
VOLUME 42, NUMBER 25 PHYSICAL REVIEW LETTERS 18 JUNE 1979

Evidence for Nuclear Antiferromagnetism in Copper
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V/e have studied, in a two-stage nuclear demagnetization cryostat, the NMR properties
of copper nuclei in magnetic fields from 0 to 15 mT and at polarizations up to 0.9. In
zero field the spin entropy decreases less rapidly with temperature than expected for an
interacting paramagnet with a constant local field; at 50 nK the entropy is still 45% of
R ln4. The temperature dependence of magnetic susceptibility points to nuclear antiferro-
magnetism in copper.

In order to investigate nuclear cooperative phe-
nomena, i.e. , nuclear ferromagnetism and anti-
ferromagnetism, it is necessary to cool the nu-
clear spin system to a temperature below 1 pK.
This is because the magnetic dipole-dipole inter-
action between nuclei is extremely weak due to
the smallness of the nuclear dipole moments.
Solid 'He is an exception because of the strong
quantum mechanical exchange force. Spontaneous
ordering occurs when the interaction energy is an
appreciable fraction of the thermal energy kT.

We have constructed a cryostat, with two nu-
clear demagnetization stages operating in series,
in which the spins of copper nuclei have been
cooled to 50 nK (5&& 10 ' K). This is the lowest
temperature ever produced. The second law of
thermodynamics was employed directly to meas-
ure the temperature. Our experimental informa-
tion about the nuclear spin system of copper, in
fields from 0 to 15 mT, was obtained by means
of superconducting quantum interference device
(SQUID) NMR measurements. The magnetic sus-
ceptibility data point to nuclear antiferromagnet-
ism.

Investigations of spontaneous nuclear ordering
have previously been done on three insulators by
Abragam and Goldman and their collaborators. '
Their experimental method is dynamic polariza-
tion with the help of some electronic magnetic im-
purities, followed by adiabatic demagnetization
in the rotating frame. Antiferromagnetism in
LiH was recently confirmed by neutron diffrac-
tion studies. '

The brute-force cascade nuclear cooling tech-
nique used by us has several advantages: There
is no need to add electronic impurities to the
specimen, our method is applicable to a number
of metals, we work in the laboratory frame, and
we are able to measure the absolute temperature
directly.

Our apparatus and experimental procedure will
be explained elsewhere", only a few details will

be given here. For a general description of the
nuclear cooling method, pioneered by Kurti et
a/. , we refer to Lounasmaa. '

The second nuclear stage, which also is our
specimen, was made of 2000 copper wires, ' 0.04
mm in diameter and insulated by oxidation. The
first nuclear stage, also made of copper, cools
this sample, in a field of 7.3 T, to 0.4 mK, cor-
responding to an equilibrium nuclear spin polar-
ization P) 0.99. There was no heat switch be-
tween the two nuclear stages; demagnetization
of the specimen thus had to be carried out in a
time short in comparison with the spin-lattice
relaxation time 7y to avoid losses of polarization
due to relaxation. At the conduction-electron
temperature T, = 0.4 mK, 7, for copper is about
50 min in external fields B,~ & 10 m T and about
12 min in B,~ =0.

The observed T, after demagnetization corre-
sponds to a heat leak Q, =1 nW to the conduction
electrons of the specimen. Q, is much larger
than the cooling power of the nuclei in the small
second stage. As a result it is better to have no
heat switch between the two nuclear stages: Most
of Q, is then absorbed by the nuclei in the large
first stage.

The NMR spectra, after demagnetization, were
measured by employing a continuous-wave fre-
quency sweep. The static field B,„, was applied
in the vertical direction parallel to the copper
wires. For excitation and pickuy of the NMR
signal, two saddle-shaped coaxial coils, with
their axes in the horizontal plane, were used.
The reason for this geometry is that the familiar
crossed-coil arrangement works only when the
macroscopic response of the spin system rotates;
this happens when the spins can precess around
an external field. For B,„,= 0 there is no pre-
ferred direction and the spin system vibrates
linearly along the axis of excitation; this re-
sponse can be detected by a coaxial pickup coil.
The induced ac current was monitored by a
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SQUID, which was used without any feedback to
obtain a fast response. ' We were thus able to
measure the nuclear susceptibility X'(v) —iX"(v)
from 1 to 200 kHz.

