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NMR study of local magnetizations in diluted two-dimensional antiferromagnets
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The local magnetizations in the diluted two-dimensional (2D) Ising antiferromagnet
K2COO 83Zno. l'7F4 and the diluted weakly anisotropic 2D Heisenberg antiferromagnet K~Ni„Znl „F4
with x =0.96 and 0.85 have been measured as a function of the temperature by tracking the ' F
NMR. In the diluted Ising case the decrease with temperature of the magnetization of a particular
spin correlates primarily with the number of magnetic neighbors in the first shell, whereas in the
Heisenberg-like systems the decrement is mainly determined by the average dilution. The relevant

magnetic excitations are derived to be almost completely localized in K2Co„Znl „F4,but spin-
wave-like in K2Ni„Znl „F4.In addition, the sublattice magnetization in pure K2CoF4 has been
measured, and found to closely follow Onsager's result.

I. INTRODUCTION

In this paper, we report on the local magnetizations
residing at individual sites in the randomly diluted two-
dimensional (2D) antiferromagnets K2Co„Zni „F4and
KzNi„Zni „F~.as a function of the temperature. The end
members of these systems, K2CoF4 and K2NiFz, are well
defined. K2CoF&, ordering below the Neel temperature
T~ ——107.85 K, ' is an almost perfect 2D Ising antifer-
romagnet, whose sublattice magnetization closely obeys
Qnsager's result for the quadratic S=—,

' Ising model.
With a variety of techniques, ' K2NiF4 has been shown
to be a 2D Heisenberg antiferromagnet, in which a small
single-ion anisotropy stabilizes the order below Tz ——97.23
K. In both systems, as well as their diluted derivatives,
the anisotropy leaves the magnetization along the tetrago-
nal axis (c axis).

The site-to-site variation of the local magnetization in
randomly diluted 2D antiferromagnets has as yet not been
the subject of experimental verification. An experimental
technique to distinguish between the individual sites is nu-
clear magnetic resonance (NMR) of adjacent ' F nuclei,
whose resonance frequencies directly correlate with the in-
dividual magnetic moments. The fall of these magnetiza-
tions with temperature yields information on the excita-
tions of diluted systems, especially their extent in space
and their energies. The method, which ultimately is based
on a thermal property, emphasizes the low-lying excita-
tions, although the density of states makes the weight
shift out into the Brillouin zone in case the dispersion is
small. This is particularly the case in the diluted Ising
systems, and, for that matter, in pure K2CoF4, which in
addition has been examined. The localization of the exci-
tations is reflected in the way the decrements of the local
magnetizations compare for various surroundings. As it
turns out, the spectra are, in part because of minor modi-
fications of the hyperfine parameters, resolved according
to the number of magnetic first neighbors.

II. EXPERIMENTAL DETAILS

Single crystals of KzCo„Zni „F4and KzNi, Zni „F4,
typically 10X6X25 mm in volume, were grown from a

melt of KF, KZnF3, KCoF3, and KNiF3 in appropriate
proportions using the Czochralski pulling technique. The
Zn concentrations were determined by means of atomic
absorption spectroscopy. In the case of the
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FIG. 1. Part of a quadratic layer in K2Co„Znl „F4with the
out-of-layer FI and the in-layer F&I ions indicated, and typical
' F-NMR spectra in KqCoo 83Zno l7F4 at low temperatures. The
resonances correspond to various Co occupations n of the first
shell of neighbors. Values of the fields, directed along the c
axis, refer to the peak positions at the oscillator frequencies indi-

cated.
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KzCo„Zni „F&samples, the homogeneity of the dilution
was better than 0.01 in x over the total length of the crys-
tals. By contrast, in K2Ni„Zn& „F4appreciable concen-
tration fluctuations were discerned by use of a scanning
electron microscope equipped with an energy-dispersive
x-ray system (SEM-EDX). At x=0.85, for instance, x
was observed to vary by 0.07 over distances of a few mic-
rons. In the experiments, samples of K2Co„Zn~ F4 with
x=1 and 0.83, and K2Ni Zn& F4 with, on the average,
x =0.96 and 0.85 were investigated.

