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We point out the suitability of rare-earth ions in singlet ground states for the produc-
tion of very low temperatures by means of nuclear adiabatic demagnetization. We have
observed nuclear cooling in PrBi from an initial temperature of 0.026°K to a final tem-

perature of 0.01°K.

Temperatures of a few millidegrees have so
far been produced by three methods: adiabatic
demagnetization of electron and nuclear moments,
and dilution refrigeration with He®-He* mixtures.
We report here on a new method, pointed out the-
oretically by Al’tshuler,! which is an intermedi-
ate between the first two: demagnetization of nu-
clear moments in hyperfine fields generated by
external fields through the polarizability of 4f
electrons in a singlet ground state. A rare-earth
ion in a nonmagnetic singlet ground state shows
no hyperfine splitting for a nuclear spin I=3.

For larger I there is a small splitting propor-
tional to I,* arising from the mixing of higher ly-
ing magnetic states into the ground state by
means of the nuclear magnetic moment.? In an
external magnetic field, however, the singlet
ground state can be substantially polarized to ex-
hibit a nonzero (J;) since the field admixes high-
er excited magnetic states into it. A hyperfine
field proportional to the external field results,
which gives rise to a hyperfine splitting of the
ground state. For this hyperfine field to be
large, a highly polarizable singlet ground state
(i.e., large Van Vleck susceptibility) is required
which means that the energy separation to the
next higher magnetic state should be low. Exam-
ples of such cases are the rare-earth intermetal-

lic compounds RX with R =Pr or Tm and X =N,
P, As, Sb, and Bi. All these compounds have
the rocksalt structure. The rare-earth ions are
of the non-Kramers type (J=4,S=1 for Pr®" and
J=6,5=1 for Tm*"). Therefore they tend to
split into multiplets with a singlet as the lowest
state in a crystal field of octahedral symmetry if
exchange interactions are not too large.®* The
level separations between the lowest singlet and
the next higher excited state are of the order of
20°K in the Tm compounds and 70°K in the Pr
compounds, and the low-temperature Van Vleck
susceptibilities are of the order of 0.5 and 0.1
emu/mole for the Tm and Pr compounds, re-
spectively.® The large induced hyperfine fields
have been demonstrated by Knight-shift measure-
ments of Jones,® who finds Knight shifts of 8900%
for Tm'® in TmSb and 650% for Pr'*! in PrAs at
4.2°K. This corresponds to hyperfine splittings
of 0.028°K and 0.012°K, respectively, in an ex-
ternal field of 20 kOe, which should be very suit-
able for nuclear adiabatic demagnetization. In
Table I we compare the nuclear cooling efficien-
cy of TmSb and PrBi with metallic Cu, which has
been used frequently for nuclear adiabatic de-
magnetization. Listed are nuclear spin /, nu-
clear moment u, effective gyromagnetic ratio

y (kHz/Oe) and effective hyperfine field Hqgs for
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Table I. Nuclear spin I, nuclear moment y, and ef-
fective gyromagnetic ratio y in the rare-earth nuclei of
TmSb, PrBi, and in Cu. The parameter X =guNIHq¢p/
ET, nuclear heat of magnetization W, and induced hy-
perfine field Hg¢s are computed for 0.030°K, 20 kOe,
and 10~% mole of material.

I M Y Heft X w
Unit 7 BN kHz/Oe kOe 1 erg
TmSh 3 —0.227 302 1730 0.48 2880
PrBi &  4.28 13> 199 1.03 6280
cu 3 23 ~1.2 20  0.0561 23.0
aRef. 6. bReft. 7.

the Tm!®, Pr!** and Cu® or Cu® nuclei. Also
listed are the ratio X =IguyHess/kT and the nu-
clear heat of magnetization

Hegt
w =J’0 HeffdMN = %XNHeffz

=Ny 221 + 1)H02/6kT, (1)

for an initial temperature of 0.030°K and an ex-
ternal field H, of 20 kOe (xN=dMN/dHeﬁ=nu—
clear susceptibility). Equation (1) overestimates
W by about 15% for X =1 since it neglects the
curvature of the Brillouin function.

Judging from the large nuclear heat of magne-
tization, nuclear cooling effects should be easily
observable with these starting conditions, if one
assumes a typical heat leak of the order of a few
ergs per minute. We also expect a short spin-
lattice relaxation time due to the strong strain
dependence of the induced hyperfine field and al-
so due to the presence of conduction electrons,
which should insure good spin-lattice contact
even at low temperatures.

