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Abstract

We have observed the double-spin-flip mode, corresponding to one photon flipping two nuclear spins, in rhodium
with low-frequency SQUID NMR at ultralow temperatures. The shift and magnitude of the absorption line at around
twice the Larmor frequency has been studied. The shift of the double-spin-flip mode can be used to calculate the
relative strength of the Ruderman-Kittel exchange interaction, for which we obtain R = — 0.9 + 0.1. © 2000 Elsevier

Science B.V. All rights reserved.
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In solids, the dipole-dipole interaction between the
nuclei allows one photon to flip two or more spins,
introducing resonance lines at integer multiples of the
Larmor frequency, fo = yB/2n. These lines can be ob-
served when the external magnetic field becomes compa-
rable in size with the internal fields arising from the
nuclear magnetic moments. Experimentally, the double-
spin-flip resonance line was first observed indirectly by
Anderson [1]. In copper, the frequency shift of the
double-spin-flip line was used to determine the strength
of the indirect exchange interaction [2].

We have observed the double-spin-flip resonance in
rhodium metal, in both positive and negative temper-
atures, by utilizing low-frequency continuous wave NMR.

The sample was a high-purity single crystal with di-
mensions 25x4x0.4 mm?® [3]. It was polarized in
a powerful cascade nuclear demagnetization cryostat [4].
The first nuclear stage, a massive copper stage with
97moles in 9T field, was able to cool the Rh-sample to
below 100 pK for up to several weeks. The sample, acting
as a second nuclear cooling stage, was polarized by a 7.5
T magnet. After a typical polarization time of 50-70 h,
the sample was adiabatically demagnetized to the
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measuring fields below 1 mT. The highest nuclear polar-
ization obtained was p = 0.86.

The negative spin polarizations were produced by in-
verting an external magnetic field of 400 uT in about
1 ms, a time much shorter than the spin—spin relaxation
time of rhodium, 10.2 ms. Due to the bulk nature of the
sample, the losses were considerable and the maximum
negative polarization achieved was p = — 0.49.

The NMR signal was recorded with a superconducting
planar second-order gradiometric pick-up coil conn-
ected to a DC-SQUID. The sample was oriented
so that the polarizing field and the pick-up were along
the longest dimension, and the NMR measuring field
along the second longest side. The spectra were measured
by sweeping the magnetic field, as frequency sweeps
would have produced additional difficulties in later anal-
ysis, due to the varying skin depth. An AC-excitation
field of 50 nT was used to measure the double-spin-flip
signals.

Fig. 1 shows two resonance spectra measured at
p=0.39 and — 0.39, respectively. The excitation fre-
quency was 431 Hz and the magnetic field was swept
from 600 uT down to zero in 8 min. The phase of the
recorded signal has been adjusted to best fit a Lorentzian
line to the Larmor peak and a constant background has
been subtracted. From the figure, it can immediately be
noted, that at positive temperatures the mutual interac-
tions between the spins shift the resonances closer to each
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Fig. 1. Absorption parts of resonance spectra measured at
p=0.39 and — 0.39. The two vertical lines, B = nf,./y and
B = 2nf../7, show the Larmor and double-Larmor positions,
whereas the arrows indicate the peak positions from Lorentzian
fits to the resonances. The main Larmor line is slightly asymmet-
ric, which makes the peak position appear off center. The peak
of the signal and the center frequency of the fit do, however,
coincide very well.

other, whereas at negative temperatures the peaks move
further away from each other.

The double-spin-flip satellite was clearly observable at
excitation frequencies from 131 Hz up to 831 Hz. At
lower frequencies the satellite was drowned by the Lar-
mor peak, whereas at higher frequencies the intensity,
behaving as 1/f2, became too small.

The resonance frequencies of the Larmor and the
double-spin-flip line are given by [2,5]

fi =fo +3(1 =3D)fp, 1)
f2=2fo + 2R + 35— D)fep, )

where D is the demagnetization factor along the static
field and R =) ;J;I/hf. is the relative exchange para-
meter. f; = uou’p/Ih + f,. is the “dipolar frequency”,
where p is the atom number density and f,. the aniso-
tropic exchange part.

From the measured shifts of the resonance lines we
can deduce the values of R and f;. Taking into account
the effects of eddy currents and the demagnetization
factor D =0.08, we obtain R=—094+0.1 and
f. =74 + 6 Hz. Taking just the pure dipolar interaction
for Rh gives f, = 54 Hz, and the remaining shift is at-
tributed to the anisotropic indirect exchange term
Jfae =20 + 6 Hz [6].
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