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The in situ electron-spin resonance of a voltage-biased NbAuNb Josephson junction is re-
ported. The Au barrier is doped with Gd or '*’Er ions. Sharp resonances appear in the /-V
curves at frequencies equivalent to the crystal-field splitting of AuGd (1.0 and 1.7 GHz) and
to the hyperfine splitting of Au'S’Er (2.87 GHz). The principle of this new type of
ESR -Josephson-junction spectrometer, as well as its application, is discussed.

PACS numbers: 76.30.Kg, 74.50.r

In the present Letter we describe a novel com-
bination of the electron spin resonance (ESR) tech-
nique with the ac Josephson effect. A voltage-
biased Josephson junction is used as a microwave
generator and detector as well. The linear relation
between voltage Vj and frequency,

Ew=2eVJ, (1)

provides us with an ideal variable-frequency genera-
tor in the range of 107 to 10'2 Hz: Given a set of
sharp energy levels in the tunnel barrier (hyperfine
splitting, crystal field, etc.), energy will be absorbed
from the electromagnetic field created in the barrier
when AFE =#kw. This dissipation of energy can be
detected in the /-V curves. Silver and Zimmer-
mann' have used a superconducting point contact in
combination with electronic circuits to detect the
NMR of Co* in Co metal. However, in their ex-
periment the sample was put in an inductive coil—
similar to conventional spectrometers. In the
present experiment the tunnel barrier itself is used
as a sample. Such a new type of superconductor—
normal-metal-superconductor (or superconductor-
insulator-superconductor) ‘‘spectrometer’’ has a
higher sensitivity than conventional spectrometers.
Furthermore it is small and consumes little power
and is therefore convenient for experiments in the
millikelvin regime. In the following we will
describe the tunnel junction and resonance detec-
tion in the /-¥ curve. As far as we are aware from
the literature, this is the first experiment where the
extremely monochromatic photons in the Joseph-
son barrier in situ are used for resonant absorption.
The energy resolution AE is at least 10~° eV; this
would be impossible to achieve for quasiparticle
tunneling because of lifetime effects. In the final
paragraph we will discuss the practical applications
of such a device.

A significant difference between insulator (SIS)
and normal-metal (SNS) tunnel junctions is the
thickness d of the barrier. For SIS dis in the order
of 10 A, whereas for SNS tunnel barriers of d =~ 1
wm are possible.>? From the present point of view,
namely, solid-state spectroscopy, SNS junctions are
preferable. Dilute alloys of AuGd and AuEr seem
to be ideal systems. Rare-earth concentrations of
100 to 1000 ppm were alloyed in high-purity Au
metal in a conventional manner. After preparing
foils of a few microns thickness, we could use the
samples either in a conventional ESR spectrometer
or as a barrier in a NbAuNb point contact.

ESR has been used to determine many properties
of magnetic ions in metals.* In zero applied mag-
netic field there is no conduction-electron polariza-
tion, and thus no g shift; however, the thermal
broadening, the Korringa rate, and the crystal-field
splitting and hyperfine interaction can be deter-
mined. The latter is in fact more readily deter-
mined than in the presence of the Zeeman interac-
tion. Er'®” with /=7 and a hf constant 4 =75.4
G splits into F=3and F=4 in zero applied field,
with AE=2.9 GHz. The %5y, state of Gd is split
by the crystal field into I'q, I'5, and I'g states with
by=130.5 G.>7 Matrix elements between I'q and I’y
are zero. The energy separations between I'g and I'g
and I'; and I'g are 1.0 GHz and 1.6 GHz, respective-
ly (upper inset of Fig. 1). For Er and Gd in Au the
Korringa rate is almost the same, approximately 25
MHz/K 568

SNS junctions are commonly described in the
resistivity shunted Josephson junction (RSJ) mod-
el.} The voltage in this model is given by