The local magnetizations as a function of temperature
below T~ may be probed with great precision by tracking
the NMR frequencies of the out-of-layer ' Fi and in-layer
'

F~& nuclei. These nuclei resonate in the transferred hy-
perfine fields invoked by the adjacent magnetic ions (Fig.
1), with small dipolar contributions from further neigh-
bors. In the diluted samples a spin-echo NMR technique
was employed to determine the resonance frequencies of
both the '

Fq and the '
F&q. Representative spectra in

K2Coo 83Zno ]7F4 at tempertures where the magnetization
is fully developed are given in Fig. 1. In K2CoF4 the '

F~
resonance frequencies were measured with cw NMR. The
NMR spectrometers were equipped with a high-Q reso-
nance circuit held at the sample temperature and tuned to
a fixed frequency up to 220 MHz. Scanning was accom-
plished with an external magnetic field, up to 10 kG,
aligned parallel to the spin orientation with an accuracy
Of 0.5'. The sample temperature, servostabilized to within
0.05 K, was measured with a calibrated carbon-glass
cryoresistor.
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FICi. 2. Temperature dependence of the ' F&-NMR frequen-
cy, extrapolated to zero external field, in K2CoF4. The solid
curve represents the result of the least-squares fit of Onsager's
relation, Eq. (1), to the data.

III. RESULTS AND DISCUSSION

A. Ising systems K~Co„Zn~ „F4
In analyzing the NMR frequencies in K2Co„Znj „F4,

we use, because of its inherent precision (better than 1

part in 10 ), as a reference the fall with increasing tem-
perature of the sublattice magnetization in K2CoF4 mea-
sured with '

Fq NMR. We therefore discuss the results in
K2CoF4 first. At 4.2 K, a very narrow NMR line associ-
ated with ' Fi is found at a frequency of, extrapolated to
zero field, about 190 MHz. The full width at half max-
imum (FWHM) is only 29 G, or 0.12 MHz. In Fig. 2, the
' Fi-NMR frequency is presented as a function of the
temperature. The near constancy of this frequency up to,
say, 40 K is in conformity with the Ising character of
K2CoF4. In fact, the solid curve in Fig. 2 represents a
least-squares fit to the data of Qnsager's result for the
magnetization M(T) in the square-lattice S=—, Ising
model, 2

M(T)/M(0)=[1 —sinh (J/k&T)]'~

but with allowance for the minor reduction of the
transferred hyperfine parameter Az with increasing tem-
perature. This reduction, due to lattice vibrations, is in
the temperature regime of interest adequately described by
Al(T)=21(0)[1—(T/T, ) ]. The excellent fit of Eq. (1)
to the data in Fig. 2 corresponds to a zero-field zero-
temperature frequency v( T =0)= 190.484+0.015 MHz,
an exchange parameter J/kz ———95.7+0.7 K, and

T, =275+15 K. The errors represent two standard devia-
tions and do not comprise any systematic uncertainties.
For v(T =0) the systematic errors, with inclusion of the
effects of demagnetizing fields, are estimated at 0.030
MHz maximum. The excess FWHM of the '

F& NMR
when approaching T~ from below follows the power law
(2.5+0.7) X(1—T/T~) +' G in the— regime
10 &1—T/T~ ~3X10 '. The slope, close to ——,, and
the prefactor are consistent with an inhomogeneity in the
sample temperature of about 0.05 K, which is not unreal-
istic. A homogeneous component to the excess FWHM
can, however, not be excluded because it scales with the
square root of the staggered susceptibility, and thus would
also exhibit an exponent ——', .

It is noted that the adjustment of Eq. (1) to the NMR
data in Fig. 2 over the entire range of temperatures
overshoots the sublattice magnetization by about 0.1% at
temperatures ranging from 60 to 93 K, apparently because
of the finite dispersion of the excitation energies in
K2CoF4. To better accuracy, therefore, T~ and Jmay be
deduced by fitting Eq. (1) separately to the data near Tz
and the data below about 80 K, respectively. In the form-
er case, the staggered magnetization is, upon approximat-
ing Eq. (1) by the power law (1—T/TN )', essentially ex-
trapolated to zero. The result of fitting the power law to
the data above 98 K is T~ ——107.9+0.1 K, in excellent
agreement with the result T& ——107.85+0.05 K derived
from fitting (1—T/T~) to neutron Bragg intensities in
the critical regime. ' A fit of Eq. (1) to the data below 80
K yields J/kii ———94+2 K. In this context, 4

