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and

g, (w)S(w) = 72Qa, x,',

S(w) =2Qz, (-w+x, +x,).

(ls)

(14)

In the last range, w, w ~w4, there is a trian-
gle for which

],(w) = (a,/sx, ) [w + (-1) w, +X,],

],(w) = (a,/sx, )(w-w, +x,),

g, (w) = (a,/Sz, )(w-w, +x,),
and S(w) is given by

S(w) = —,'Q(w-w, )'.

(15)

(16)

We now have all the expressions required for
obtaining I(ar) from Eq. (5). In this treatment the
transition probability represented by E&(q, &u) is
calculated to the same degree of accuracy as
g(&u), the density of states. The importance of
this lies in the fact that the computed spectrum
I(cu) reflects faithfully and sensitively the fea-

where @=0 or 1 if A, -A.,-x, is positive or nega-
tive, respectively, and S(w) is given by

S(w) =-,'Q[-w +(-1) 2w, w-w,
2 y 2

+4(2X,X, +Z,z, +z,z,)]. (12)

In the third range, w, ~w ~w„we have a quad-
rilateral for which we have

(,(w)S(w) = (Qa,w, /sa, )

x(-3w'+6k. ,w +3k,'—3%2'-As' ),

],(w)S(w) = (Qa,A.,/sx, )

x (-sw'+ 61,w-sA. ,'+ sh.,'-A, '),

tures of a theoretical model which can be com-
pared in detail with the measured spectrum.
This method has a wide range of applicability to
various fields in solid-state physics where one is
interested in computing one excitation transition.
In its present form it is not applicable to prob-
lems where two or more transitions are involved
(e.g., second-order Raman effect), and some
modifications are required to adapt it for such
cases. It is hoped to apply this method to some
practical calculations in the near future.

We wish to express our gratitude to Dr. E. Co-
hen for many stimulating discussions and to Dr.
L. J. Raubenheimer for his interest and useful
comments.
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Although in II triangular prisms are used also, it is
possible by some enlargement of the IBZ of the hexa-
gonal lattice to fill it with only rectangular prisms, as
in III.

~In some cases resonance behavior may exist which
shows up as a singularity in Egq, cu) for some special
values of q. These cases deserve special treatment.
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In Euo we observe no critical attenuation of sound near T~, but a corresponding criti-
cal change in sound velocity is noticeable. These experiments can be explained by the
experimentally verified fact that the sound wave couples to the energy of the spin system.

If the volume magnetostrictive energy is pro-
portional to the exchange energy, then the ultra-
sonic attenuation o. is

n ~q Ref, (E E (t))e dt

2 A 2z
=q (E E )—,=q —„

q -q v2 v"

where we used the hydrodynamic form for the
Fourier transform of the exchange energy Eq(t)-A 2t

q
=E e Aq t and for the energy diffusion constant
A =X/C (C is the magnetic part of the specific
heat and v the sound velocity), and where we used
v»Aq' (our q values range between 10' and 10
cm '). Scaling-law arguments' and factorization
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approximation both show the spin thermal con-
ductivity A. to be nondivergent at Tc. Hence e
would not show any singular behavior either.
This is in contrast to the usual case where one
observes a pronounced critical attenuation of
sound. '

In this Letter we show that EuO represents pre-
cisely such a case where the above conjecture
(namely that the volume magnetostrictive energy
is proportional to the exchange energy and that
therefore the sound wave couples to the energy
fluctuations of the spin system) holds to good ap-
proximation. This we do by giving three pieces
of experimental evidence supporting this idea:

