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SUBLATTICE MAGNETIZATION OF QUADRATIC LAYER ANTIFERROMAGNETS
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ing Ge resistance thermometers, calibrated with
a Pt resistance thermometer. The accuracy of
measured specimen temperatures is 0.5% or
0.2'K, whichever is less. The "F NMR frequen-
cy f(T) was measured over the ranges 1.5 & T
& 36 K for K,MnF, (TN =45+ 1 K') and 1.5 ~ T
&91 K for K,NiF, (T N =97.1+0.1 K') with a rela-
tive accuracy of 2&10 ' at the lowest tempera-
tures, increasing to 2 x10 ' at -T „/2 (Fig. 1).
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FIG. i. The nuclear magnetic resonance frequency
f (T) of the F out-of-layer nuclei in K2NiF4 and K2MnF4
versus the temperature T. TG and 7.'N denote the gap
and Neel temperatures, respectively. The solid curves
are calculated from spin-wave theory as described in
the text.

The temperature variation of sublattice magnetization in the quadrati
magnets K&NiF4 and K&MnF4 has been determined by measuring the NM

out-of-layer F nuclei in these compounds. The results are found to a
two-dimensional spin-wave theory for T & TN l2, with TN = Neel temper
dence is found for residual exchange coupling between second-neighbor
upper limits for such coupling are set. Evidence is also presented for
point spin reduction in K2NiF4.

Spin-wave excitations in the antiferromagnetic
layer-structure compounds KNiF, and K,MnF,
are now believed to be essentially two dimension-
al. I,egrande and Plumier' first showed that in

K,¹iF,antiferromagnetic ordering takes place
within each quadratic layer and noted that the
magnetic interaction of adjacent layers is largely
canceled by symmetry. Birgeneau, Guggenheim,
and Shirane' have given definite evidence that the
only short-range order above TN is two dimen-
sional; ordering in the third dimension occurs
parasitically for T &Tz. Neutron studies of the 160

magnon dispersion in K,NiF, ' have also demon-
strated the weakness of interlayer coupling. To
further establish these conclusions and at the

150
same time examine the limits of applicability of
a simple spin-wave theory to these systems we
have undertaken precise measurements of the
temperature variation of sublattice magnetiza-
tion. We find (1) excellent agreement with spin-
wave theory appropriate to the quadratic layer
for T &TN j2, (2) some indication of a residual 'l3o

0-
three-dimensional effect in K,NiF, with upper
limits for exchange coupling between second- 0
neighbor layers, and (3) evidence for a. la.rge ze-

120
ro-point spin reduction in K,NiF, .

The technique used is the well-known one of
tracking the I armor frequency in zero applied
field of "F nuclei adjacent to the magnetic ions.
Measurements of the "F NMR frequency were
carried out using the pulse method on multicrys-
talline specimens of K,NiF, and K MnF, and on a 100—
single crystal' of K,NiF, . Results from the two
specimens of K NiF, agreed within experimental
accuracy. The "F nuclei resonated were those

0 90
of nearest- neighbor ligand ions situated 2 A on 0

either side of a given antif er romagnetic plane.
Temperature measurement and control were ac-
complished by means of pumped liquid He, H„
and N„where applicable, or with a system util-
izing a continuous stream of cold He gas. In the
latter case the temperature was monitored and
regulated with a feedback arrangement employ-
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The aeeuraey of the frequency measurements
was limited by the NMH linewidths where T,*=5

p, sec at low temperatures for both compounds.
As the temperature approached 7 ~ the resonance
lines broadened rather abruptly and became un-
observable. This broadening is thought to be ho-
mogeneous and may be similar to that observed
in Mossbauer studies of the isomorphic Rb, FeF,.'

The dominant exchange interaction in these sys-
tems is known to be that between nearest neigh-
bors (J,). The relative size of interactions with
second or third neighbors (J, or J,) is of the or-
der of 1%.' We have therefore carried out our
data analysis in terms of a single effective near-
est-neighbor exchange constant J. For small J,
and J, this leads to minor errors in the computa-
tion at high temperatures. Interlayer coupling is
neglected at the outset. We have calculated the
decrease with temperature of the sublattice mag-
netization ~(T) =(S )z. ,-(S )=S—60—(S ) exa, ctly
from noninteraeting spin-wave theory for the
nearest-neighbor exchange model using a com-
puter integration over the first Brillouin zone. '
Here Ao is the zero-point spin reduction. We
further find that A(T) is represented to within
2%%uo for T -E&/kz and to within -10% over the
temperature ranges studied by the analytic ex-
pression

—(1+n)k BT in[1- exp( E~/k BT)]-
2vrSJJ/

where Eg =kBT G is the spin-wave gap energy and
a =E&'/32S'J'. This is derived by expanding the
trigonometric functions in the dispersion relation
to order k k and integrating to ~k~ = ~.' In the
same approximation when J, and J, are signifi-
cant, the single exchange parameter J in the de-
nominator of Eq. (1) is replaced by J,-2J,-4J, .
It is reasonable to suppose that for small J, and

J, the single J which we use in the exact theory
is essentially J,-2J,-4J,.

