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Copper formate tetrahydrate Cu(HCOO), 4H, O
has been found by Kiriyama, Ibamata, and Mat-
suo' to have a layer structure in which layers
of H,O are sandwiched between layers of cop-
per formate in the (001) plane. The symme-
try is P2~/a, a=8.18, b =8.15, c =6.35 A. Sev-
eral investigators' 4 published descriptions
of the antiferromagnetic transition at about
17'K in this crystal. While attempting to deter-
mine hydrogen positions by neutron diffraction
at room temperature, preliminary to investi-
gating the magnetic structure, some water hy-
drogens were found to be disordered. 5 This
stimulated us to measure the dielectric prop-
erties as a function of temperature. A prelim-
inary check showed an anomalous dielectric
constant as high as 400 at room temperature
in an (010) plate. This publication reports that
the crystal appears to be antiferroelectric due
to hydrogen motion. It has a typical antiferro-
electric behavior comparable to perovskite-
type antiferroelectries. In addition, unlike
previously discovered antiferroelectrics, large
single crystals can easily be grown and detailed
experiments carried out. Antiferroelectric
antiferromagnetism can be expected in this
crystal below 17'K.

Single crystals were grown from aqueous
solution by slow evaporation of water. (100)
and (010) plates were cut from the single-crys-
tal ingot by the wet-thread method and polished
by fine emery paper. Thin "as-grown" (001)

plates were obtained in a certain condition of
crystal growth. The plates were about 0.4 mm
thick. Electrodes were air-drying conductive
silver coatings painted on the crystal surfaces
to eliminate any gap between the crystal sur-
face and the electrode. Moreover, crystals
were coated by an insulating spray coating to
avoid contact with air which would cause rapid
dehydration.

Figure 1 shows the dielectric constant at
low ac amplitude and 1000 cps versus temper-
ature. As the temperature is decreased, the
dielectric constant of the (010) plate rises to
a peak of 1500 at -38.9'C and a large discon-
tinuous decrease occurs at this temperature.
Above this transition point, T~, the Curie-Weiss
law, e = C/(T T,), is satis-fied, and a plot of
the reciprocal dielectric constant versus tem-
perature is a straight line, as seen in the fig-
ure, with To = -58 C and C = 3.2 & 10 'C. The
(001) plate has a low dielectric constant vary-
ing gradually from 20 at room temperature
to 5 at liquid-nitrogen temperature without any
anomaly. The (100) plate gave a small discon-
tinuity at T~ as shown in Fig. 1. This might
be attributed to a small component of the large
anomaly in the [010]direction owing to the cut-
ting error of the crystal plate, in contrast to
the perfect orientation of the (001), "as-grown"
crystal plate. This high anisotropy can be ex-
pected from the predominantly layer structure
of this crystal. After most of this work was
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FIG. 1. Dielectric constant versus temperature in copper-formate tetrahydrate at 1000 cps.

(&) -44. a c (b) -42.6 C (c)-4I.0 C

done, we found a paper published by Kiriyama'
on the phase transition of this crystal. How-

ever, her value of the dielectric constant at
the transition point is 1/50 of that reported
in this paper.

A clear double E-D hysteresis loop was ob-
served within a certain temperature region
below the transition point with the ordinary Saw-
yer- Tower hysteresis-loop circuit with a high
ac amplitude of 19 kV/cm and 60 cps as shown

in Fig. 2. At low temperature the E-D relation
is a straight line. With rising temperature,
nonlinearities appear at the ends of the straight

line as seen in (a). A double hysteresis loop
comes out with further warming as in (b) through
(e). On passing through the transition point,
the loop disappears. The double hysteresis
loop was observed only in a narrow tempera-
ture region from -42.6 C to the transition point.
This range seemed. to depend upon the applied
ac amplitude.

