  crystals or a few 
tens of kilohertz for the N Q R  of 14N  in the am m o­
nium  ion. As a result, the signal delivered to  a coil

* Presented at the X llth  International Symposium on
Nuclear Quadrupole Resonance, Zürich, July 19-23 ,
1993.

Reprint requests to John Clarke, Physics Department, Uni­
versity of California, Berkeley, California 94720, U.S.A.

NQR, N H 4C104, spin echo.

surrounding a collection of precessing spins is greatly 
reduced com pared to tha t a t frequencies of, say, tens 
of megahertz: a t a given tem perature T  the m agnetiza­
tion M scales as co/T and the voltage as coM, so that 
the induced voltage scales as co2. This small signal 
implies tha t it is difficult to  observe low-frequency 
N M R  or N Q R  with a conventional sem iconductor 
amplifier coupled to a resonant circuit, and a lterna­
tive techniques have therefore been developed. One 
m ethod is m agnetic field cycling [6 ], which produces 
the free induction decay (FID ) signal po in t and is thus 
rather time consuming. In ano ther technique, applica­
ble to zero field N M R , one spins the sam ple in a high 
magnetic field and  applies radio  frequency pulse se­
quences [7]. A th ird  approach  involves a Robinson 
oscillator [8 ] in a continuous wave (CW) N Q R  spec­
trom eter, and has been used successfully at frequen­
cies down to 200 kH z [9].

Yet another m ethod is to detect the low-frequency 
signal directly by m eans of an am plifier based on a dc 
Superconducting Q U an tum  Interference Device 
(SQUID) [10]. The S Q U ID  can be used in either a CW  
[11] or pulsed m ode [12-14]. At kilohertz frequencies, 
the SQ U ID  amplifier, as we shall see in Sect. 2, has a 
noise tem perature far below th a t of conventional am ­
plifiers. The S Q U ID  offers a unique feature in tha t it 
can be used to  detect m agnetic flux, rather than the 
rate of change of m agnetic flux, so th a t at a given 
tem perature the detected signal scales w ith co, ra ther 
than  as co2. Furtherm ore, in this m ode the input cir­
cuit is nonresonant so tha t one can m easure resonance 
signals over a b road bandw idth, in the present case

0932-0784 /  94 /  0100-0005 $ 01.30/0. -  Please order a reprint rather than making your own copy.

This work has been digitalized and published in 2013 by Verlag Zeitschrift 
für Naturforschung in cooperation with the Max Planck Society for the 
Advancement of Science under a Creative Commons Attribution-NoDerivs 
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal 
of the Creative Commons License condition “no derivative works”). This is 
to allow reuse in the area of future scientific usage.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift für Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Förderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veröffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der 
Creative Commons Lizenzbedingung „Keine Bearbeitung“) beabsichtigt, 
um eine Nachnutzung auch im Rahmen zukünftiger wissenschaftlicher 
Nutzungsformen zu ermöglichen.



6 J. Clarke • Low Frequency Nuclear Quadrupol Resonance with SQ U ID  Amplifiers

from zero to abou t 1 M H z [15]. The direct detection of 
the precessing spins enables one to  take advantage of 
the rich variety of pulse techniques used in higher 
frequency N M R  and N Q R  m easurem ents.

Section 2 provides an overview of the SQ U ID  and 
its operation  as an amplifier. Section 3 describes the 
N Q R  spectrom eter and Sect. 4 presents the results of 
its use to  detect N Q R  in N H 4 C 1 0 3; these sections are 
based on [12] and [13], respectively. Section 5 contains 
some concluding rem arks.