V=_(i*—2)V2R, (2a)

which in the limit ¥ >> i.R (i. the critical super-
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I 2.1GHz transformation in time one can write
(mA) | .08/, VxE= 498 J9 (F 1 42 M), (42)
- Shapiro ¢ ¢
steps = = iw =
bhr VxH= I%](am i)+ JT?eE, (4b)
Au Gd
I where i is given in Egs. (2) and (3), j=+/—1, and
12b, for M one can write in zero applied field
s M=X(w) g (s)
L0 b_t_or? and A
L= W T JAwg
X(w)=Xg—————
(w) Dw,—l—jAw,-—w (6)
38 In our experiment, w, is given by the resonance
transitions 1244 and 205, (upper inset in Fig. 1)
and the linewidth Aw, by the Korringa rate o kT
36 A I Xy is the static susceptibility. After some simplify-
0.86 g ing assumptions [two-dimensional modes, small
) 29, I A size (point contact)], we finally rewrite Eq. (2b):
magnetic Vex 2
resonances I v | iR’
i=—i |F+aX' (o) +BX"(w)]. (7)
R V
Here, F is a geometry factor F=In(L/45,)
T . . . , +0.5In2+, L being the width of the junction and
LS 2 % VexlpV) 8¢ the skin depth for @ # w;. «,B account for the

FIG. 1. [-V characteristic of Nb-Au(Gd 1000 ppm)-
Nb. The lower curve shows two magnetic resonance
lines; the upper curve, additional rf-induced steps. The
linear 7-V relation at low V. ( <9 wV) is explained in
the lower inset by a series resistance R; (Ref. 12).
R{=2 m{ and the normal shunt resistance R, =5 m{}.
Contact area, =0.01 to 0.1 mm? tunnel thickness,
d=1 pm. The crystal-electric-field splitting of Gd in fcc
Au (Refs. 6 and 7) is given in the upper right.

current) can be approximately written

V. 1R

e + T (2b)
The first term is the Ohmic contribution relevant
for V/R >> i.. The second part is the super-
current.’ In the limit of ¥ > i.R the current oscil-
lates essentially with the fundamental » [see Eq.
(1]

i= i sinwt, (3)
but it should be kept in mind that in general har-
monics do exist.

The magnetic impurities enter in such a model
via the complex susceptibility X(w). For the
present SNS junctions with magnetic impurities one
starts with Maxwell and London equations (similar
to Fiske and Eck modes).>!® After Fourier

mixing of absorption and dispersion for ESR in
metals, a+B8=1% R=~d/owl? and R'=d/
owd§. For this simplified calculation we assumed
L < 8, (point contact), but this condition will not
always meet our actual junction size.> !

Let us outline the physical principle involved.
The magnetic field associated with the rf current
i sinw! in a point contact will be spread out only to
a distance 3. However, a proper calculation taking
Eq. (6) into account yields

8 2= puowo=552|14+X () + jX"(w)].

The frequency-modulated skin depth is an equi-
valent description.!2

Figure 1 shows the experimental /-V curves for
AuGd (1000 ppm). Two resonances at 0.86 and
1.56 GHz are detected. Before we analyze these
ESR signals, we explain the details of the /-V
characteristics: The two conditions (alloying the
gold impurity first and varying i, over a large range,
0.1 to 10 mA) forced us to work with small-area
(several square micrometers) point contacts. As a
result, there was an effective series resistance R;'?
that presumably is associated with oxidation of the
point.)> We confirmed the existence of a Joseph-
son effect by the observation of rf-induced
(Shapiro) steps (upper recorder trace in Fig. 1) and
very good diffraction patterns as a function of ap-
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plied field."! The variation of the induced steps
with applied frequency (Fig. 1) can be used to cali-
brate the w axis or, respectively, to determine F;
[inset Fig. 1, Eq. (1)]. Alternatively R, and R,
(Fig. 1) can be determined from the initial slope
and the slope for large (external) V.. The knee in
the /-V curves at low V., of Figs. 1 and 3 can be
seen as the onset of the ac Josephson effect. For
Vex=0 the dc super-current is suppressed because
of Rl.lz

In Fig. 2 we show the results for 100-ppm Gd in
Au. The derivative dI/dV shows clearly the two
resonance peaks. The sharpness of the two lines
(hundreds of nanovolts) and the missing transition
at 32b4=2.5 GHz confirms very strongly our inter-
pretation of ESR transitions. Figure 2(b) shows the
same resonances after background subtraction in
the dl/dV = f(v) curve. The width is not instru-
mental but is given by the relaxation of the Gd spin

200MHz
— —=V
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FIG. 2. (a) I-Vand diI/dV characteristics of the AuGd
(100 ppm) as a function of frequency for different tem-
peratures. Shapiro steps as in Fig. 1 were used for cali-
bration. The resonance positions are 0.95 and 1.45 GHz.
(b) dI/dV after background subtraction. (¢) Linewidth
of the tunnel experiment for a 100-ppm [(a)] and a 500-
ppm sample. (d) Linewidth of a conventional ESR ex-
periment on Au single crystals (Refs. 6 and 8) at 9 GHz
and an angle of 30° between H and [100].