~

J
~

may
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be regarded as an average of the excitation energy over the
Brillouin zone effectively describing the drop of the mag-
netization. The emphasis is in that part of the zone where
the density of states is maximum, i.e., close to the zone
boundary. More precisely, the decrement of the sublattice
magnetization equals gz(ul, +Uk)nq, in which nk
represents the Bose factor, and uz and uz denote the Bo-
goliubov coefficients. In case of weak dispersion, then,
the experiment approximately determines

J=J!![1—
z r(J&/J!!)'(I+ka&m/41 J!!I )]

in which J~~ and Jz are the parallel and transverse ex-
change constants,

1

y=(4/m. ) f IC((1 —z )'i )z dz=0. 287,

and T~ denotes the maximum temperature considered in
the fit. In KzCoF4, for which the k =0 energy is 18%
lower than the zone-boundary energy 4

~ J!!~, Jz -0.6J!!
in a fictitious S=—, spin Hamiltonian. This implies an
upward correction of

~

J
~

by 6% to obtain
~ J!!~, result-

ing in J~~
———100+2 K. For comparison, a crystal-field

analysis of inelastic light scattering in KqCoF4 has yielded
the somewhat smaller value J~~

———90 K by extrapolation
from the lowest k =0 magnetic exciton energy.

In KzCoo 83Zno 17F4 the local magnetizations have been
probed with NMR of '

F& nuclei as well as those ' F» nu-
clei that are situated between a Co ion and a Zn ion (Fig.
1). In the ' Fq-NMR spectra, three distinct resonances are
seen, which at low temperatures are about 550 G broad
(FWHM), compared with 29 6 in KqCoF4. At 75 K, the
width has risen to about 1 kG. In identifying these reso-
nances, it is noted that all spins are fully aligned at low
temperatures. The separation of the resonances at these
temperatures are therefore caused solely by the local
modifications of the hyperfine parameter 3 invoked by
the substitution of Zn for Co, with inclusion of the
changes of the dipolar field. These modifications depend
on the immediate environment. The three '

F& resonances
thus are to be associated with Co ions primarily according
to the number of Co ions in the first shell of neighbors.
The random architecture of the farther shells of course af-
fects A as well as contributes to the measured shifts by
mediation of the hyperfine interactions with farther-out
Co ions. These effects, which are not known to precision,
are smaller than the primary hyperfine interaction by at
least two orders of magnitude. The random configura-
tion beyond the first shell thus causes an inhomogeneous
broadening of the resonances, rather than a further
separation. Irrespective of the occupation of further
shells, therefore, we refer to all local configurations about
a central magnetic ion with n magnetic nearest neighbors

A = —2J g msmo —6J' g msMvc(T)+Amp ~

5=1 5=1
(2)

in which 5 runs over the n Co spins of the first shell
(n &4), J and J' denote exchange parameters, and A, is in-
troduced to extract the magnetization at the central site.
The spin quantum numbers mo and m~ may take on the
values + —,. It is noted that the Hamiltonian Eq. (2) is of
the simplest form in which at the central site the energy
of the local excitations is not renormalized, yet the mag-
netization drops to zero at the Neel temperature of the
host. Constructing the partition function Z, and calculat-
ing the central magnetization by use of

M(r)= —k r "'gZ'"
ax

we arrive at

A, =O

in which

1 cosh"(g) —cosh"(g)
2 cosh"(g)+cosh"(g)

(3)

and

g= [6J'Mvc(T)+ J]/2ka T

as "n cluster. " As for the identification with n, the reso-
nances have, within errors, identical relaxation rates, and
their integrated weights thus are expected to equal the bi-
nomial distribution Wi(n) = [4!/n!(4—n )!]x"(1—x)
For n=4, 3, and 2, then, good agreement is achieved
when the nominal x=0.83+0.01 from atomic absorption
is inserted (cf. Table I). For x=0.83, n= 1 clusters are so
infrequent as to escape observation in the present experi-
ment [Wl(1)=0.016]. A further justification for the as-
signment is found in the development of the NMR fre-
quencies with temperature to be discussed below. Analo-
gously, the two close-lying ' Fn resonances observed (Fig.
1) are identified as belonging to ' Fn located between
neighboring Zn and Co ions in n =2 and 3 clusters, which
configurations contribute to the NMR intensity in the ra-
tio 0.615 to 1.

