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Nuclear Order in Copper: New Type of Antiferromagnetism in an Ideal fcc System
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A new ordering vector k=(27/a)(0, %, ) for the fcc antiferromagnets has been found by neutron-
diffraction experiments at nanokelvin temperatures in the nuclear-spin system of a **Cu single crystal.
The corresponding reflection, together with the previously observed (100) Bragg peak, shows the pres-
ence of three antiferromagnetic phases, separated by two first-order phase transitions, as the external
magnetic field is varied between zero and B. =0.25 mT. The kinetics of the transitions was observed to

be on the order of seconds.

PACS numbers: 75.25.+z, 07.20.Mc, 61.12.Gz, 75.50.Ee

A new magnetic structure has been found in the fcc
antiferromagnets. By neutron-diffraction experiments,
four equivalent nuclear magnetic Bragg reflections
+(033%),(%+4%), and (1 — 5 —§) have been ob-
served in the spin system of a $°Cu single crystal. It was
unexpected that the ordering proved to be simply com-
mensurate with the lattice, corresponding to a structure
with three sublattices. The discoveries were made when
the reciprocal space was searched along high-symmetry
directions. This is the first time that conventional scan-
ning has been employed at nanokelvin temperatures.

Magnetic ordering in copper has evoked considerable
experimental and theoretical interest over the past de-
cade. Nuclear antiferromagnetism in an elemental metal
was observed, for the first time, by means of low-
frequency ac susceptibility measurements on a polycrys-
talline copper sample.! Subsequent experiments on a
single crystal showed the presence of three different anti-
ferromagnetic regions as a function of the external mag-
netic field, aligned along the [001] direction.?

This was surprising and, in order to determine the
different spin structures, neutron-diffraction experiments
were initiated.> The spin dependence of the nuclear
neutron-scattering cross section®> enables investigations
similar to those used in electronic magnetism. The iso-
tropic nature of the nuclear scattering, however, makes it
more difficult to determine the spin directions.

In the first neutron-diffraction experiments on cop-
per®’ the external field was aligned along the [011]
direction, and the nuclear antiferromagnetic (100)
Bragg peak, X (see Fig. 1), was observed in two distinct
field regions, near B=0 and around 0.15 mT. It was
puzzling that no neutron intensity was found at B=0.10
mT, even though the simultaneously measured longitudi-
nal susceptibility indicated order at this field.

Nearest-neighbor interaction dominates in copper®
and favors antiparallel spin alignment. Since in the fcc
lattice all spins are fixed to the corners of rigid equila-
teral triangles, this is expected to cause “frustration.”

The ground state of such a system is still one of the un-
solved problems in magnetism.%'© The ordered spin
structures of copper have been investigated recently by
spin-wave theory,'! by second-order perturbation theory
for a cluster of spins,'”> and by Monte Carlo simula-
tions. !3:14

On the basis of first-principles calculations it has been
shown®!3 that the fundamental ordering vector is expect-
ed at X, but that another vector along 'K, (0,n,7) (see
Fig. 1), is very close in energy,® in particular, if the
strength of the Ruderman-Kittel interaction'¢ relative to
the dipolar force is slightly reduced from the experimen-
tal value.'”'® Fluctuations could then stabilize a T'K
structure at the boundary between the two (100)
phases.'>!® An ordering vector along T'X, (£,0,0), has
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FIG. 1. Left: Neutron intensity vs position along I'K,
[1n 7], showing the discovery of the (1} }) Bragg reflection.
Right: The (0171) scattering plane in the Brillouin zone of an
fcc lattice. The search scans (for details see text) are marked
with thick lines, the observed * (0% %), (131%), and
(1 —§ — %) reflections are indicated by ®, and the (100)
reflections are shown by O. No intensity was observed at the
commensurate positions indicated by m.
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also been proposed. '%:20:2!

The extremely low nuclear ordering temperature in
copper imposes severe experimental restrictions. The
measuring time is limited because the spins can be adia-
batically cooled below the Néel temperature, T, =58 nK,
only once every 36 h by means of nuclear demagnetiza-
tion” and because the spin-lattice relaxation process
warms up the nuclear-spin system to the paramagnetic
region in about 5 min. Mechanical movements of the
cryostat and the detector during scans contribute addi-
tional vibrational heat, thus further reducing the measur-
ing time.