In the calculations described above, the anisot-
ropy energy has been assumed to be k indepen-
dent. This assumption has been checked for
K MnF„where the anisotropy is predominantly
dipolar in origin. Inclusion of the full k depen-
dence" was found to alter e(k) by only 0.2%, and
is therefore negligible for our purposes. We be-
lieve that a similar conclusion holds for the pre-
dominant single-ion" and anisotropic exchange
contributions to anisotropy in K,NiF».

Fourth-order corrections of the sort discussed
by Oguchi" give corrections to spin-wave theory
which are independent of 0, and which, in the

cases at hand, are essentially independent of
temperature. " Thus the form of the above re-
sults is unaltered by these corrections. Howev-

er, because the low-temperature behavior is
primarily determined by E+, it is expedient to
include the temperature dependence of this quan-
tity.

In fitting our data with the theory we express
the igF frequency as

f(T) =f (o) [I-C&(T)],

where C = (1 + 6)k B/2mS(S —L,) ~ J~, and Z(T ) is a
function of temperature which asymptotically ap-
proaches

Z(T) =T in[1- exp( Eg/k B—T)],

as T -0 [cf. (1)]. The exchange parameter J is
identified with the combination of J„J„and J,
given above. In the least-squa, res fits of the da-
ta to Eq. (2) the quantities f(0), C, and E& have
been taken as variables. Z(T) has been calculat-
ed by use of the exact spin-wave expression, ex-
plained above. It should be noted that Z(T) is
slightly dependent on the value of J, the depen-
dence being negligible at low temperatures [cf.
Eq. (3)]. For the purpose of calculating Z(T) we
have therefore entered values of J; derived from
the literature, which are 8.6'K for KMnF»' and
112'K for K,NiF, .'

For K,MnF„a,s no data a,re available on the
temperature dependence of E&, the fitting proce-
dure was carried out assuming both E& ~ (S,) as
for K,NiF, "and E& ~ (S )'" a,s for MnF, ." The
latter assumption gave a somewhat better fit (al-
though the variations in f(0), C, and E& a,re with-
in the errors), and is adopted henceforth. The

f(T) data could be least-squares adjusted to the
theory over the range 1.5'K ~ T ~ 25'K. Inclusion
of data for 1"& 25'K gave rise to minor systematic
deviations from the theory. The curve shown in
Fig. 1 fits the data within experimental scatter
for 1.5 ~ T ~ 25'K and corresponds to f(0) =150.476
+ 0.003 MHz, "C = (3.14 + 0.03) x10 '/'K, and

&E( )/0k, = 7.38+ 0.08'K. The gap temperature ob-
tained is in excellent agreement with the value
7.40+0.15 K obtained from Breed's' spin-flop
measurements.

For KNiF„antiferromagnetic resonance
(AFMR) experiments' have given the spin-wave
gap energy &E( )/0,k=27.4+0.2 K, and have
shown that E&(T) varies essentially linea. rly with
the sublattice magnetization. A fit to within ex-
perimental scatter was obtained up to 50'K (Fig.
1), with the results f(0) = 155.423 + 0.003 MHz,
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C = (1.80+ 0.02) && 10 s/'K, and E&(0)/k~ = 28.15+ 0.2'K. The disparity between E&(0) so determined and

the AFMR value is just outside the error limits, and may be evidence for exchange coupling between
next-nearest-neighbor planes. Such a coupling modifies the low-temperature expression, Eq. (3), for
C(T) to become

E (T)[1+ 5(1- cos0)]'i~
(4)

where 6 =
IJ /2a J I, and J, is the exchange cou-

pling assumed between corresponding ions (only)
in second-neighbor planes. If 5 «1 as expected,
the effect of J is to increase the gap energy in
Eq. (3) to roughly E&(T)(1+5/2), whereas J~
changes the low temperature AFMR frequency
only by an amount -J,/J«5. The observed dis-
parity gives 6 = 0.05 and IJ /JI = 2 x 10 ', which
is well below the limits of resolution of the neu-
tron search' for interplanar coupling and is an
order of magnitude larger than dipolar coupling
between second-neighbor planes. In view of the
errors we feel that this value of IJ~I is best re-
garded as an upper limit. The corresponding up-
per limit for K,MnF, is IJ~/JI=4xl0 '. This is
obtained from the error limits on the spin-flop
determination of E& and that given here.