A small thermal hysteresis in dielectric con-
stant was observed at the transition point by
careful temperatur e control. Additionally,
an external dc bias field shifted the transition
point to a lower temperature. The phenomena
mentioned above are quite parallel to those of
the typical antiferroelectric crystals, PbZrO, '
and PbCo, &,W»,O„'' discovered very recent-
ly. The behavior of the dielectric constant
and the double hysteresis loop below the tran-
sition point, together with the thermal hyster-
esis and dc bias effect on the transition point,
strongly suggest that copper-formate tetrahy-
drate may have a first-order transition at
-38.9'C and that it appears to be antiferroelec-
tric below this temperature.

The author wishes to thank Dr. M. I. Kay,
Dr. J. A. Gonzalo, and Dr. B. C. Frazer for
their valuable discussions and suggestions.

(d)-40. 5 C (e) -39.5 C (f)- 586 C

FIG. 2. Double hysteresis loops of (010) copper-for-
mate tetrahydrate plate at various temperatures below

T& at 60 cps. Sweeping amplitude: 19 kV/cm.
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Multicomponent beams of Br and I ions from
the Oak Ridge tandem accelerator, ' with ener-
gies up to 80 MeV have been used to study crys-
tal orientation effects on energy losses in thin
gold single crystals. Channel effects were pre-
dicted theoretically by Robinson and Oen', they
have been observed with 75-keV protons trans-
mitted through gold, and by range measure-
ments with low-energy heavy ions. 4~' Evidence
has been found for channeling effects with (p, y)
and (P, n) reactions and in studies of yields
of x rays induced by proton bombardment. ' '
Other observations with fast light particles
in Si have been reported by Dearnaldy, ' Ergin-
soy, Wegner, and Gibson, and Shiffer and
Holland

For the experiments reported here, Au sin-
gle crystals were prepared by evaporation and
epitaxial growth upon cleaved rock-salt faces.
The crystals were formed with a (100) face
parallel to their surfaces and were 1.1 mg/cm'
(0.57 p) thick, as determined by n-particle
energy-loss measurements and by weighing.
Following removal from their rock-salt sub-
strates, they were mounted for rotation about
a fixed axis in the surface plane. Two rotations,
one about a [100] axis and the other about a
[110]axis, were studied. The angular position
error was +0.1'. The [100]axis rotation allowed
alignment of the [001] and the [110]directions
with the incident beam, while the [110]axis
rotation permitted alignment with the [001],
[112], and the [111]crystal directions. It should
be noted that in both rotations low-index crys-
tal planes were parallel to the beam at all go-
niometer settings. As in earlier work, Br

and I negative ions were accelerated in the first
stage of the tandem accelerator, stripped of
some of their electrons, and stripped further
during acceleration in the second stage. The
resulting high-energy continuous spectrum
of particles was passed through a 90' magnetic
analyzer which gave a beam consisting of a
series of accurately known energies. Incidence
of this beam onto a Si surface-barrier detec-
tor produced the pulse-height spectra shown
in Figs. 1(a) and 2(a). The procedure was to
measure the effects upon each peak in these
spectra produced by the insertion of a crystal
in various orientations. The collimator arrange-
ment consisted of the target, 3 mm in diameter
followed by a 1-cm diameter aperture at a dis-
tance of 10 cm, followed by the 2-cm-diameter
detector at a distance of 5 cm from the aper-
ture. In earlier experiments with polycrystal-
line absorbers, the only effects observed were
simple peak shifts without appreciable shape
distortions. Earlier dZ/dx measurements on
polycrystalline samples" have been employed
to calculate estimated normal energy losses
corresponding to the thickness of the specimens
used in the present experiments, and these
are shown in the figures.

The spectrum of Fig. 1(c) illustra. tes the ef-
fects produced when the [001] crystal direction
was aligned to a ~ Br beam. The energy losses
for the various groups are characterized by
single peaks. The losses are less than corre-
sponding normal (polycrystalline) losses for
a foil of this thickness. Although the peaks
are asymmetric, the fraction of particles with
normal energy loss was less than 0.1. Almost
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