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Superconducting QUantua Interfarence Devices (SQUIDs) have been

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

ance.“10 Until recently, these devices had mostly been confined

to operation in the audiofrequency range, so that 2xperiments

have been restricted to measurzsments of resonance at low freguen-

cies,?710

=

or of changes in the static susceptidility of 2 sample
induced by rf irradiation at th2 resonant f‘r‘s-qx.xermy.l_8 HowWwavar,

11

the recent extension of the operating range of low noise dc

SQUINs to radiofrequencies (rf) allows one to detect magnetiz

resonance directly at fraquencies un to several hundred megahrertiz.

In this paper, we begin by summarizing the properties of dc 3QUIDs

as tuned rf amplifiers. We then describe first, the developm2nt

-

a SQUID system for 'the detesction of pulsed nuclear quadrupols

resonance12 (NQR) at about 30 MEz and second, 2 novz2l tachnigue for

observing magnetic resonance in the absence of any extarnally
apolied rf fields.

dec SQUIDs as Tuned rf Amplifiers

Flgure 1 shows*a de¢ SQUID with loop inductance L coupled to an
input circuit consisting of a signal source Vi(t) of resistance
Ri in series with the input coil of inductance Li'
and a pick-up coil of {aductance L

tlc resonance detection, V;(:t) is the signal induced 9y the rotat-

noge ey Lp
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T In our application to magne-
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Fig. 1: Conflguraiion of tuned éﬁplifier based on a dc SQUID.

ing magnetization of a sample located inside the pick=up coil. The
mutual inductance bYetween the 3QUID and the ianput coil is Mi' 30

that the coupling coefficient is 32 = Mf/LLi. We also define an

effective coupling coefficient between the SQUID and the iaput cir-
cuit: ag - Mf/L(Ll + Lp). The SQUID is biased with a current I
and a2 flux ¢ so that the flux-to-voltage transfer function, V¢ =
avV/39%, is a maximum. In the limit Q >> 1, where J is the gquali:iy
factor of the input c¢ircuic, it can be shoun11 that the condition
for the optimum noise temperature of a dc¢ SQUID witnh 8 = 2L10/¢O =

1 Is Ri - azmoLi or
Qa2 = 1. (1)

Hare, £, = u°/2w is the resonant frequency of the input circuit.
This conditlon ylields an optimum noise temperaturse

. Ty(fy) = Tw LT/R, (2)

a dynamic range in the bandwidth of the tuned circult

D = 6Q/{T/1K), (3)
L
and a powar Zain at resonance
« G(fc) - VO/“’O’ (4)

In praczlce, the [nductive and capacltive coupling of the SQUID to

the input circuis produces changes (n tha L:npedance1J



"
and

ALy = - o?(L/ &)Ly, ) (6)
where Cp is the parasitic capacitance between the SQUID loop and
the input coil, and ¥ is the dynamic input inductance of the
SQUID. These changes must be taken into account in the design of
the amplifier.

The dc SQUIDs used in this work are planar, tnin-film devicesH
couplad to a spiral input coil with a coupling coefficisnt az =
0.6. Their measursed performance at 100 MHz and at a bath taapera-
ture of 4.2K (s typically: Ty = 1.7, D = 1.5Q and G = 20 dB. The

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

dc-SQUID System for Detection of Pulsed NQR

~The most widely used technique for the detection of magnetic resaon-
ance involves the study of the free induction decay of nucl2ar siz-
nals after the application of a rf-pulse to the sample.14 Figurs

2 is a schematic of cur SQUID-based system for the detection of
NQR. Rf pulses are amplified and coupled into a cold transmitter
coil via an impeﬁance matching circuit. The sample is located
inside a pick=-~up éoil that is connectad in seriaes with an identical
ocppaositely-wound coil. Both coils are actually situated inside the
transmitter coil, and can be adjusted to minimize their inductive
counling .o the transmitter coil. In addition, a grounded Faraday
shi=21ld between the transmitter,and pick-up coils minimizes
capacitive coupling. An optimum balance of about 3 parts in 103 is
possible. The gradiometer-like configuration reduces the current
fnduced into the input circuit by the rf pulses. After the rf
pulse {s turned aff, the precessing magnetization of the sample
{nduces a signal vc;tage across the pick-up coll. The pick-up
coils are connected in series with an air-capacitor Ci (adjustable
from the top of the c¢ryostat), the input coil Ly of thne SJUID, and
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Fig. 2: Schematle layocut for SQUID-based detection of NQR.