The NMR frequencies associated with the various n

clusters in KqCop s3Znp I7F4 are presented in Fig. 3 (' Ft)
and Fig. 4 (' Fn) as a function of the temperature. The
data are, for each cluster, analyzed in terms of a model
based on an n cluster embedded in a virtual-crystal host.
The z components of the spins residing at the host sites
are taken to follow Onsager's relation, i.e.,

Mvc(T) = —,[1—sinh (Jvc/kaT)]~~s .

The Hamiltonian of the cluster then reads

TABLE I. Results of fitting Eq. (3) to the NMR data of K&Coo 83Zno IpF4.

Cluster ~J~/&, (K)

90+3
91+3
95+5

v, (r =0)' (MHz)

189.33+0.13
184.78+0.13
178.8 +0.8

vi) (T=0)' (MHz)

59.98+0.08
57.54+0.08

8'I'"~'(n )

0.48+0.01
0.39+0.01
0.13+0.01

~C81c( )

0.47
0.39
0.12

'The zero-field zero-temperature frequencies are not corrected for the Van Vleck susceptibility.
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FIG. 3. Temperature dependence of the '~F&-NMR frequen-
cies, extrapolated to zero external field, for various n clusters in

K2Coo 83Zno ~7F4, as indicated. Solid curves are according to the
least-squares fit of Eq. (3) to the data.
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FIG. 4. Same as Fig. -3, but NMR of '9F&q located between Co
and Zn.

g =[6J'Mvc( T) J]/2k' T—.
In fitting Eq. (3) to the data of KzCoo s3Zno ]7Fg Mo(T)
for the various n is first derived from the measured NMR
frequencies with account of the temperature dependence
of A by the factor 1 —(T/Ts) . The exchange constant

Jvc was set to —72.3 K, in conformity with Tz ——82 K,
determined independently from the uniform susceptibility
[cf. Eq. (1)]. Excellent fits, represented by the solid curves
in Figs. 3 and 4, were then obtained upon setting J'=J.
The results for the zero-temperature zero-field frequencies
and J, the latter averaged over the '

F& and '
F&q, are col-

lected in Table I. For the sake of a comparison with the
undiluted system, we have, inserting J=J'=Jvc and
n =4, also fitted Eq. (3) to the '

F& data of KzCoF4 up to
80 K to obtain J/kz ———92+3 K, within errors equal to
the fitted J of Eq. (1). The most significant finding of the
analysis is that the output values of J associated with the
various n clusters, J(n ), are close to J of pure K2CoF4, . A
similar conclusion was drawn with inelastic neutron
scattering for Rb2Coo7ZnQ3F4 It was established that
this system has four separate energy branches with only
minor dispersion over the entire magnetic Brillouin zone.
Most of the departure of J(n) from J is presumably
caused by lattice deformations. Upon substituting Zn for
Co, the former having a 0.01 A larger radius, the associat-
ed modifications of the exchange constants are estimated
at several percent on the basis of an r ' dependence. In
connection with the '

F& data, we finally note that the fur-
ther inhomogeneous broadening at higher temperatures
appears to be in accord with a numerical partition-
function calculation of the central magnetization of an n
cluster in various configurations of the second shell. This
calculation is an extension of the one above in that also
the second shell is treated rigorously.

As to the '
Fqq nuclei located intermediate between two

Co ions, their NMR spectrum consists of three distinct
resonances, save a sharp line on top of the central reso-
nance due to ' F not neighboring any Co ion. The three
resonances are separated at a distance of a few times their
linewidth (FWHM 450 Cx). The peak positions relative to
free ' F are given in Fig. 5. The resonance line having a
zero frequency shift at all temperatures is self-evidently
associated with those ' Fn that sense magnetizations of
equal magnitude on the Co at either side, i.e., Co at the
origins of clusters with equal n, notably n=4. The two
other resonances, shifted beyond the linewidth, measure
the balance of the magnetizations of neighboring Co ions
centered in n=4 and n=3 clusters. The shifts are of
about equal size, with the sign dependent on the sublat-
tices. (Other combinations with En=1 contribute only
weakly, while combinations with An )2 have escaped ob-
servation. ) In Fig. 5, no corrections have been made for
the minor asymmetry about zero related to the finite Van
Vleck susceptibility. The asymmetry amounts to 0.1

