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Superconducting QUantum Interference Devices (SQUIDs) have been 

used for more than·a decade for the detection of magnetic reson

ance.l-lO Until recently, these devices had mostly been confined 

to operation in the audiofrequency range, so that experiments 

have been restricted to measurements of resonance at low frequen

cies,9-lO or of changes in the static susceptibility of a sample 

induced by rf irradiation at the resonant frequency.l-B However, 

the recent extension 11 of the operating.range of low noise de 

SQUIDs to radiofrequencies (rf) allows one to detect magnetic 

resonance directly at frequencies up to several hundred megahertz. 

In this paper, we begin by summarizing the properties of de SQUIDs 

as tuned rf amplifiers. We then describe first, the development of 

a SQUID system f_or 'the detection of pulsed nuclear quadrupole 

resonance 12 (NQR). at about 30 ~Hz and second, a novel technique for 

observing magnetic resonance in the absence of any externally 

applied rf fields . 

~) de SQUIDs as T~ne~ rf Amplifiers 

Figure 1 shows' a .de SQUID with loop inductance L coupled to an 

input circuit ~onaisting of a signal source Vi(t) of resistance 

Ri in series with the input coil of inductance L1 , a capacitance Ci 

and a pic~-up coil of inductance Lp. In our application to magne

tic resonance detection, Vi(t) is the signa~ induced ~Y the rotat-



v ~ 

Fig. 1: Configuration of t~ned amplifier based on a de SQUID. 

ing magnetization of a sample located inside the pick-up coil. The 

mutual inductance oet~ee~ the SQUID and the input coil is Mi, so 

that the co~pling coe~ficient is a 2 • MI/LLi. We also de~ine an 

effective coupling coefficient between the SQUID and the inp~t cir

cuit: a~ • MI/L(L 1 + Lp). The SQUID is biased with a c~rrent I 

and a flux t so that the flux-to-voltage transfer function, V¢ : 
( 

avta¢, is a maximum. In the limit Q >> 1. where Q is the q~ality 

factor of the input circuit, it can be shown 11 that the condition 

for the optim~m noise temperature of a de SQUID with S : 2LI 0 /~0 ~ 

is Ri • a 2 w0 L1 or 

( 1 ) . 

Here, f 0 • w0 12~ is the resonant freq~ency of the inp~t circuit. 

This condition yields an optimum noise temperat~re 

( 2) .· 

a dynamic range in the bandwidth of the tuned circ~it 

D • 6Q/(T/1K). ( 3 ) 

and a ~ower gatn ~t resonance 

( 4 ) 

In p~actice, the inc~ctive and capacitive co~pling of the SQU!D to 

the ~~put circui: procuces changes in the t~peda~ce 1 3 
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( 5 ) 

and 

( 6 ) 

where Cp is the parasitic capacitance between the SQUID loop and 

the input coil, and 9.? is the dynamic input inductance of the 

SQUID. The~e changes must be ·taken into account in the design of 

• the amplifier. 

The de SQUIDs used in this work are planar, thin-film devices 11 

coupled to a spiral input coil with a coupling coefficient a 2 ~ 
0.6. Their measured performance at 100 MHz and at a bath te~pera

ture of 4.2K is typically: TN"" 1.7K, D = 1.5Q and G .. 20 dB. The 

input circuit can be tuned to any frequency from about 1 MHz to 300 

MHz. 

de-SQUID System for Detection of Pulsed NQR 

The most widely used technique for the detection of magnetic reson

ance involves the study of the free induction decay of nuclear sig

nals after the application of a rf-pulse to the sample. 14 Figure 

2 is a schematic of our SQUID-based system for the detection of 

NQR. Rf pulses a~e amplified and coupled into a cold transmitter .. 
coil via an impepance matching circuit. The sample is located 

inside a pick-up coil that is connected in series with an identical 

oppositely-wound coil. Both coils are actually situated inside the 

transmitter coil, and can be adjusted to minimize their inductive 

coupling to the transmitter coil. In addition, a grounded Faraday 

shield between the transmitter~and pick-up coils minimizes 

capacitive couplirig. An optimum balance of about 3 parts in 105 is 

possible. The gradiometer-like configuration reduces the current 

i n d u c e d i n t o t•h e . i n p u t c i r c u i t b y t he r f p u 1 s e s . After the rf 

pulse is turne~ aff~ the precessing magnetization of the sample 

induces a signal voltage across the pick-up coil. The pick-up 

coils are connected in series with an air-capacitor Ci (adjustable 

from the top of the cryostat), the input coil Li of the SQUID, and 
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Fig. 2: Schematic layout for SQUID-based detection of NQR. 

a se~ies array or 20 Josephson tunnel junctions. The resistor R1 
re~resents contact resistance and losses in the capacitor. The 