a serles array of 20 Josephsan tunnel junectlions. The resistor Ri
repraesents contact resistancea and lossas In the capacitor. The
SQUID is enclosed in a superconducting Nb shield, and i{ts output is

matched to a low rolse, room teamperature amplifier. The amplified

gignal is mlxed down by a double balanced mixer with a refarszace

supsplied by the rf generator. The mixed-down 3ignal is passad

throuzhr a low-pass f{lter and observed on an osclilloscope, z2ad, ac-
ter diglitizing, stored in a computer for f{urther

azing.

analysis aor avar-

L

A ngvel fe2ature af the input circuit ls the series array of twenty

13 um = 10 um, ND-UDQx-PdIn Josepnson tunnel junctions. Zach june-

tion nas a critical current of about 84 piA, and a hysteretic
~mant-voltaga character{atic with a resi{stances of abaout 50 & at

313923 ahava the sun of the energy g£3ps. For algnal currants be-

e ¢critical eurr2at, the array has zero resistance. Cn the
4



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 k. 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 fileld ap-
plied parallel to the plane of the films.

We tested our NQR detector using approximately 0.32 cm3 of powdered
NaClO3. The filling factor, referred to both pick-up coils, was
0.13. At 4,2K 3501 nuclei{ exhibit a quadrupole resonance at
30.6856 MHz. The spin-lattice relaxation time, T,, was reduced to
about 20 min at 4,2K by Y-ray irradiation; the spin-spin relaxation
time, T,, was 240 us. The inductance Ly was 5.6 nH, the combined
inductance Lp of the pick=-up coils was 2.5 uH, and the effective
coupling coefficient ag,was thus about 10-3. Most of the tests
were performed with Ry = 0.2 @, yielding a Q of 2,500 at the 3°Cl
resonant frequency. Thus, Qag 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 o0verall system noise temperature, including
the Nyquist noise from R;, 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 3501 nuclei. Figure 3 shows a
single oscilloscope trace of the free induction decay following an
initial nuclear spin tipping angle of 2 x 10'" rad. The initial
rms voltage induced across the pick-up ceil was about 20 nV in a
bandwidth of 10 kHz. By measuring the spin tipping angle required
to obtain a signal-to-noise ratio ai unity, we determined that

the minimum number of 3501 spins observable with a singles pulse in

a bandwidth of 10 kHz was about 2 x 1016. This is equivalant to

about 2 = 10'° pyclear 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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Sponse to a ~f pulse corr2sponding to a peak-to-peak magnetic field

af

1.5 aT at the saaple,

in the absence of the Q-sp0ilar.

Figur=2

4(n) snows the'résponse to the same rf-pulse {n the presence of a

Q-3paller with
magna2tic field:

us to about 4 us.

T3 concluds2 tnia se

Qv2ar

~w-
s v -

Qn,

The ovarall recovery time has 9een reduced

the critical current of the junctions reduced by a

from 17

We note several advantagas of this systea

csnvantiognal 'syat2aas «€ith room
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amplifiers:

(i) an



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 the high Q that the Q-spoiler allews one to use;
(1i) 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 dec¢ SQUID amplifiers can have a noise temperature
comparable with or lower than the bath temperature makes possible a
new 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 lin2shape introduced by the sample. We assume that this
sample can be characterized by a complex susceptibility yx(w) =
x'(w) = jx"(w). The Iimpedance of the pick-up coil is modified by

the sanmple to1u

Z;'J = JLUL{) = ijp(1 + Uayg) = jm(Lp + Ls) * Ry, (7

Wwhere £ is the filling factor. The nresence of the spin inductance
Lg = an'LpE shifts the resonance of the circuit, while the spin

resistance Rs = wa"mLPE 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 quadrupo;e 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 B,. 1In this case the splitting of the ground and excited
states is hms, where ms/Zﬂ = YBO/2v is the spin frequency and Y 1is

the gyromagnetic ratio. At a spin temperature Tg, the equilibrium
magnetization of the sample is:1u



M, = (nYH/Z)tanh(Kms/ZKBTs). (8)

where n 1s the number of nueclei per unit volume. Assuming a Lo-
rentzian lineshape for the nuclear resaonance, wWe ¢an wr-it:e“‘l

x"(@) = YT,M /201 + (w - wg)3T31, (9)
where T, 13 the spin-spin relaxation time.