2. DC SQ U ID s

2.1. Principle o f  operation

The dc S Q U ID  com bines two superconducting 
phenom ena: flux quantization  and Josephson tunnel­
ing. Flux quantization  dem ands th a t the net magnetic 
flux th reading a closed superconducting loop be quan ­
tized in units of the flux quantum , <P0 = h/ 
2 e x ;2.07 x 1 0 " 15 Wb, where h is P lanck’s constant 
and 2 e is the charge on a C ooper pair. Thus, if we cool 
a ring th rough  its superconducting transition tem per­
ature in the presence of a m agnetic field and then 
remove the field, a persistent supercurrent flowing 
around  the ring will m aintain  a flux n<P0, where n is 
an integer. If we then apply an external magnetic flux 
to the ring, the supercurrent will adjust itself to ensure 
that the net flux rem ains at n<P0 . The Josephson tun ­
nel junction  consists of two superconductors sepa­
rated by a thin barrier. C ooper pairs are able to tunnel 
coherently through the barrier, enabling the junction  
to support a supercurrent up to  a m axim um  value 
know n as the critical current J 0 ; this zero voltage 
current constitutes the dc Josephson effect. W hen the 
applied current exceeds / 0, a voltage V  is developed 
across the junction . In this regime, the supercurrents 
oscillate at a frequency 2eV /h= V /< P 0; this is the ac 
Josephson effect.

The dc SQ U ID , shown in Fig. 1 a, consists of two 
Josephson junctions connected in parallel on a super­
conducting loop of inductance L. Each tunnel junc­
tion has associated with it a capacitance C, and is 
shunted with an external resistance R  to produce the 
nonhysteretic current-voltage ( I-V ) characteristic 
shown in Fig. 1 (b) [16]. W hen we change the magnetic 
flux applied to the loop, the critical current oscillates 
between a m axim um  value at <p = n $ 0 and a minimum 
value at <2> =  (n + 1  /2) <P0 ; thus, the period of oscillation 
is 0 O. If we bias the S Q U ID  with an appropriate  bias 
current / B, the voltage correspondingly oscillates be-

Fig. 1. (a) Configuration of dc SQUID; (b) current-voltage 
(I-V ) characteristics for an applied flux of n<P0 ,{n + 1/ 
2)<P0; (c) V vs. 0  for constant bias current / B, indicating how  
flux 3 0  is converted into voltage 3V.

tween V1 and V2, as indicated in Figs. 1 b and c. In 
practice, one uses a steep portion  of the V  — <P curve 
(Fig. 1 c) to convert an oscillating flux into an oscillat­
ing voltage that can be amplified w ith conventional 
electronics. Thus, in essence, the S Q U ID  is a flux-to- 
voltage transducer with a transfer coefficient V<J) = (dV /  
0<P);. C om puter sim ulations for an optim ized S Q U ID  
yield

V ^ R / L .  (2 .1 )

2.2 Practical devices

M odern SQ U ID s are m ade from thin films de­
posited on silicon wafers and patterned  with p h o to ­
lithographic and etching techniques taken over from 
the sem iconductor industry. As m any as 400 S Q U ID s 
can be produced on a 4-inch wafer; subsequently, the 
wafer is diced into chips, each w ith one SQ U ID . The 
configuration of the S Q U ID  (Fig. 2) generally follows 
that first introduced by K etchen and  Jaycox [17]. The 
body of the SQ U ID  consists of a square washer of 
niobium  with a narrow  radial slit. A Josephson ju n c­
tion is grown on each side of the outside end of this i
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(2a)

(2b)

Fig. 2. (a) Photograph o f thin-film dc SQ UID. The square 
niobium washer is about 1 mm across. A slit in the washer 
runs from the central square hole to the outer edge. There is 
a Josephson tunnel junction on each side of the slit near the 
outer edge, as shown in the enlarged view of this region, see 
b. Each junction is defined by two crossed slits, about 2 (im 
wide, in an insulating film deposited on the niobium washer. 
The junctions are completed, and connected together, by an 
upper superconducting film. When a current source is con­
nected to the two central leads shown in (a) a current flows 
between the washer and the upper film via the two Josephson 
junctions. The voltage is measured across the same two leads. 
The two leads at the left in (a) provide contact between the 
pick-up coil shown in Fig. 7 and the 20-turn input coil, the 
innermost turn of which is contacted via a narrow film run­
ning in the slit of the washer. (Courtesy N on Fan and M. B. 
Heaney).