The cryostat has to be kept upright and this restricts
the scans, with our present sample orientation, to the
plane spanned by the [£00] and [0nn] directions (see
Fig. 1). The neutron wavelength A =4.7 A was found to
give optimal signal-to-noise ratio and access to the sym-
metry lines of interest. Second- and third-order
reflections from the monochromator were used to align
the sample. During the experiments these were removed
by a cooled BeO filter.

The search scans were performed as follows: Prior to
nuclear demagnetization, the diffractometer was posi-
tioned at the starting point of the scan. We estimate
that the polarization was 0.96 +0.01, just before enter-
ing the ordered state. When the chosen final field was
reached, the neutron signal was monitored for about 10
sec, before moving to the next reciprocal-lattice position
in a step equal to the half-width of the spectrometer
resolution. As the scan proceeded and the nuclear spins
warmed up, the counting times were increased to main-
tain sufficient counting statistics. The intervals of the
high-symmetry lines and some additional commensurate
points?? which were investigated are shown in Fig. 1.

Our search for a new reflection was rewarded when a
very clear Bragg peak was found at (1pn), with
n=0.33£0.01, in the external field B=0.07 mT (see
Fig. 1). Later the *(03%) and (1—%5-—7%)
reflections were observed as well. All four points are
equivalent under fcc symmetry. The order is, within ex-
perimental accuracy, commensurate with the lattice
structure. In particular, the (0% +) and (— % § +) po-
sitions were carefully searched for over the whole region
below the critical field B.=0.25 mT, but no neutrons
above the background were detected.

In order to determine the phase diagram, intensities of
the (1§ §) and (100) reflections were measured at eigh-
teen different external magnetic fields. This was done by
monitoring the neutron signal as a function of time while
the spin system was warming up at constant B; the
method is schematically illustrated in the inset of Fig.
2(a).

In Figs. 2(a)-2(c) we give three examples of warmup
curves. Temperature, which can be determined only in
the paramagnetic phase, is monotonically increasing with
time in the ordered phase. Figure 2(a), with data mea-

1422

150 —1——1—
L]
-.C
-
[ ..\.
| Ve
100 »®
'Y L]
\
r .,00 /T, 1]
LIS
o,
50 \e ()

©
]
N
gmo[.,,,.','],
2
o
(&)
z
o
[v 4
[
o]
w
z

¥ e T T T T T T T T3
° L
[ 4 .0\.\.0'. ° (C)
50 o.‘n.o‘ .
o e
% LN
- s Ne 0.04mT +
%%0 3,
0 L&;L . L O O QN0 Qe g,
0 1 2 3 4 5
t (min)

FIG. 2. (a) Time dependence of the (1% +) reflection at
B=0.08 mT. Inset: A schematic phase diagram in the B-T
plane; the lines with arrows indicate entrance along an isentrop
(5§ =0.15R1n4) into the ordered phase and subsequent mea-
surements in a constant field; and a, b, and ¢ correspond to the
curves in parts (a), (b), and (c), respectively. (b) Time depen-
dencies of the (1+ +) (@) and (100) (O) reflections in the vi-
cinity of the upper phase boundary. (c) Same for the lower
phase boundary.

sured at B=0.08 mT, shows how the (1 + + ) neutron in-
tensity decreases due to the warmup process.

The data presented in Figs. 2(b) and 2(c) illustrate
the kinetics of the transitions. At B=0.12 mT, the
simultaneous disappearance of the (100) signal and ap-
pearance of the (1 + 1) reflection indicate a first-order
phase transition. At B=0.04 mT, the (100) neutron in-
tensity increases during the first minute, whereafter the
(1% 1) and (100) peaks both decrease slowly during the
next few minutes. This behavior could be explained by
domain growth, which increases the intensity initially
and tends to counteract the decrease caused by the
warmup. 23

The observed kinetics is a consequence of our demag-
netization technique [see inset of Fig. 2(a)l, which re-
quires passage through the higher-field phase prior to
entering the lower-field phase. During the passage, the
upper phase is formed, and some seconds are needed for
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it to disappear. This time scale is very convenient for
further studies of kinetic effects in the spin system.2*

From the neutron-count versus time curves a neutron
intensity contour diagram was constructed; it is shown in
Fig. 3. Three maxima occur: at B=0.09 mT for the
(1% +) reflection, and at B=0 and 0.15 mT for the
(100) reflection. The (1§ ) signal is strongest when
the (100) signal is weakest and vice versa, implying the
presence of three distinct phases.