Goldman' has shown that polarization of the nu-
clear spin system in high fields can be obtained
from the expression

p =2f"X"(v) dv, (1)

which relates the NMR absorption spectrum to p;
it is then possible to calculate magnetization and

entropy as well. We found experimentally that
this integral is independent of magnetic field at
constant polarization, as long as B„,& 0.3 m T.

The proportionality constant A was determined
by assuming that immediately after demagnetiza-
tion the initial polarization p, = 0.9. This value
was obtained from measurements at 15 mT; in
this relatively high field the NMR signal could be
followed until the spin system had reached ther-
mal equilibrium with conduction electrons. It
was then possible to calculate p from the known

B,„, and T„' the latter was obtained by measuring
'Tj by relating it to temperature through Kor-
ringa's law 7, T, = 1.19 s K.' This procedure is
valid because the conduction-electron tempera-
ture of the specimen is determined by the tem-
perature of the first stage and by the heat leak Q,
entering directly to the second stage; T, at the
specimen is not affected by relaxation of the de-
magnetized nuclei. The 10%%uc loss of polarization
is estimated to be due to relaxation and eddy-
current heating.

The static susceptibility is given by the Kra-
mers-Kronig relation

X'(0) =n 'f (X"/v)dv, (2)

where the principal value of the integral must be
taken.

In Fig. 1 we have plotted X'(0) as a function of
B,„, at three different polarizations. All our ex-
perimental results have been corrected by the
equation

x (0) = x.„,(0)/[ I + (-' - 2)x...(0)),

in order to take into account the I orentz and de-
magnetization fields. Furthermore, the absolute
values of x'(0) were determined at 1 m T from the
relation X'(0) = p M, (B,'+B„,') '", where the mag-
netization M, was calculated from p and B,=B,~
+ p M,/3 is the external field with the Lorentz
correction.

In the low-polarization limit our data in Fig. 1
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FIG. 1. The static magnetic susceptibility X'(0) of
copper nuclei as a function of the external magnetic
field at various polarizations. At P =O.S5, x'(0) shows
a plateau at B~„t( 0.2 m T. In the low-polarization
limit, which in the figure has been extrapolated to P
=0.5, the experimental points can be fitted to Eq. (4)
with Bi ~= 0.34 m T (shown by the dashed line).

can be fitted to the expression

(0) ~ (B,2+B 2) 1/2 (4)

& = (dQ/dx")/(ds/dx").

The nuclei were selectively heated by applying
a small rf pulse of duration dt and amplitude 2B,
at the NMR peak absorption frequency of 7 kHz.
Because B,= 100 mT could be determined from
the coil dimensions and from measurements at
room temperature only with insufficient accura-
cy, its value was fixed by requiring that B&,
= 0.34 m T in the high-entropy limit. Then dQ
= 4zvB, 'X" (v)dt/p and dX" could be found by meas-

which yields for the local field B„,= 0.34 m T. At

p = 0.85 this model is not valid and a plateau is ob-
served at B,~ &0.2 mT.

The temperature of the copper nuclear spins in
the second stage was measured after demagneti-
zation by employing directly the second law of
thermodynamics as applied to a system in ther-
mal equilibrium, i.e. , T =dQ/dS. At B,„,= 0 the
thermodynamic functions depend only on one in-
dependent variable and, by selecting X" = X"(7
kHz), we obtain
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FIG. 2. The entropy vs temperature diagram of cop-
per in B«t = 0. For comparison we have also plotted
the S vs T curve of a paramagnet with Bi,~=0.34 mT.

FIG. 8. The inverse static susceptibility of copper
as a function of temperature. The straight line corre-
sponds to equation 1/y'(0) = (T/C) +d, where the nu-
clear Curie constant of copper C =570 nK and 4 = 0.26.

uring y" at 7 kHz before and after each pulse.
Eddy-current heating of conduction electrons by
the rf pulse was found to be negligible.

We may further write

dS/dy" = (dS/dp)(dp/d)t "), (6)

by noting that is is possible to sweep 8„,adia-
batically from zero to 1 m T where p can be found
from the measured NMR absorption line. The
derivative dS/dp may then be obtained from the
theory of the paramagnetic state. We thus have
all the necessary information for calculating the
absolute thermodynamic temperature by means
of Eq. (5).