slit, and  the upper electrodes of these junctions are 
connected by a second superconducting layer, insu­
lated from the first, to  com plete the loop. Signals are 
coupled into the S Q U ID  via a m ultiturn , spiral coil, 
also m ade of niobium , which is deposited on an insu­
lating layer covering the square washer. Virtually all 
the flux produced by a curren t in this coil is forced to 
flow through the central hole in the washer, giving 
very efficient coupling.

In alm ost all applications, the S Q U ID  is operated 
in a flux-locked loop (see Sect. 3). A voltage induced 
across the S Q U ID  by a flux change is amplified and 
fed, via a resistor, into a second coil inductively cou­
pled to  the SQ U ID . The feedback flux opposes the 
applied flux, so th a t the S Q U ID  is a null detector; the 
voltage across the feedback resistor is p roportional to 
the flux signal. This configuration effectively linearizes 
the S Q U ID  response, enabling one to  detect changes 
in flux corresponding either to  m any flux quan ta  or to 
a very small fraction of one flux quantum . At frequen­
cies /  above the 1 / /  noise knee (typically 1 Hz), the 
spectral density S#  ( / )  of the flux noise is white; for a 
S Q U ID  operating in liquid helium at 4.2 K  S ^ 2 ( / )  is 
order of the 10 ~ 6 <Z>0 H z ~ 1/2. It is useful to  express this 
flux noise as a noise energy, S0  ( / ) / 2 L, which is of the 
order of 1 0 ~ 3 2 J H z - 1  for a loop inductance L ~  
100 pH. It is this ex traord inary  energy sensitivity tha t 
enables one to  m easure low-frequency N Q R  and 
N M R  signals.

2.3. Noise temperature and gain

We tu rn  now  to a brief discussion of the noise tem ­
perature and  gain of a  dc S Q U ID  configured as an 
amplifier. F igure 3 a shows the two white noise 
sources of the SQ U ID : a voltage noise FN (t) across the 
device and  a curren t noise J N (t) a round  the SQ U ID  
loop. Both noise term s originate in the N yquist noise 
of the two shunting resistors, R, each of which has a 
current spectral density 4 k B T/R,  where k B is Boltz­
m ann’s constant. The spectral densities of FN(t) and 
J N(t) for an  optim ized S Q U ID  have been com puted to 
be

Sv ( / ) « 1 6 f c B T K  (2.2)

and

Ss( f ) * t l l k BT / R ,  (2.3)

respectively [18, 19]. In addition, FN(£) and  J N(f) are 
partially correlated, w ith a cross-spectral density

Sv j( / ) « 1 2 * b 7 \ (2.4)
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(a)

Fig. 3. (a) Noise sources in the dc SQ UID, (b) Equivalent 
noise sources in a circuit coupled to the SQUID.

To use the SQ U ID  as a voltage amplifier, one couples 
a superconducting coil of inductance L ; to it as shown 
in Fig. 3 b; the voltage source has an am plitude £ ;(co) 
and an im pedance Z {{co). The voltage noise FN(co) is 
equivalent to a flux noise V^{(o)IV0  in the S Q U ID  and 
hence to an equivalent current noise source

I N(co)=VN(co)/Mi V<J> (2.5)

across the input coil, where M j =  a (L L j ) 1/2 is the m u­
tual inductance between the input coil and the 
SQ U ID . Similarly, J N{co) is represented by a voltage 
source

£n  M  =  - j  (o Mj J N (to) (2 .6 )

in series with L 1(j = sJ  — 1). Thus, the S Q U ID  am pli­
fier, like any other amplifier, has two noise sources, 
£ n (co) and J N(a>). O ne can optim ize the param eters of 
the input circuit to  obtain  the m inim um  noise tem per­
ature of the amplifier. This procedure is com plicated 
by the fact that the S Q U ID  is loaded by the input 
circuit and also reflects an additional im pedance into 
the input circuit [2 0 -2 2 ] .  F or our present purpose, we 
ignore these details, neglect the correlation between 
J N(f) and FN(t) and assume that a =  1 to give a sim pli­
fied, approximate treatm ent that, nonetheless, yields 
results tha t are correct to  w ithin factors of 2 .