The low-temperature portion of the data fit for

'|.5

T 1.0

I

0

K2NiF~ is shown to better advantage in Fig. 2,
where f(0)-f(T) is plotted against Z(T). In this
plot Z(T) is given by Eq. (3) to within 0.5%. To
contrast our results with typical three-dimen-
sional spin-wave behavior, the experimental "F
frequency data" for MnF, are plotted against
Z(T), as approximated by Eq. (3), in Fig. 2 with

E&(0)/k B =12.5 K." A definite curvature is found.
The usual procedure for evaluating the zero-

temperature effective spin value S-Ao from NMR
studies, combining f(0) with the transferred hy-
perfine coupling coefficient as determined in the
paramagnetic state, contains many uncertainties
in the present case. Instead, we assume the va-
lidity of long-wavelength spin-wave theory as em-
bodied in Eqs. (1)-(3) and derive the zero-point
spin reduction 6, from the value C obtained from
the fit and literature values of the exchange con-
stant. This is particularly favorable for QNiF4,
where the spin reduction is an appreciable frac-
tion of $=1. For this compound neutron studies
give IJ, I[1-(J,+2J,)/J, ]=9.68x10 ' eV+ I%%,

'
yielding

DO=0. 21-0.79(J, +2J3)/J, +0.03,

where terms of order (J, +2J,)'/J, ' are neglected.
Available measurements' suggest that (J', +2J,)/
J, is of order 0.01. Thus we find b,,=0.20+0.03,
in better agreement with the spin-wave value 6,
=0.18 (including anisotropy effects)" than the
perturbation theory value 6, =0.12 (for S = 1)."
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FIG. 2. The decrease of the resonance frequency
f (0)-f (T) for K2NiF4 versus the function ~(T) with the
temperature as an implicit parameter. The straight
line corresponds to the theoretical curve plotted in Fig.

The lower curve represents a similar plot of ex-
perimental data for MnF2.
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Strange asymmetries observed in magnetic neutron guides are explained in terms of an
additional surface current due to the spin-orbit interaction of the neutrons in the Cou-
lomb field of the atoms. This result enhances the approach of the index of refraction for
the total reflection of neutrons using the propagator of the Schrodinger equation.

Within the framework of the theory of the index
of refraction for neutrons' total reflection of neu-
trons is always symmetric. This means that the
direction and the intensity of the totally reflected
beam as well as the associated surface creep
current do not depend on the sign of the scalar
triple product (o, n, k) or (&, k, k'), where @and
n are the unit vectors of the polarization and of
the external normal of the reflecting surface and
k, k' are the wave vectors of the incoming and to-
tally reflected beam. A term proportional to (v,
k, k') in the scattering amplitude would not con-
tribute to the index of refraction which depends
only on the forward-scattering amplitude.

On the other hand, neutron guides' with ferro-
magnetic walls (Fe, ,-Co, , alloy, for instance)
yield a significant and reproducible difference in
the intensity and polarization of the outgoing neu-
trons, ' according to whether they are bent to the
right or to the left in the plane of n and k. This
new effect was observed by Berndorfer, ' in a 5-
m-long neutron guide of section 0.5~5.7 cm' bent
circularly approximately 10 ' rad in the plane
perpendicular to the magnetization. The change
in intensity was a few percent, but the change in

polarization was about 30%.
The aim of this communication is to explain

this effect, showing that a certain asymmetry of
the surface creep current is obtained if the spin-
orbit interaction is taken into account. The spin-
orbit interaction V of neutrons with the Coulomb
electric field of the scattering atoms is due to
the magnetic field induced by the Coulomb field
in the rest frame of the neutron".

V =-1.91(p&/mc)(a', E, p).
Here 1.91'~ is the magnetic moment of the neu-
tron, p~ the nuclear magneton, m the neutron
mass, E the electric field of a scattering atom,
0 the Pauli spin operator, and p the momentum of
the incoming neutron.

Considering V as a small correction in the
Hamiltonian of the neutron, we use first-order
perturbation theory in the propagator form. The
unperturbed state g, in a total reflection experi-
ment with x ' =z =0 as mirror surface is'

(x t) (1 Ig) 2 k' x-Kz

Ikox. gQ~ ~ x+fP +0
7