In Fig. 2 we show, as a function of tempera-
ture, the entropy of the nuclear spin system of
copper in zero external field. The lowest tem-
perature reached in our experiments was 50 nK.
We notice from the figure that the temperatures
measured by us are less than those calculated
for an interacting paramagnet with the constant
local field. For instance, at 8=0.45R ln4 the
measured temperature is 50 nK instead of 110
nK obtained with B„,= 0.34 m T.

In Fig. 3 we have plotted the inverse suscep-
tibility 1/y'(0) as a function of temperature. By
analogy with electronic magnetism, the data in-
dicate antiferromagnetism with the Weiss 9 = 150
nK. By extrapolating our high-temperature data
on y'(0) to T —0 we calculate for the exchange in-
teraction between nearest neighbors J= —160 Hz;

the value measured at room temperature is iZi
= 230 Hz for neighbors with unlike spins. "

The fact that our experimental data in Fig. 1 in
low fields and high polarizations do not follow the
paramagnetic behavior of Eq. (4) can perhaps be
explained by assuming that the spin system is
either approaching an ordered state or that there
has already been an antiferromagnetic transition.
In paramagnetic salts close to the Neel point a
decrease in y'(0) usually precedes the transi-
tion.

On the other hand, no clear change in the en-
tropy diagram or in the NMR data, indicating a
transition to the ordered state, was found by us.
This might be due to experimental inaccuracies.
It is also possible that the nuclear spin system
was not able to make the transition as a result of
the rather rapid demagnetization or that the ac-
tual Neel temperature TN is below 50 nK. In elec-
tronic antiferromagnets 8/TN is frequently con-
siderably larger than 1. According to theoreti-
cal calculations, a cooperative transition should
occur in copper between 150 and 250 nK.""For
J= 0 the ordered state should be ferromagnetic,
whereas the experimental value, J= —160 Hz, al-
though small compared with the dipolar interac-
tion between nearest neighbors (- 1060 Hz), chang-
es the expected state to antiferromagnetic.

In conclusion we find that the nuclear spin sys-
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tern of copper clearly favors antiferromagnetism
but the question whether a transition occurs
above 50 nK must be decided by future investiga-
tions.

We are greatly indebted to A. Abragam, M. Gold-
man, I. Kjaldman, P. Kumar, K. Kurkijarvi,
N. Kurti, and P. Roubeau for fruitful discussions,
comments, and criticism. This work was finan-
cially supported by the Academy of Finland.
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We have found that the spin polarization of the photoyield from single crystal Ni(111) at
16.8- and 21.2-eV photon energy is (8.0+3.5)% and (8.1+2)%, respectively, which is sig-
nificantly larger than the bulk electron-spin polarization. The results of a theoretical
model calculation are in good agreement with the experiment. We interpret this as direct
evidence for spin-dependent electron-electron scattering in an itinerant strong ferromag-
net.

Almost ten years after the first observation of
electron spin polarization (ESP) in photoemission
from Gd thin films in the photon energy range
hv ~ 5.5 eV, ' we report the first observation of
ESP in photoemission from a ferromagnetic ma-
terial (Ni) using photon energies in the near vac-
uum ultraviolet (vuv), namely, at 16.8 and 21.2
eV. We find that the ESP of the photoyield at
these photon energies is positive (i.e. , magnetic
moment parallel to the magnetization) and signif-
icantly larger (- 8.1% at 21.2 eV) than the bulk
band contribution to the magnetization and giving
a spin polarization I'=ns/n = 0.51/10 = 5.1% of
bulk Ni at room temperature. These data are
the encouraging results of initial steps of a major
effort in our laboratory towards energy-resolved,
photon-energy-dependent ESP measurements us-
ing tunable vuv radiation.

The results on Gd have been interpreted within
the three-step model of the photoemission process
and a direct correlation of the photoelectron-spin
polarization with the spin polarization of the con-
duction electron has been suggested. ' Later,
De Wames and Vredevoe' pointed out that inelastic
scattering from magnons during escape could
significantly alter the initial ESP after photoexci-
tation. In subsequent experiments on Gd and Dy,
Banninger eta/. ' found evidence that effects of
electron-magnon scattering were negligible.
Since then most experimental results on ESP of
photoelectrons have been interpreted mithout
considering spin-flip processes, especially be-
cause of the small photon-energy range used in
the experiments done so far.

The first photoelectron-spin polarization data
on single-crystal 3d ferromagnets were obtained
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