To begin with, we assume tha t the source im ­
pedance is a resistor, and set Zi = R {. In the standard  
treatm ent of the noise tem perature of amplifiers [23],

the optim um  source resistance is found to  be £ N( / ) /  
/ N( / ) .  Accordingly, with the aid of (2.1), (2.2), (2.3), 
(2.5), and (2.6) we find an optim ized source resistance

R ^ ' x c o L , . (2.7)

Further, the optim ized noise tem perature is 
[ S e ( / ) S ,( / ) ] 1/2/2/cb, where SE( / )  and S , ( / )  are the 
spectral densities of E N(t) and I N(t), respectively. U s­
ing Eqs. (2.2), (2.3), (2.5) and (2.6), we find

7 3 *  « 4 0 / 7 7 7 * . (2.8)

We note tha t T  increases linearly with b o th  the oper­
ating frequency a) and the bath  tem perature T. Since 
V# is a frequency of typically 25 GHz, for signal fre­
quencies of 1 M Hz or less the noise tem perature will 
be far below the bath tem perature.

Finally, we estimate the power gain. F ro m  Fig. 3 b, 
we see tha t an input voltage £; generates a flux M, E-J 
(Ri+jcuLi)  in the SQ U ID  and hence an  ou tpu t 
voltage E 0 = M x E { ^ / ( R ;  +  j c o L ;). Assuming a SQ U ID  
dynam ic resistance R  at the operating po in t and using
(2.7), we find a power gain

G * | £ 0 | 2 (2.9)

Thus, for V# = 25 G H z and a signal frequency of 
1 M Hz, we find a gain of about 30 dB.

Figure 4 shows the frequency dependence of TN ex­
trapolated  from the measured value of a particular 
amplifier [22] operated at 100 MHz. The perform ance 
achieved is somewhat poorer than tha t predicted by
(2 .8 ), in part because the m ore com plete treatm ent 
gives a som ewhat higher numerical prefactor. In addi­
tion, in a real amplifier, the presence of parasitic in­
ductance and capacitance and the fact th a t a <  1 de­
grade the performance. It should be em phasized that 
the noise tem perature relates only to the S Q U ID  and 
its input coil, and does not include N yquist noise gen­
erated in the source resistance K;. Thus, the total sys­
tem noise tem perature is TN +  T, and greatly exceeds 
r N at low frequencies. The noise tem perature shown in 
Fig. 4 is two orders of m agnitude higher than  that for 
an ideal, quantum  limited amplifier, T $  = h ///cBln 2 . 
M odest improvements in 7"N, say by a factor of 3 to  5, 
could be made by reducing the junction  capacitance, 
enabling one to increase the shunting resistance [16], 
and by decreasing the loop inductance [18]. The upper 
curve in Fig. 4 represents typical values of semicon­
ductor amplifiers; particularly at high frequencies, fur­
ther improvements can be achieved by cooling the
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frequency (kHz)
Fig. 4. Noise temperature vs. frequency for a dc SQ UID at 
1.5 K, an ideal quantum limited amplifier, and typical con­
ventional amplifiers at room temperature.

front stage of the amplifier, for example, a GaAs FET. 
We see th a t a t the lower frequencies the noise tem per­
ature of the S Q U ID  amplifier is very much smaller 
than  th a t of conventional amplifiers, and it is this 
frequency range is relevant to our spectrometer.