MHz in external fields of about 10 kG, independent of the
temperature. It is not feasible to make a detailed compar-
ison with the experimental result Xvv ——3.5 & 10
emu/mole (Ref. 9) because the relevant off-diagonal g fac-
tor is not known, but anyway the asymmetry estimated
from Xvv is of the order of the one observed. An interest-
ing feature of the outer resonances is the rise of their
shifts b,v(T) above 40 K, quite directly indicating that the
central magnetization of an n=3 cluster drops faster than
that of an n=4 cluster. The shifts must, of course, van-
ish at T~ ——82 K. An analysis of the observed shifts in
terms of Eq. (3) is however, at best, qualitative, due to a
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FIG. 5. Shift of the '9F~i-NMR frequency relative to free ' F
vs temperature in K2Cop 83Zno &7F~. The external field, directed
along the c axis, is about 10 kCx. The clusters indicated are
among those that contribute the most to the NMR intensities.
Solid curves are guides to the eye. Dashed curves are calculated
using Eqs. (3) and (4), with the parameters of Table I.

lack of precise knowledge of the relevant hyperfine con-
stants as well as the contaminating hyperfine fields from
further Co. Ignoring the second-neighbor hyperfine in-
teractions, we have
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bearing on the conclusions to be drawn below. The n =2
and 3 resonances cross at a temperature of about 25 K,
while the n =3 and 4 resonances intersect near 50 K, com-
plicating the determination of the various magnetizations

160

FIG. 6. Temperature dependence of the ' F&-NMR frequen-
cies for various n clusters in K2Ni096Zn004F4, extrapolated to
zero external field. Solid curves are guides to the eye. Dashed
curves are calculated using the Green's-function approach out-
1ined in Sec. III B.

bv(T) =+[A4MO 4(T)—A3MQ 3(T)]/h . (4)
150 =0.8'5

The approximative Eq. (4) with due correction for the
field-induced asymmetry yields the dashed curves in Fig.
5, when adopting for A3 and A4 the hyperfine parameters
of '

F&q located between the central Co and Zn in n=3
clusters (= 120 MHz), however with allowance for a small
difference such as to reproduce the observed shifts at low
temperatures.
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B. Heisenberg systems KqNi„Zni „F4
The NMR spectra of K2Ni„Zn~ „F4with x=0.96 and

0.85 show distinct resonances typically 600 G wide
(FWHM). As in the case of the Co-based systems, these
resonances are attributed to n clusters in such a way that
their integrated weights within errors agree with the cal-
culated W(n). In Figs. 6 and 7 we present the ' Ft-NMR
data for the average concentrations x=0.96 and 0.85,
respectively. The data for these concentrations resemble
one another to the extent that the spatial concentration
fluctuations observed in these systems (Sec. II) have no
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FIG. 7. Same as Fig. 6, but for K2Nio 8qZno ~5F4.
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FIG. 8. Same as Fig. 6, but NMR of ' F„located between Ni
and Zn in KzNio. 85Zno l5F4.

at these temperatures. The results of ' F» NMR pertain-
ing to the x=0.85 sample are given in Fig. 8. Already
from a general inspection of the data one observes marked
differences with the Ising case. First, the local magnetiza-
tions turn out to drop faster with temperature, as expected
for diluted weakly anisotropic Heisenberg antiferromag-
nets. Second, and more relevant to the present study, the
drops for the various n are to a first approximation
congruent, indicating that the excitations causing the fall
of the magnetization are delocalized to a substantial de-
gree.

