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reasonable,’® In fact, with Z, =0 for a neutral Pd
atom and with Z,=3 for an unscreened Yb®* ion,
one finds from the above A, (»*=~10.7 cm™! and
Ag(r®==0.06 cm!, Such excellentagreement with
experiment is probably coincidental. However, in
most cases one finds that such simple calculations
will reproduce the order of magnitude and the cor-
rect sign for the crystal field parameters, !* and
the present result is in line with that general fea-
ture, It may also be noted that simple nearest-
neighbor calculations have recently been very suc-
cessful in calculating crystal field parameters for
a number of rare-earth metallic compounds,® The
apparent success of what seems tobe anaive model
is not understood. In view of the present agree-
ment with experiment, we have made no attempt to
interpret the data in terms of more sophisticated
approaches, such as in Ref. 2.

In low-field spectra (H,,, <5 kOe) only one very

broad line is observed. Assumingthatthe broaden-
ing is due to slow spin relaxation processes, we
have analyzed the spectra with the simple two-
level relaxation expression!® appropriate for an
isolated Kramers doublet, since 5 kOe is insuf-
ficient to mix an appreciable fraction of the I'y
level. An example is given in Fig. 4. Thisanaly~
sis provides an electronic spin-relaxation time
Tr>4x 10" sec, roughly independent of H,,, and
T. These spectra were analyzed assuming com-~
plete polarization, i.e., that the intensity of the
AI,=0, +2 lines was zero, Attempts to fit with a
full five line spectra were quite unsuccessful. This
indicates that the observed magnetic anisotropy

at higher fields is due solely to the anisotropy of
the T’y level which is admixed into the ground state
by the applied field. This is also indicated by the
increase in the intensity of the AI,=0 transition as
the external field is increased (see Fig. 1).
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The spin-wave approximation is applied to linear-chain antiferromagnets CsNiCly and RbNiCls.
The susceptibility as well as the zero-temperature magnetic moment is calculated. There
is good agreement between the experimental results and the theoretical calculations.

Recently attention has beenfocused on substances
that exhibit one-dimensional properties,! such as
CsNiCl,; and RbNiCl;. These have chains of octa-
hedrally coordinated Ni?* ions along the c axis.

At low temperatures and above their three-dimen-
sional ordering temperatures (11 and 4.5 °K for
RbNiCl, and CsNiCl,, respectively) these com-

pounds show many of the characteristics of linear
antiferromagnets.? A very interesting result has
been obtained by Cox and Minkiewicz. 3 They showed
that the magnitude of the Ni* moment in CsNiCl
extrapolated to 0 °K is (1.05+0.1)up (up is the
Bohr magneton). They attributed it to a very sub-
stantial zero-point deviation, In this paper we re-
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port the theoretical calculations of the magnetic
susceptibility and the magnetic moment of RbNiCl,
and CsNiCl;. This has been done using a one-di-
mentional spin-wave approximation, which ex-
plains satisfactorily the experimental results.

The magnetic properties of these compounds at
low temperatures can be described in terms of an
effective spin Hamiltonian of the form

? - -
=2 J8;-8,-D2
isd i

S %I—gn“BHO; su, (1)
where S is of magnitude 1, D is the single-ion
anisotropy, g, isthe gyromagneticfactor (g,=2. 24
for CsNiCl; and g, = 2. 21 for RbNiCl,), and H, the
external magnetic field. This Hamiltonian was
analyzed using the spin-wave approximation. The
magnon energy was obtained with the Holstein~
Primakoff approximation and considering only the
nearest-neighbor interaction along the ¢ axis*:

€5= (Az‘Bi)UZign kg Hy,
A=D+2J,
B,=2J cos(ka),
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where a is the distance between Ni?* along the ¢
axis.
The partition function is given by
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where N, is the number of magnetic atoms in one
sublattice.
Then one obtains for the sublattice magnetiza-

tion
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FIG. 1. Zero-temperature magnetic moment divided

by the gyromagnetic factor plotted vs o =4J%/(2J + D)2,
The line indicates the experimental value for CsNiCl,,
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FIG. 2. (a) Parallel susceptibility vs temperature for
CsNiCl;. (b) Parallel susceptibility vs temperature for
RbNiCl;. Black dots represent the experimental results

of Achiwa (Ref. 2). The solid lines are our theoretical
fit. The points below 4.5 °K for CsNiCl; and 11°K for
RbNiCl; correspond to the three-dimensional order and
are not fitted by our model.
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The sublattice magnetization at zero temperature
for the linear chain is equal to

N,
N{Spro= %Nogn Kp —_ﬁ#&j" K(a),
(5)

/2 dx 42

(1= acos?n)® * “= (D% 2J )"

K(a) = g
o
K(@) remains finite for D different from zero.

In Fig. 1 the magnetic moment is plotted as a
function of @, For a=1 there is a singularity.
Also, if the second term in Eq. (5) is larger than
the first term the spin-wave approximation breaks
down. This occurs for very small values of D.

The parallel susceptibility calculated from Eq.
(3) is given by

e
(eekﬂ _1)2 .
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Using the above formula wefitted the susceptibility
measurements of Achiwa.?

The experimental results and theoretical cal-
culations are shown in Figs. 2(a) and 2(b). The
values obtained from the fitting for the single-ion
anisotropy and the exchange integral are shown in
Table I,
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TABLE 1. Values for single-ion anisotropy and the
exchange integral.
D (em™) J (em™)
RbNiClg 1.1+0.3 13.2+0.5
CsNiCly 0.25+0.1 11.1+0.3

There is poorer agreement between experiment
and theory in the high-temperature region since
the magnon-magnon interaction cannot be dis-
regarded in this region.

A striking result is obtained for the zero-tem-
perature magnetic moment of CsNiCl;. We ob-
tained theoretically

(Spro=(1.05£0.07) ug

(the uncertainty in the above values results from the
lack of sensitivity of the susceptibility to small
changes in the fitting parameters D and J). The
experimental result is (1.05+0.1)ug.3 Thus the
agreement is extraordinary. For RbNiCl; we ob-
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tained
(SpPro=(1.33£0.1)uy.

This value is lower than the experimental result
[(1.6+0.15) uy] reported in the literature,  but
since the measurements were done on powder sam-
ples one expects that in single crystals a lower
value will be obtained, as was the case with
CsNiCl;.® Thus the low value of the magnetic
moment at zero temperature is caused by the zero-
point deviation and is a one-dimensional phenom-
enon, Although at zero temperatures this com-
pound is a three-dimensional antiferromagnet,
the antiferromagnetic alignment along the chain
persists and the interchain interaction only caused
the setup of a triangular array below 4.5 °K.

The fact that spin waves in one dimension per-
sist above the three-dimensional phase transi-
tion has been observed by neutron scattering in
CsMnCl, . 2D,0 by Skalyo ef al.! Here we have
shown that the spin-wave approximation can be
used to treat the elementary excitations in one-
dimensional systems with finite anisotropy.
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