To com plete this section, we observe that in our 
m agnetic resonance experiments we replace the 
voltage source in series w ith a resistor with a pickup 
coil of inductance L p th a t surrounds the precessing 
nuclear spins. We choose coLp« /? i to achieve the op ­
tim ization condition  L p» L ;  [10]. The precessing spins 
induce a rate of change of flux — jco<P in L p, where #  
is the flux due to  the spins threading the pickup loop. 
Since the input circuit is entirely superconducting 
with a series im pedance ja>(Lx + L p), the current in­
duced is — 0 /(Lj +  L p); this is simply the current re­
quired a t any instan t of time to  m aintain flux quanti­
zation  in the input circuit. Thus, the amplifier now 
responds to  <P ra ther than  d<P/dt. The fact that the 
input circuit is resistanceless implies that it generates 
no noise, enabling us to  take full advantage of the low 
noise of the SQ U ID . By the same token, the lack of a

Fig. 5. Fourier transform spectrometer configured for nu­
clear quadrupolar resonance.

dissipative element implies th a t the concept of noise 
tem perature is no longer strictly valid. However, the 
noise contribution  of the S Q U ID  is still given by (2.8) 
if one understands tha t it now  represents a voltage 
noise spectral density 4 k BTNcoLi in the input circuit.

3. SQ U ID  N Q R  Spectrometer

The spectrom eter consists of three m ain com po­
nents: a flux-locked SQ U ID , a sam ple cell, and a com- 
puter-controlled system for supplying pulses to  the 
sample and  recording the response. We briefly de­
scribe each in turn.

The original version of our spectrom eter involved a 
500 kH z flux m odulation of the S Q U ID , and its band­
width was lim ited to  abou t 200 kHz. The current ver­
sion, show n in Fig. 5, uses a direct-coupled readout 
scheme know n as addition  positive feedback (APF) 
[24] th a t is sim pler and extends the bandw idth to 
above 1 M H z [15]. In the A P F  scheme (Fig. 6  a), a coil 
in series w ith a variable resistor, actually a cooled 
M ESFET, is connected in parallel w ith the current-bi­
ased SQ U ID . W hen a m agnetic flux is applied to the 
SQ U ID , the resultant voltage change causes a current 
flow through the coil which in tu rn  induces an addi­
tional flux in to  the SQ U ID . D epending on the sign of 
V0 , this flux either supports the applied flux, produc­
ing positive feedback or opposes it, producing nega­
tive feedback. The resultant V  — 0  curve becomes
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(b)

Fig. 6. (a) Readout scheme for dc SQ U ID  giving rise to 
asymmetric voltage vs. flux response shown in (b).

jnrim sample
transmitter
coil

pick-up coil
superconducing
shield

Fig. 7. Sample cell.

asymmetric, the steeper slope corresponding to  posi­
tive feedback. O ne contro ls the degree of feedback by 
adjusting the resistance of the M ESFET. The en­
hanced value of V0 on the steeper slope, typically 
200/x V/<P0 or more, enables one to  connect the 
SQ U ID  directly to  a room  tem perature preamplifier, 
which has a typical input voltage noise of 0.5 nV 
H z -I/2 , w ithout sacrificing resolution. After am plifi­
cation, the signal passes th rough  a single-pole in tegra­
to r and then, via a feedback resistor R F, through a coil 
inductively coupled to  the SQ U ID . This flux-locked 
loop m aintains the S Q U ID  near the m idpoint of the 
steep part of the V — curve. The voltage developed 
across R F is p roportional to the flux in the SQ U ID . 
Typically, the flux noise is 2//<P0 H z - 1/2 and the fre­
quency response (3 dB) is 0 - 1  M Hz.