100

towards the conduction-electron spin. In Fig. 2(c)
we show its temperature dependence in a small
range of 7. For comparison Fig. 2(d) shows the
linewidth A H versus 7from a conventional ESR ex-
periment.%® The agreement between the two is
fairly good. For higher concentration (500 ppm)
AH is T-independent because of Gd-Gd interac-
tions. The asymmetric line shape [Fig. 2(b)] is due
to the mixture of dispersion X' and absorption X"
typical of ESR in metals.* For a detailed analysis of
the a/pB ratio, further experiments are needed. The
present uncertainty in the line-shape analysis also
limits the precision of the linewidth and resonance
position.

In Table I the crystal-field splitting is given for
various experiments. Conventional ESR (with
bs= +30.5 G°®) yields AE(I';-T3) =1.70 GHz and
AE(I'¢-T'g) =1.02 GHz. The results in Table I are
in fair agreement but slightly lower for the SNS
junction. Three explanations are possible: A full
analysis of the line shape in the tunnel experiment
will give slightly higher values (we took the peak
value). In the two experiments different narrowing
processes may be active.* For the present experi-
ments we used foils, where internal strains may
split the I'y into two doublets. If the I%} state
moves towards the |I's), both resonance frequen-
cies will be reduced.

As a second example we show in Fig. 3 the
hyperfine resonance of Er'¢” in Au._At zero applied
field S and / couple to give S+ I =F. For low tem-
peratures where only the I'; ground state is populat-
ed, one finds F=3 and F=4. With 4 =75.4 G>8
one calculates AE,;=2.87 GHz or [Eq. (1)] 5.93
nV. The value of Vj from Fig. 3 has been deter-
mined in the same way as in Figs. 1 and 2. With
Ri=19 mQ and R,=26 mQ one finds V;=5.4
uV or w/2w=2.6 GHz. This is confirmed by rf-
induced steps.

As far as we know from the literature, the
present experiments are the first to demonstrate
that a rf field of a voltage-biased Josephson junction
can be used for in situ resonance spectroscopy of the

TABLE 1. Resonance frequencies of the crystal-field
splitting for four different samples.

C (ppm) AE(r;Tg) (GHz) AE(T¢Ts) (GHz)
1000 1.56(10) 0.86(10)
500 1.51(15) 0.98(5)
100 1.45(12) 0.95(5)
100 1.50(8) 0.83(10)
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FIG. 3. Hyperfine resonance of the Au'®’Er (1000
ppm) barrier at V=9 uV (V;=5.4 uV, see inset Fig.
1). The inset shows the enlarged resonance after averag-
ing over six scans and subtracting the background.

tunneling barrier. This opens a complete new field
for spectroscopy; we state the following characteris-
tics: (1) The sensitivity is higher than in conven-
tional ESR spectrometers, which require > 10'?
spins. This can be seen from the signal-to-noise ra-
tio of Fig. 2(b) in comparison with Ref. 6. We ob-
served the 4uGd resonance (Fig. 2) with 2x10!?
spins and a signal-to-noise ratio of 10. With im-
provement of the equipment (lower 81/1, etc.) we
estimate an increase of sensitivity of 3—4 orders of
magnitude. This is close to the theoretical limit for
bolometer detectors (at 4 K) of = 10° spins. (2)
The theoretical limit of the energy resolution (the
detectability of narrow lines) is given by the noise
of the junction and the SQUID: We estimate a
value of ¥ =10~13 V Hz~ V2 (which corresponds
to 50 Hz). (3) The energy range depends on the
details of the SNS junctions but is typically 0.1 ueV
to 1 meV. (4) There are two limitations: 7 < 13 K
and H <100 G.

Many applications are possible: For example, (i)
ESR at H=0, that is to say w scans to detect dif-

ferent modes (for example in spin glasses). (ii)
ESR on small-size samples (a few cubic microme-
ters). (iii) Well defined junctions (evaporated
films) with known magnetic impurities can be used
as small-size thermometers at low temperature.
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