The genéral expression for the spectral density of Nyquist voltage

noise produced by the spin resistance Rs is given by:
S3(w) = (Aw/w)R_coth(Aw/2xgTg). (10)

Combining Eqs. (8)-(10) with R, = wa"mLpa and neglecting terms of
order (w = us)/ms << 1, we obtain
S3(w) = gL, n#2v2u3T,/01 + (w - wgy)?T30. (11)

Henca, tne spectral density of the spin fluctuations is centere:
the resonance frequancy, with an amplitude that is, remarkadbly, i
dependent of teamperature.

Qur experiments were performed oan 0.63 cm3 of powdered NaClO3, with
a filling factor of about 35%. The 35C1 nucleus has a NQR transi-
tioan frequency of 30.6856 MHz, while T, = 240 us. We performed two
separate experiqénts. In the first, the spins werese allowa2d to
reach theraal equllibrium Wwitn thne helium dath (T = Ts), whicn was
at 1.9€. The spian-lattice relaxatlon‘time ‘I'1 had been reducéd to
20 zin by Y-ray {rradiation. In the theraal limit Aw << kB?, the
sap2ciral deasity of the current nois2 in the input circuif is

(2/2Y%qT[R; + 2.(w)]
S:(m) a* 3 - S

= . (12)
[Ry + Ry(w)1® + (wlly * Lg(u) » L1 = 1/uC;}2

Wh2a the tnpuc'clrcuit {s tuned to the spin frequancy (fo = fs).

£q. (12) reduces -approximately to Zkarfw[ai + A4(w)] on resonance,

30 that the effect of the spins (s to produce a "dip" in the spec-

tral deaslty. 1 represantative exampla of Qur 2xpa2riamental Za:ta,

avaraged ovar 3 nﬁurs. is snowa in Fig. 5. The 3521 resonant fre-
8
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Fig. 5: Spectral density of noise current in the presence of a

NaClO3 sample in thermal equilibrium at 1.5K.

quency fs measured 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
Rglw) at fg. We have fitted the data to Eq. (12), allowing Q, R
fg» and T, to vary. We find fg = 30.68565 MHz and Afg = 1/7T, =

1.3 kHz, in excellent agreement with the values measured separate-

] lJ

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 saaple.

In the second experiment we use a non-irradiated sample with a T,
of about 1 week. We equalize the spin populations of the ground
and excited states by applying a continuous rf signal at frequency
fs for a few minutes, For zero population difference, the net mag-
netization, susceptibility and spin resistance Ry are zero, while
the spin temperaturse Ts is infinite. However, because of the tem-
perature independence of =q. (11), RsTs remains constant, equal to
tne value {n the equilibrium state. After the rf signal is re-

moved, the population difference remains zero for a time short com-

pared with T,., Thus, the spectiral density of the current becomes
9
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Fig. 6: Spectral density of (a) noige current in the presence of a
saturated NaClO3 sample (T4 = =), and (b) nuclear spin noise of
NaClO3 sample abtained from (a).

Sylw) = (13)

2 - 2
Ri + [u(Li * Lp) 1/uC1]
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.
5(a), with the spin resonant frequency indicated with an arrow.
Fitring the data with the values of fs and Afs obtained {a the
firast experiment, we find Q = 3,430 and RsTs/RiT - 0,06. The dot-
ted line indicates the expected spectral density in the absence of
a saaple. Figure 6(b) shows the excess noise observed in Fig. 6(a)
due to the spins. The bump at rs rapresents the first observation
cf nuclear spin noise, and arises from the d2cay of the nonequili-

oJrium state via gpontanecus emission into the circuit,

10
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