The sample and the transm itter and receiver coils 
are enclosed in a cylindrical superconducting shield

with internal length and diam eter of 130 and  30 mm, 
respectively [Figure 7], The shield was m achined from 
lead and has a wall thickness of 3 mm. The pickup coil 
actually consists of a pair of coils, each with two turns 
of 75 ^m -diam eter niobium wire, w ound in opposition 
15 mm apart on a 8.5 mm diam eter quartz  tube. This 
coil configuration measures the axial m agnetic field 
gradient and, ideally, is insensitive to  uniform  fields. 
We estim ate the total inductance of the coils to be 
about 150 nH. The transm itter coil is a 30 mm-long, 
single layer solenoid wound from 225 |im -diam eter 
niobium  wire on a quartz tube with an outer diam eter 
of 14 mm. We adjust the relative positions of the 
pickup and transm itter coils to achieve a balance of 
about 0.5%  in the pickup gradiom eter. The sample, 
typically 0.5 g, is packed into a pyrex tube tha t slides 
into the inner quartz tube. The superconducting leads 
from the pickup coils are w ire-bonded to  the 2 0 -turn  
input coil of the SQ U ID , which has an inductance of 
about 120 nH. The SQ U ID  is surrounded by a n io­
bium shield. The entire assembly is imm ersed in liquid 
helium, the tem perature of which can be lowered to 
about 1.5 K, and the dewar is surrounded w ith two 
concentric mu-metal shields to reduce the ea rth ’s 
magnetic field and magnetic noise. The sam ple tube 
can be inserted into and removed from the spectrom ­
eter via an o-ring seal at the top  of the cryostat.

We now describe the operation of the spectrom eter. 
Triggered by the com puter, a function generator p ro ­
duces a sinusoidal signal containing between 1 and 30 
cycles, starting at zero phase. The pulse is amplified 
and coupled to the transm itter coil via a low pass filter 
and four stages of crossed diodes. Theses diodes pres­
ent a high impedance to  the transm itter coil when the 
pulse is turned off, thus minimizing the noise coupled 
into the SQ U ID  during the m easurem ent. The pre- 
cessing spins induce a flux in the pickup coil which is 
amplified by the SQU ID . Despite the a ttenuation  af­
forded by the gradiom eter configuration, the initial rf 
pulse coupled into the SQ U ID  would drive the inte­
g rato r into saturation, from which it w ould take a 
long time to  recover after the pulse was tu rned  off. We 
overcome this problem by shorting the in teg rato r ca­
pacitor with a photo-coupled analog switch during 
the pulse, and opening this switch after the pulse is 
removed. After the operation of the flux-locked loop 
has been restored, the ou tpu t in general contains an 
offset which is removed by a set-zero circuit. The dead 
time between the removal of the rf pulse varies from 
abou t 15 (is for a 0.1 mT peak-to-peak pulse to abou t
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80 jj-s for 10 mT peak-to-peak pulse. The amplified 
signal is connected to a spectrum  analyzer and a dig­
ital oscillator, both of which store their da ta  in the 
com puter.

4. NQR in N H 4C 104

As an example of the application of our N Q R  spec­
trom eter, we describe our studies of the zero field 
resonance in am m onium  perchlorate (N H 4 C 104) at 
liquid helium tem perature. N eutron  diffraction [25] 
reveals an orthorhom bic crystal structure in which the 
nitrogen and chlorine atom s lie on planes with m irror 
symmetry. The am m onium  group has a low energy for 
reorientation via quantum  tunneling of the four p ro ­
tons [26]; as a result the librational ground state levels 
are split. The spatial and spin wave function of each of 
these levels is characterized by one of the three irre­
ducible representations of the tetrahedral group T, 
namely A, E  or T.