We have searched for nuclear cooling in TmSb
and PrSb and have seen indications of it. During
demagnetization from 16 kG however, sudden ir-
reversible heating was observed at 3 and 6 kOe,
respectively, in these materials. In the case of
PrSb we have been able to relate this heating ef-
fect to the presence of a trace of PrSb, in our
samples, a phase which we found to be metamag-
netic and which undergoes a spin-flip transition
in 6 kOe. More recently cooling has been ob-
served in PrBi from 0.026°K to 0.010°K using a
field of 16 kOe. The experimental setup is
sketched in Fig. 1.

A first conventional adiabatic-demagnetization
stage (chromium potassium alum) is used to gen-
erate temperatures around 0.015°K. A supercon-
ducting switch (tin), operated by the fringe field
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FIG. 1. Experimental arrangement.

of the second stage, is used to make and break
thermal contact between the sample and the
chrome-alum. Temperatures are measured with
As-doped Ge resistors R, and R,, R, having been
calibrated down to 0.015°K against a cerium-
magnesium-nitrate thermometer. Nuclear-mag-
netic-resonance coils are also located around
the sample. A typical run is shown in Fig. 2.
The first stage is initially demagnetized to about
1 kG and the movable superconducting coil low-
ered until the tin switch opens. This precools
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FIG. 2. Nuclear demagnetization run on PrBi (see
text).
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sample and salt to about 0.030°K. The field is
then switched off completely and the coil raised
above the salt. This initially heats up the sam-
ple somewhat because of the magnetocaloric ef-
fect in the tin switch. With the sample at 0.033°
and the salt at 0.017°, a field of 16 kG is applied
to the sample. Heat of magnetization develops
and salt and sample equilibrate at 0.026°K after
a while. When the field is switched off, the sam-
ple cools. The salt shows some cooling too,
which indicates that the superconducting tin
switch is leaking. This leaking switch is pre-
sumably also responsible for the rather rapid
warmup rate of the sample after demagnetiza-
tion. The lowest temperature has been deter-
mined by assuming that R, follows the same pow-
er law (T—'/8) below 0.025°K as it does above
that temperature. We searched for the NMR
line of Pr'*! at 10 MHz using a marginal oscilla-
tor. Instead of the expected line at 770 Oe,” we
saw an as yet unidentified broad resonance peak
at 150 Oe, the height of which varied as 1/T
down to 0.1°K and increased at a slower rate be-
low that temperature.® From the amplitude of
this resonance right after demagnetization we
again extrapolate a sample temperature of about
0.010°K.

While the cooling effect is thus obvious, we
have not yet reached temperatures as low as ex-
pected. A lower limit of the temperature that
can be reached is given by the residual hyperfine
splitting in zero external field (if 7> 3) or eventu-
ally by a nuclear-ordering temperature. In the
salt Pr,(SO,). 8H,0, where the Pr®** ion is also
in a singlet ground state, the residual hyperfine
splitting has been measured to be of the order of

1073°K.? Interactions between nuclei via conduc-
tion electrons may be enhanced by the high polar-
izability of the 4f electrons. Estimates however
indicate that a resulting nuclear-ordering temp-
erature should still be below 10~2% °K.

In conclusion, nuclear magnetic cooling using
rare-earth intermetallic compounds does seem
to be a promising new way to produce very low
temperatures. The available cooling entropies
are typically two orders of magnitude larger
than for metallic copper and the nuclear spin-
lattice relaxation time is expected to be at least
as short as for Cu. Work is in progress to im-
prove materials and to get a more accurate mea-
surement of the actually attainable lowest tem-
perature.

We wish to thank Dr. A. C. Gossard for draw-
ing our attention to the Knight-shift measure-
ments of Dr. E. D. Jones, and especially Dr. T.
H. Geballe for his constant encouragement and
interest in this work. The technical assistance
of Mr. P. Gundy was most valuable.

Is. A. Al’tshuler, Zh. Eksperim. i Teor. Fiz.—Pis’ma
Redakt. 3, 177 (1966) [translation: JETP Letters 3,
112 (1966)].

23. A. Al'tshuler and M. A. Teplov, Zh. Eksperim. i
Teor. Fiz.—Pis’ma Redakt. 5, 209 (1967) [translation:
JETP Letters 5, 167 (1967)].

K. R. Lea, M. J. M. Leask, and W. P. Wolf, J.
Phys. Chem. Solids 23, 1381 (1962).

‘B. R. Cooper, Phys. Rev. 163, 444 (1967).

5G. Busch, A. Menth, O. Vogt, and F. Hulliger,
Phys. Letters 19, 622 (1966).

SE. D. Jones, Phys. Rev. Letters 19, 432 (1967).

TA. C. Gossard and K. Andres (unpublished).

1223