SQUID is enclosed in a superconducting Nb shield, and its output is 

matched to a lo~ ~oise, room temp~rature amplifier. The amplified 

signal is mixed down by a double balanced mixer with a refe~~nce 

su~plied by the rf generator. The mixed-down signal is passed 

throu~~ a low-~ass filter and observed on an oscilloscope, ~nd, af

t~~ digitizing, stored in a computer for furthe~ analysis or a~e~-

~ novel ~eature or the input circuit is the series ar~ay or twenty 

10 um • 10 um, :-Ib-~lbOx-?~rn Josephson tunnel junctions. C:ac~ june-

:Lon has a critical current or about 4 uA, and a hysteretic 

~~ent-voltage characteristic with a resistance of about 50 Q at 

For signal cur~ents be-

:~e critical cur~ent, the ar~ay has ze~o resistance. On the 
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other hand, the relatively large current induced by each rf pulse 

causes the junctions to switch rapidly to the resistive state with 
'-

a total resistance of about 1 kn. Thus, the array acts as a Q-

spoiler, not only providing additional protection for the SQUID 

but, more importantly, reducing the ring-down time of the tuned 

circuit after the end of the rf pulse. The quality factor Q is 

about 1/2 with the junctions in the resistive state. The switching 

threshold of the Q-spoiler, that is, the critical current of the 

junctions, can be varied by means of a static magnetic field ap

plied parallel to the plane of the films. 

We tested our NQR detector using approximately 0.32 cm3 of powdered 

NaClo 3 • The filling factor, referred to both pick-up coils, was 

0.13. At 4.2K 35cl nuclei exhibit a quadrupole resonance at 

30.6856 MHz. The spin-lattice relaxation time, T1 , was reduced to 

about 20 min at 4.2K by Y-ray irradiation; the spin-spin relaxation 

time, T2 , was 240 ~s. The inductance Li was 5.6 nH, the combined 

inductance Lp of the pick-up coils was 2.5 ~H, and the effective 

coupling coefficient a~ was thus about 10-3. Most of the tests 

were performed with Ri ~ 0.2 n, yielding a Q of 2,500 at the 35cl 

resonant frequency. Thus, Qa~ was of the order of unity, as re

quired for optimum operation of the amplifier [Eq. (1)]. At 4.2K 

with a Q of 2,500, the overall system noise temperature, including 

the Nyquist noise from Ri, was 6 ± 1K. 

Figure 3 illustrates the mixed-down signal that follows an rf 

pulse. The rf signal and the resonant frequency of the tuned 

circuit were at the resonance of the 35cl nuclei. Figure 3 shows a 

single oscilloscope trace of the free induction decay following an 

initial nuclear spin tipping angle of 2 x 10- 4 rad. The initial 

rms voltage induced across the pick-up coil was about 20 nV in a 

J bandwidth of 10 kHz. By measuring the spin tipping angle required 

to obtain a signal~to-noise ratio of unity, we determined that 

the minimum number of 35cl spins observable with a single pulse in 

a bandwidth of 10 kHz was about 2 x 10 16 . This is equivalent to 

about 2 x 10 1 6 nuclear Bohr magnetons. 

Figure 4 illustrates the effect of the Josephson Q-spoiler on the 

ring-down of a tuned circuit (Q ~ 100) after the rf pulses. The 
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Fig. 3: Oscilloscope traces of free-induction decay of 35cl for a 

small signal (~<< ~ 0 ). 

(a) (b) 

Fig. 4: Oscilloscope traces showing ring-down of tuned circuit 

following rf pulse, with Q • 100 (a) without Q-spoiler, and (b) 

with Q-spoller • 

. · 
voltage ring-do~n time of the circuit twas about 1 ~s at 30.5 ~Hz. 

The photog~aphs show the ~ixed-down output signal, with the traces 

trig3~red a~ the end of the rf pulse. Figure 4(~) shows the re-

s~onse to a rf pulse corres~onding to a peak-to-peak ~ag~etic field 

or 1.5 :nT at t!'le sa:tple, in t~ at~se:1ce of the Q-spoile:--. Figure 

4(b) sho~s t!'le· response to the same rr-pulse in the presence of a 

Q-spoiler with the critical current or the junctions reduced by a 

:ta;~etic field: The overall recovery time has ~een reduced f:--om 17 

!a conclude this sect~on, ~e note se~eral ad~antages or this syste:t 

( i) an 
6 
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improvement in voltage resolution of 1 or 2 orders of magnitude, 

due in part to the low noise temperature of the SQUID amplifier, 

and in part to th..e high Q that the Q-spoiler allows one to use; 

(ii) the elimination of any amplifier dead-time; (iii) the minimi

zation of losses in the tuned circuit; and (iv) a wide tuning range 

from about 1 to 300 MHz • 

Thermal Noise NQR and Nuclear Spin Fluctuations 

The fact that de SQUID amplifiers can have a noise temperature 

comparable with or lower than the bath temperature makes possible a 

pew means of detecting magnetic resonance. The sample is placed 

inside the inductor LP of a series tuned circuit (Fig. 1), and the 

spectral density of the current fluctuations in the circuit is mea-

sured. In the absence of a sample, the resistance Ri produces a 

Nyquist current noise with a Lorentzian power spectrum. The tech

nique consists of detecting and analyzing the departures from the 

Lorentzian lineshape introduced by the sample. We assume that this 

sample can be characterized by a complex susceptibility x(w) = 

x'(w) - Jx"(w). The impedance of the pick-up coil is modified by 

the sample to 14 

( 7 ) 

where ~ is the filling factor. The presence of the spin inductance 

Ls • 4wx'Lp~ shifts the resonance of the circuit, while the spin 

resistance Rs ~ 4wx"wLP~ modifies the damping and acts as a source 

of Nyquist noise. 