To obtain the results [13] presented here, we used 
the earlier version of our spectrom eter with a flux 
m odulated SQ U ID  [12,14]. The zero-field spectrum  
of 0.5 g of powdered N H 4 C 104  excited by a two-pulse 
sequence is shown in Figure 8  a. Each pulse was a 
single cycle at 45 kHz, the first w ith a peak-to-peak 
am plitude of 4 m T followed 4 ms later by the second 
with twice the am plitude. The spectrum, averaged 
over 16,000 pulse sequences with a recycle rate of 
3 Hz, shows a spin echo 4 ms after the second pulse. 
The signal has been dem odulated at 35 kHz. F ig­
ure 8  b shows the Fourier transform  of the echo, con­
sisting of three sharp peaks at 17.4, 38.8 and 56.2 kHz. 
The middle peak is the strongest in this figure because 
it is closest to the excitation frequency. The frequen­
cies of the two lower resonances add up to  the highest 
frequency, indicating that we are exciting and observ­
ing simultaneously the transition of a three-level sys­
tem. To our knowledge, the 17.4 kH z resonance is the 
lowest N Q R  frequency ever detected directly. The 
peak at 10.6 kH z is due to a m agnetoacoustic reso­
nance of the input circuit.

To confirm tha t the resonant peaks arose from the 
14N quadrupole interaction we perform ed several 
subsidiary experiments. First, when we enriched the 
N H 4 C 1 0 3 with 1 5N, which has no quadrupole m o­
ment, we observed no signal. Second, we recorded the 
am plitude of the free induction decay (FID) following 
the application of a soft pulse of know n variable am-

time (ms)

frequency (kHz)
Fig. 8. (a) Spin echo observed at 1.5 K from 14N  nuclei in 
N H 4C 104 4 ms after second pulse. Real time signal has been 
demodulated at 35 kHz for purpose of display, (b) Fourier 
transform of spin echo showing three resonant peaks due 
to transitions between energy levels (inset) of 14N nuclei in 
the presence of electric field gradient of N H 4C 104 . In inset, 
|0> =  |1,0> and |± > = ( |1 ,1 > ± |1 , - 1 » / ^ ,  where |I ,m )  is 
the eigenstate of the 14N  nucleus with 1 =  1 and Iz =  m.

plitude tha t excited only the 38.8 kH z transition. As 
we see in Fig. 9, the m easured signal am plitude A 
could be fitted with the expression

A (ojt) = [cos cox — (sin a> x)/a> x ]/co x , (4.1)

where (o = y B l , B 1, and  x are the peak-to-peak am pli­
tude and  duration  of the pulse and y = (1.9 ±0.2) 
x 107 H z/tesla is the fitted gyrom agnetic ratio. Equa­

tion (4.1) is the expected dependence of the F ID  am pli­
tude on the tipping angle y ß 1x for a spin - 1  nucleus in 
an asym m etric field gradient [4], and includes an an ­
gular average over the random  orientation of the crys­
tals in the pow dered sample. The fitted value for y is 
in good agreem ent w ith the know n value for 14N,
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Fig. 9. FID amplitude vs. tipping angle d — a>x. Solid circles 
are experimental data, curve is a fit to (4.1).

Fig. 10. Spin-echo amplitude vs. 2 t  (t  is delay time between 
pulses) for 38.8 kHz transition at 1.5 K. Solid circles are ex­
perimental data, solid line is fit to experimental decay with 
T2 — 22 ms.

y =  1.9325 Hz/tesla. Third, we perform ed a conven­
tional pulsed high-field N M R  experim ent at 4.2 K  in 
a m agnetic field of 5.75 T. The “pow der p a tte rn ” spec­
trum  showed splittings of ±(/2- / i )/2, ± ( / i  + / 3)/2, 
and ± ( / 2 +  / 3)/2 , where f x, f 2 , / 3 are the resonant 
frequencies shown in Figure 8  b. These are the fre­
quencies expected for a spin -1  nucleus w ith a weak 
quadrupole interaction. Needless to say, the determ i­
nation  of the positions of the peaks in this experim ent 
was much more uncertain than in our zero-field m ea­
surements.

From  the resonant frequencies in Fig. 8  b we can 
ob ta in  the 14N quadrupole coupling constan t e2qQ/h  
and asymmetry param eter rj = (Vxx— Vyy)/Vzz at 1.5 K.