(1) Absence of critical attenuation of sound. In

Fig. 1 we show ultrasonic-attenuation data for
longitudinal waves of 50 and 170 Mc/sec as a
function of temperature. A pulse-echo technique
using a calibrated attenuator for measuring echo-
height differences was used. For both frequen-
cies one does not observe any indication of criti-
cal attenuation as observed in many other sub-
stances. ' %hat one observes is a rather sharp in-
crease in attenuation below Tz. The same behav-
ior was reported earlier'~' and also in (100) ori-
ented crystals. The volume magnetostrictive
coupling constant Bv is estimated from the pres-
sure dependence of T and from the anomalous
thermal expansion': B~ - 50X 10' erg/cm~. (The
linear magnetoelastic coupling constants are an
order of magnitude smaller, 7 5,/8~=2. 5&&10e erg/
cms. ) Comparing this coupling constant with the

ones in MnF, ' and Ho' we expect a critical atten-
uation in EuO of about 2 dB/cm at 50 Mc/sec and
about 15 dB/cm at 170 Mc/sec. We would get
similar figures by comparison with other sub-
stances. The experimental data of Fig. 1 show
that we could easily see an effect of &0.5 dB/cm.
Hence the absence of any such critical scattering
is a strong evidence for the above conjecture.

(2) Proportionality of Hsp ph and Hex, the spin-
phonon-interaction and exchange Hamiltonians,
respectively. It has been shown experimentallye
that in EuO there is a strict proportionality be-
tween the magnetic part of the specific heat C and
the magnetic part of the differential thermal ex-
pansion P. Upon taking into account nearest-
neighbor (z, ) and next nearest-neighbor (z, } inter-
actions this means that

are strictly proportional to each other as a func-
tion of temperature. (Z; = exchange constant, ~

=compressibility. } This implies that one of the
following three cases occurs: (a) 8,/J, is equal to
(8J /s V)(sJ /S V)-', (b) s(f 5,)/ST is proportional
to S(S,S,)/ST, or (c) the second term is negligible
compared with the first term. Our ultrasonic-at-
tenuation data suggest that case (c) is the likely
one to occur in EuO, since we can write the spin-
phonon interaction Hamiltonian in a form similar
to Eq. (2) [Eq. (1) of Moran and Luthij':

0

0

~a~Q~++++ + + + ++

~W&0001

sp-ph

where 8, =NaBZ/Sa and where now z, ', z, ' are in
general different from z» z, . For the case of
propagation along a (110) direction z, ' =2 and z, '

=2, whereas z, =12 and z, =6. The proportionali-
ty of C and p implies the proportionality of Hsp ph
and Hex in Eq. (2) for z, =0. Thus, this experi-
mental evidence gives direct support for the pro-
portionality of Hsp ph and Hex for EuO.

(3) Occurrence of a critical change in sound ve-
locity. In a manner analogous to Eq. (1}, the
imaginary part gives an expression for the rela-
tive change in sound velocity'.

l
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FIG. 1. Attenuation of longitudinal sound waves in
ZuO propagating along a (110) axis: closed circles,
50 Mcj'sec; plusses, 170 Mc/sec.

&v 2 v ~ - imt C-~q —Im f (E E (t))e dt =—.
v (d o q q V

(3)

Equation (3) predicts that the relative change in
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g zr 2 ggJ2TC
(4)

where M is the molecular weight and T the tera-
perature. With the constants mentioned above we
estimate from Eq. (4) a change due to critical
scattering of about 10& 10 ' in b,v/v.

Figure 2 shows 4v/v as a function of T for 50
and 30 Mc/sec sound waves. Depending on the
strength of the ultrasonic echo pattern we are
able to measure relative velocity changes of 10
to 10 ' using a phase-comparison method. " In
Fig. 2 one notices for longitudinal waves a linear
region for T-T~ )8'K, a somewhat flat region
for T-T~ &8'K, and an abrupt change at T =T~.
This abrupt change occurs at the same tempera-
ture as the sudden increase in attenuation in Fig.
1. This temperature is taken as the Curie tem-
perature Tz = 69.2'K. It agrees fairly well with
the less accurately determined T~ from magne-
tization measurements. Extrapolating the linear
region as an estimate for the nonmagnetic back-
ground as indicated in Fig. 2 and correcting for
the thermal expansion, ' we get the net velocity
change due to critical scattering, as shown in
Fig. 3 for T &T~. The total observed change in

sound velocity due to critical scattering is pro-
portional to C and hence singular. Furthermore
it is frequency independent. A straightforward
calculation taking the full expression for the spin-
phonon interaction [Eq. (2) of Ref. 10] gives the
following simple formulas for attenuation e and
velocity change 4v/v:

4v/v is 4&& 10 4 in fair agreement with the esti-
mate given above. The data in Figs. 2 and 3 show
no noticeable frequency dependence in agreement
with Eqs. (3) and (4). Although there is a clear-
cut decrease in b,v/v as one approaches Tc (Fig.
3), the scattering of our data together with the
approximate corrections for background and ther-
mal expansion prevent us from making a sensible
quantitative test of Eq. (3) or (4), e.g. , the pro-
portionality to C. Shear waves only show the
thermal-expansion anomaly (Fig. 2) and no criti-
cal attenuation, ' as expected.

In summary these three pieces of experimental
evidence (absence of critical attenuation, propor-
tionality of differential thermal expansion and
specific heat, and evidence for critical scatter-
ing in the relative change in sound velocity) sug-
gest strongly that EuO is a case where the sound
wave couples to the energy of the spin system.
In all other magnetic substances which exhibit
critical attenuation of sound the proportionality
between the spin-phonon Hamiltonian Hsp ph and
the exchange Hamiltonian seems no longer to
hold, mainly because more than the nearest-
neighbor interaction is of importance. In this
case one has to calculate a general four-spin cor-
relation function which gives rise to the pronounced
effects in critical attenuation and velocity change. '

We acknowledge gratefully useful discussions
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FIG. 2. Relative change in sound velocity in EuO:
closed circles, 50 Mc/sec; open circles, 30 Mc/sec
{longitudinal waves); crosses, 50 Mc/sec {shear
w'aves).

FIG. 3. Net critical change in sound velocity in EuQ,
from Fig. 2 after correcting for background and ther-
mal expansion. Closed circles, 50 Mc/sec; open cir-
cles, 30 Mc/sec.
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The quasielastic magnetic scattering from K2NiF4 over the temperature range from
97.2'K to at least 200'K is found to correspond to reciprocal lattice rods rather than

points thus giving the first concrete evidence of the two-dimensional character of K2NiF4.
At 97.1'K the crystal undergoes an extremely sharp phase transition to long-range order
in three dimensions. From 97.0'K to 5'K the sublattice magnetization follows a (97.1
—T)P law with P = 0.15.

Recently considerable theoretical attention has
been directed towards two-dimensional magnetic
systems. ' 2 Such systems are expected to exhibit
cooperative properties, particularly in the neigh-
borhood of the critical point, which differ appre-
ciably from their three-dimensional counter-
parts. '~4 It is therefore of considerable interest
to find in nature systems which are truly two
dimensional in their behavior. The most promis-
ing candidates at the present time seem to be the
family of planar compounds with the K NiF4
structure. ' Early neutron scattering experiments
on powdered K¹F,by Plumier' led him to pos-
tulate that long-range order (LRO) set in within
the perovskite NiF~ planes at 180'K but that even
at 4.2'K there was no true LRO between the

planes.
In this Letter we report results of quasielastic

magnetic scattering from a large single crystal
of K,NiF, . It is shown that at high temperatures
Plumier's model is approximately correct al-
though the actual details are rather more com-
plicated. From at least 200'K down to 97.2'K
the magnetic scattering indicates that there are
very long-range correlations within the antifer-
romagnetic perovskite NiF2 planes with no meas-
urable correlations between the planes. At TN
= 97.1'K the crystal undergoes an extremely
sharp phase transition to LRO in three dimen-
sions. Below TN the three-dimensional Bragg
peaks are accompanied by "critical" scattering
which is completely two dimensional in form. In
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