The upper phase boundary is at B=0.12 mT, where
the contours in Fig. 3 are closely spaced. One can see
how the neutron intensity moves, as a function of time,
from one reflection to the other. Hysteresis was observed
when the external magnetic field was repeatedly swept
up and down across the transition region.

At the boundary between the uppermost and the mid-
dle phases, the outer contours of the (1§ §) and (100)
signals both bend strongly inwards before crossing. The
lower transition from the (1 + § ) peak back to the (100)
reflection takes place over a wide field region. The
(1% %) signal shows rapid disappearance only below
B =0.02 mT, whereas the (100) intensity begins to grow
already at 0.07 mT. Between these fields both peaks are
clearly visible simultaneously, but with different time
evolutions. This we consider as evidence for the coex-
istence of two phases. All experimental data are thus
consistent with both transitions being of first order.

In the narrow interval from B=0.02 to 0.05 mT, a
two-k phase, with two simultaneous ordering vectors,
cannot be excluded since the temporal behavior of the
(1+ %) and (100) peaks is similar.

In order to see the largest antiferromagnetic signal as
a function of the external field, a cut of the contour dia-
gram of Fig. 3 through the three maxima is shown in
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FIG. 3. The neutron intensity contour diagrams of the
(15 ) (solid line) and the (100) (dotted line) Bragg peaks as
a function of time and external magnetic field. The outermost
contours, 10 counts/sec, show approximately when long-range
order disappears.

Fig. 4. The striking feature is the large size of the max-
imum intensity for the (1} §) signal, compared to the
weaker maxima of the (100) intensities.

There are twelve symmetry-related k vectors for the
(0% %) and six for the (100) reflection. Comparing the
intensity of the nuclear magnetic signal to the intensity
of the nuclear peak observed at another wavelength and
correcting for extinction, flux, and geometric effects, we
can estimate the nuclear magnetic structure factor. This
comparison is consistent, in the middle phase, with a spin
structure characterized by the two vectors in the scatter-
ing plane: k,=Qn/a)(0,%,%) and k,=(27/a)(0,
— %2,— %) alone. This implies a three-sublattice struc-
ture. After a similar comparison, the absolute neutron
intensity observed in the uppermost phase is consistent
with equal population of the three domains or a three-k
structure.

During demagnetization through the uppermost and
middle phases, domain formation could cause unequal
distribution of the (100)-type regions at zero field. This
might explain why the observed intensity at B=0 is
lower than expected. The time needed to establish equal
distribution among the domains could be longer than the
measuring time available. It is remarkable that the ini-
tial increase of the (100) signal at zero field is slower
than any other transient effect seen in these experiments.

In conclusion, we have shown that scanning can be
used, with some restrictions, for investigations of a spin
system at nanokelvin temperatures. The commensurate
ordering vector k=(27/a)(0, 3, %), not observed in any
electronic fcc antiferromagnet, was found in the ideal fcc
nuclear-spin structure of copper. The intensities of the
equivalent *+(0%%), (U+3%1), and (U—-%1-1%)
reflections and the (100) peak establish the presence of
three antiferromagnetic phases as a function of the
external magnetic field along the [011] direction. These
results are in agreement with simultaneous susceptibility
measurements.
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FIG. 4. Neutron intensities of the (1§ §) (@) and the
(100) (O) reflections through the maxima of Fig. 3 as func-
tions of the external magnetic field.
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A clear first-order phase transition was found between
the uppermost and the middle phases. The middle and
the lowest phases appear to coexist over a wide field re-
gion, between B=0.02 and 0.07 mT. In a narrow field
range around 0.03 mT, the possibility of a two-k phase,
with two different ordering vectors, cannot be ruled out.
The discovery of the phase giving the (03 ) reflection
does solve the puzzle of the previously missed neutron in-
tensity® around B=0.10 mT.
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