Here Vxx, Vyy, and Vzz are the electric field gradients 
along the principal axes, q = VzJe,  and Q is the 
quadrupole m om ent. F o r a spin 1 nucleus [4], the 
three energy levels are — 2 hvQ, hvQ( l —r]) and 
h v Q(l+r]), where vQ = e2 qQ/4h,  and the frequencies 
of the corresponding transitions am ong them  are 
2 h v Qrj,vQ(3 — rj) and  vQ(3 + rj). Inserting the m ea­
sured frequencies we find rj = 0.55 and e2qQ /  
h = 63.3 kHz.

Finally, we m easured the longitudinal and trans­
verse relaxation times, T\ and T2. F rom  a stim ulated 
echo experim ent [27] we found the unexpectedly short 
time =  63 +  6  ms for the 38.8 kH z transition at
1.5 K. There are two likely mechanisms for this fast 
relaxation rate: quadrupo lar relaxation, or dipolar in­
teractions with the surrounding protons that induce 
rapid transitions am ong the T  levels. If we model the 
latter interaction in term s of fluctuating isotropic 
fields we predict T2 = 2 Tx =  126 + 12  ms. However, as 
we see in Fig. 10, the value of T2 measured from the 
dependence of the spin echo am plitude on the time x 
between pulses [27] is much shorter, 22 +  2 ms. This 
result tends to rule out the dipolar interaction hypoth­
esis. As a further confirm ation, we measured the initial 
F ID  am plitude of partially deuterated N H 4 C 104, 
m aintaining the 3 Hz recycle rate. Now if the magnetic 
d ipo lar process occurred, we would expect it to  induce 
rapid  relaxation only in those 14N nuclei surrounded 
by pro tons in T  states; deuteration changes the sym­
m etry and should strongly affect the fraction of 14N 
tha t can be magnetically relaxed by the protons. In 
fact, w ithin the experim ental uncertainty, we observed 
no change in the initial F ID  am plitude with deutera­
tion. These two observations rule out d ipolar interac­
tions as a significant source of 14N relaxation, and 
indicate tha t fluctuating electric field gradients are the 
dom inant mechanism.

5. Concluding Remarks

The low noise of our SQ U ID -based N Q R  spec­
trom eter has enabled us to detect directly pulsed 14N 
quadrupole resonances at frequencies as low as 
17.4 kHz. The fact tha t the system is broadband  (in the 
latest version 0 - 1  M Hz) ra ther than tuned allowed us 
to excite and observe all three transitions of the three- 
level system simultaneously. Furtherm ore, using spin 
echoes we have m ade the first direct m easurem ents of 
Tx and T2 in a polycrystalline solid at a frequency
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below 1 MHz. We note tha t Sager et al. [28] subse­
quently built a similar spectrom eter, and also ob­
served the N Q R  spectra of N H 4 C 104 . A lthough not 
reported here, in other experim ents we detected 2D  
N Q R  in perdeuterated toluene and perdeuterated pi- 
coline, and low-frequency N M R  (at abou t 50 kHz) in 
195P t and 6 3 C u/65Cu in a magnetic field of 6 m tesla 
[14].

O ne could improve the capability of our existing 
spectrom eter by adding a variable tem perature stage, 
although the signals would be correspondingly 
smaller at higher tem peratures. This loss in signal am ­
plitude could be overcome by averaging for longer 
times, by decreasing the noise tem perature of the 
S Q U ID  amplifier or, in appropriate  cases, by p repo­
larizing the nuclei. The sensitivity, resolution and 
b road bandw idth of the S Q U ID  based spectrom eter 
m ake it very attractive for low-frequency N Q R , 
N M R, and zero-field N M R  studies of a wide range of 
solids, particularly in the polycrystalline or am or­
phous state. One can em ploy the m any pulsed tech­

niques developed for high-frequency N M R  and  N Q R , 
including, for example, m ultidim ensional spectros­
copy.
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