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this is the case only as long as the line width re-
mains constant, being determined by the inhomo-
geneity of the field. With further increases in N
the line width goes beyond the limits imposed by
the inhomogeneity of the field, causing a reduction
in x”ma_x' An analysis of the curves using the
Bloch equation® leads to the conclusion that relax-
ation of deuterium nuclei in paramagnetic solutions
is characterized by the condition T{/T; > 1 (T,
is the transverse relaxation time) where the val-
ues of T;/T, for the various ions fall in the fol-
lowing order: (Ty/Ty)oy+ > (Ty/Ty)opt+ >
(T1/Ty)pet++ > (T1/Ty)pp++

These experimental data indicate that the line
broadening is due to the displacement of the spin
levels of the nuclei by virtue of the interaction of
the quadrupole moment of the deuteron with the
gradient of the electric field set up by the para-
magnetic ion. In this case T;/T, should be ap-
proximately proportional to the ratio e?/u? where
e is the charge of the magnetic ion and p the
magnetic moment of the ion. This relation is ac-
tually observed in the experiments. In descending
order the ratio e?/u? for the various ions is as
follows:

(22/2%) ¢ 44 > BY/3.89) 14y > (B2/5.9D)p 44y > (22/5.9) 4,

The T,;/T, ratios are in exactly the same order
(cf. above). If the spin levels of the nuclei are
equidistant while the probability for Am ==+1
transitions is proportional to Y2, using the gen-
eral expression for the relaxation time T1,7 the
expression given in (1) results if we take the value
a = 2, The values found in the present work (&
~4.2 for solutions containing crttt, Fe*™ and C
cu™) would also seem to be explained by the ex-
istence of unresolved quadrupole structure in the
deuteron lines.

Since the anomaly associated with manganese
solutions (@ ~6.8) is not observed in complex
ions, it is probably due to the nature of the hydra-
tion of the Mn™ ions in D,O. It may be assumed
that the bonding of the water molecules in the hy-
drate shell with the paramagnetic ion is slightly
covalent. An exception is the Mn(DZO);"' ion in
which the binding is purely electrovalent. The
absence of a covalent bond tends to reduce the
magnetic interaction between the neutral ion and
the deuterium nuclei in the first coordination
sphere, thus increasing T;.

*EDTA ions are ions of ethylene diamine tetra acetic acid.
The EDTA ions form stable complex compounds with a stochio-
metric ratio of 1: 1 with metal ions; the EDTA particle replaces
several water molecules in the internal coordination sphere of
the central ion.5
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].. It is well known that in a magnetic field H
smaller than some threshold value H; the spin
wave energy spectrum in a uniaxial antiferromag-
net exhibits a marked anisotropy.! Thus, for ex-
ample, if the characteristic antiferromagnetism
direction is along the z axis, in the case Hiz
the energies of the two types of spin waves depend
on H and the wave vector k as follows:?

(1,2)

e =V (uH,)* + IPk* - uH,

while in the case H.iz:3

(1)

e}[1) _ V((J'HO)2 + %2, sff) _ ny.g (H® + Hg) + 122, (2)

Here p =geh/2me, Hy= MyVJ;(K;-K), M, is
the maximum possible magnetization for the given
antiferromagnet, J;, I, K and K; are the con-
stants in the exchange and anisotropy interactions.*
It is characteristic that in these two cases the
ground states of the antiferromagnet are also con-
siderably different: in the case H Iz the antifer-
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romagnetism direction A |H (i.e., this direction
corresponds with the natural direction of z) where
for T=0, Myz; = —M,y; = M, and xj = 0;1 while
for Hiz, A1H (although A1z) where for T=0
and Hiy, My = Myy = MH/2He and xy = H/He
where He = My (J; + K; — K).

Until recently, however, no calculations have
been made of the spin wave spectra for the case
Huz and H > H; in which in the ground state
A1H, My, = My, = M¢jH/2He and XzH/He where

e = My(J; + K; + K). This calculation has been
carried out by Irkhin and the author.* The results
are as follows:}

5 + I (3)

l/p.2 (H2

1
o) =1k, < =

A comparison of Egs. (2) and (3) indicates that
the difference in the spectra in the cases H Iz
and Hiz remains after rotation of A into a posi-
tion perpendicular to the H field (for H > H,),
although the ground states corresponding to (2)
and (3) are similar. It is noteworthy that accord-
ing to (3) one of the branches of the spectrum does
not have a break.

In the present work we report on several new
results which have been obtained in a calculation
of the temperature dependence of the susceptibil-
ity x and heat capacity of the spin waves C from
an analysis of all three states listed above. The
results apply only for those limiting cases in which
the effects which are of interest are most marked.

2. With AX =XT - X¢¢

a) H<H, pH<&xT: Agll = — 4AXZ}- ~aT?,
R

b) H>>Ho, ¢}/ H* — Hi <xT < pHy: 40yt ~ —aT?

AXJ‘ ~ 0.

O H>Hy, i)/ H — Hy>xT: Ayt =~0; Ayt =0.

The list of formulas given above allows a theo-
retical explanation of the anisotropy in the temper-
ature dependence of the susceptibility at fields near
threshold H, observed by van den Handel et al.’
(our results apply only to the low-temperature re-
gion).

3. For C we present the results which apply
when kT « pH,, in which case there is a marked
dependence of spin heat capacity on the magnitude
and direction of the field:

a) H<Ho, p(Ho—H)>>xT: Cl=0; C{~0.

b) H<_Ho, p(Ho— H) K xT: Cl~ a,T™ Cy = 0.

697
& H>Hy, p)/ H*— ;< xT: CF ~al* Cy =0.

V oHE—

a = (4n/15) % (x/1)?,

d)H>Ho, H3>7T Cz~2t1T3 Cy~0

— 15 (2u H el /32515,

From the examples which have been considered
it is apparent that in a uniaxial single crystal the
spin heat capacity and its temperature dependence
are both functions of the magnitude of the field H®
[for example in the transition from condition (a)
to (b), (c), and (d)] as well as the direction of the
crystal axis with respect to the fixed field H [ for
example in rotation of the crystal axis through 90°
from the position Hiz into the position Hiz in
cases (b), (c) and (d)]. The last result means
that if the spin heat capacity comprises a signifi-
cant part of the total heat capacity of the antifer-
romagnet, adiabatic rotation of the crystal about
an axis which lies in the base plane should result
in a noticeable change in the temperature of the
sample.

*J, >0 and K;~K > 0 since these are the conditions for the
existence of antiferromagnetism with natural direction along
the z axis.

tThe lower sign denotes the direction of the magnetizing
field H while the upper sign denotes the mutual orientation of
A and H.

t+The application of the phenomenological analysis5 makes
it possible to find the spin wave spectrum for the antiferromag-
net for any magnitude and arbitrary direction of H.4 The approx-
imate formulas used here (1) - (3) are valid only when H < H,
H < He. A phenomenological theory of antiferromagnetism has
also been developed by Kaganov and Tsukernik.® However, the
spectrum for the case H| z, and H > H, has not been studied by
these authors.
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