We can compute the Nyquist noise of the spins in terms of the mi-

croscopic parameters of the sample. For all practical purposes in 

this experiment, the nuclear quadrupole moments interacting with 

local electric field gradients can be analyzed as though they were 

magnetic dipoles of spin 1/2 interacting with an external magnetic 

field s0 • In this case the splitting of the ground and excited 

states is ~ws, where ws/2~ = Y8
0

/2w is the spin frequency andY is 

the gy~omagnetic ratio. At a spin temperature Ts, the equilibrium 

magnetization of the sample is: 14 
7 



( 8 ) 

where n is the number of nuclei per unit volume. A&suming a Lo

rentzian lineshape for the nuclear resonance, we can write 14 

( 9 ) 

where T2 is the spin-spin relaxation time • 

• The general expression for the spectral density of Nyquist voltage 

noise produced by the spin resistance Rs is given by: 

Combining Eqs. (8)-(10) with Rs • 4rrx"wLP~ and neglecting terms of 

orde~ (w- w
3

)/ws << t, we obtain 

( 1 1 ) 

Hence, the spectral density of the spin fluctuations is cen~ered at 

the resonance frequency, with an amplitude that is, re~a~kaoly, in

dependent of temperature. 

Our experiments we~e performed on 0.63 cm3 or powde~ed NaCl0 3 , with 

a filling factor of about 35~. The 35cl nucleus has a NQR transi

tlqn frequency of.30.6856 MHZ, while T2 • 240 us. We performed t~o , 
separate experi~e~ts. In the first, the spins were allowed to 

reach ther~al equilibrium with the helium bath (T e Ts), whi~h was 

at 1 .SK. The spin-lattice rela~~tion time r 1 had been reduced to 

20 min by Y-ray irradiation. In the thermal limit nw << k8 T, the 

sp~c~ral density of the cur~ent noise in the input circuit is 

( 1 2 ) 

~hen the Lnpu~ circuit is tuned to the spin frequency (f
0 

• f
5

), 

::q. ( l 2) reduc.es ·approximately to 2l< 9 T/~[R 1 • Rs(w)] on resonance, 

so t~at the e~fect af the spins is to produce a "dip" in t~e spec-

tral dens~~y. A representative example of our exp~rinental data, 

a~~ra~!d over 3 ~ours, is shewn in Fig. 5. The 35cl resonant fre-
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Fig. 5: Spectral density of noise current in the presence of a 

NaClo 3 sample in thermal eq~ilibri~m at 1 .5K. 

quency fs meas~red in a separate, pulsed NQR experiment at the same 

temperature is indicated by an arrow. We observe a dip in the 

spectral density centered at fs• which arises from the peak in 

R5 (w) at f 5 • We have fitted the data to Eq. (12), allowing Q, Rs, 

fs, and T2 to vary. We find fs • 30.68565 MHz and 6f 5 s 1/~T 2 = 

1.3 kHz, in excellent agreement with the val~es measured separate

ly, while Q = 7,320 and Rs/Ri • 0.14. The dotted line in Fig. 5 

indicates the response we would expect from this fit in the absence 

of the sample. 

In the second experiment we use a non-irradiated sample with a T1 
of abo~t 1 week. We eq~alize the spin populations of the ground 

and excited states by applying a continuous rf signal at frequency 

fs for a few minutes. For zero pop~lation difference, the net mag

netization, susceptibility and spin resistance Rs are.zero, while 

the spin temperature Ts is infinite. However, 'because of the tem

perature independence of Eq. (11), RsTs remains constant, equal to 

the value in the eq~ilibrium state. After the rf signal is re-

moved, the pop~lation difference remains zero for a time short com-

pared with ... 
' 1 0 

Thus, the spectral density of the current becomes 
9 
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Fig. 6: Spectral density of (a) noise current in the presence of a 

saturated NaC10 3 sample (Ts • •), and {'b) nuclear spin noise of 

NaClo 3 sample obtained from (a). 

( 1 3 ) 

Thus, we expect to observe a "bump" in the spectral response due to 

the nonequilibrium contribution TsRs to the noise. 

An example of our data, averaged over 7 hours, is shown in Fig. 

6(a), with the spin resonant freq~ency indicated with an arrow. 

:itting the data with the values of fs and ~fs obtained in the 

~i~st experiment, we find Q •.3,430 and RsTs/R 1 T • 0.06. The dot

ted line indicates the expected spectral density in the absence of 

a sa~ple. :igure 6(b) shows the excess noise observed in Fig. 6(a) l 

due to the spins. The bump at rs represents the first observation 

of nuclear spin noise, and arises from the decay of the nonequili-

~riu~ state via spontaneous emission into the circuit. 

10 
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