To calculate the temperature dependence of the magnet-
ization residing at the central Ni ions of the various n

clusters in K&Ni„Zni „F4,we adopt the Green's-function
formalism developed in Ref. 10. This theory is concerned
with the local magnetization about isolated impurities em-
bedded in a quadratic translation-invariant host. The per-
turbative Hamiltonian associated with the impurity is
essentially restricted to a modification of the exchange be-
tween the impurity and the first shell of neighboring host
spins. The spin-wave energies of the host system are sup-
posed to be known. The magnetization residing at the im-
purity and the first shell about it are then recovered, at
various temperatures, from the appropriate Green's func-
tions in the energy domain. The Green's functions them-
selves have first been evaluated from their equations of
motion, in which products of the local spin-deviation
operators have been decoupled to quadratic within the
random-phase approximation. The formalism has been
worked out to deal with the effects on the first three
shells, which is sufficient for the present purpose. In the
present case, a KzNiF4-like virtual crystal is taken as the

host system. To incorporate the dilution as far as the vir-
tual crystal is concerned, the exchange constant is scaled
down according to T&(x) with reference to pure
KzNiF4. " That is, Jvc [T——&(x)/T~(1)]J~„„,in which
T~(1)=97.23 K (Ref. 4) and Jz„„/k~= —102.1 K.3 In
K'Ni Zni „F4,we have determined T"(x) with neutron
diffraction' and susceptibility experiments, resulting in
T"(0.96)=91.7 K and Tz(0.85) =76.5 K. The associated
modifications of the anisotropy parameter u have negligi-
ble effects, and accordingly we have kept a at the value
0.0021 appropriate to KzNiF& (Ref. 3) throughout, leaving
the exchange Jo between the "impurity" and the first shell
as the only parameter to be determined. A complete ad-
justment being quite arduous, we have considered a selec-
tion of reasonable forms of Jo in terms of the other ex-
change parameters and n. We have chosen to compare
with experiment Jo ———,

' nJ„„„„Jo————, n(Jvc J.„„)'
and Jo ——4 nJvc, noting that the exchange field at the
central site will approximately scale with n whatever the
effective exchange parameter. Out of these, the best re-
sults, given in Figs. 6—8 as the dashed curves, are pro-
duced by Jo ——

4 nJvc. For all n the agreement is general-

ly satisfactory up to temperatures of about , T&, a po—int

beyond which spin-wave-based theories for 2D antifer-
romagnets are known to fail.

It is instructive to consider a few numerical results of
the theory. First, it appears that n has no pronounced ef-
fects on the calculated magnetizations, in conformity with
experiment. As a case in point, for x=0.85 at 40 K the
calculated magnetization is, for Jz ——

4 nJvc, thermally re-
duced by 0.066 units of spin at the central site of an n =4
cluster, by 0.074 units for n=3, and by 0.105 units for
n =2. Second, the analysis indicates that the local mag-
netizations fall with temperature mainly because of spin-
wave-like excitations just above the spin-wave gap, rather
than excitations of local modes, excepting perhaps the
case n = 1. The gap occurs at an energy of
e=(2a/R)' =0.063, expressed in units 4~ Jvc

~

S, with
R =1.079 containing the spin-wave renormalization. For
x =0.85, the local modes appear, according to the calcula-
tions, to have the substantially higher reduced energies
@=0.97, 0.67, 0.40, and 0.20 for n =4, 3, 2, and 1, respec-
tively, compared to n/4 in Ising systems. These modes,
heavily damped owing to coupling with the band, are con-
fined to the disturbance, with small amplitudes at the first
shell of neighbors. ' These findings are supported by neu-
tron scattering experiments on the comparable system
RbzMno 5qMgo4qF4 in that the dynan ~1 response has a
structure made up of four resonances fading near the zone
center. ' The localized modes, however, become not ap-
preciably excited until a great number of long-wavelength
excitations have already reduced the magnetizations.

To conclude this section, we present the results of an
entirely different calculation, in which all lattice sites are
treated equivalently. The calculation can only be conduct-
ed for lattices of limited size, yet lends support to the
virtual-crystal approach in the sense that it confirms the
energies of the modes localized at the clusters. The Ham-
iltonian used contains nearest-neighbor exchange of the
Heisenberg form between the lattice sites occupied at ran-
dom by Ni, augmented with a small staggered anisotropy
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nance" at @=0.7, as well as weaker resonances near @=0.4
and 0.2. These energies compare well with the results
@=0.20, 0.40, and 0.67 derived above with Green's func-
tions for an impurity in a virtual crystal. The mode with
@=0.97 is in the dynamical-matrix approach eclipsed by
the high density of spin waves near the top of the band.

IV. CONCLUSIONS
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FIG. 9. Density of states vs the energy in units 4i J
i
S in

K2Ni„Zni „F4for various x. Modes associated with Zn and
isolated Ni ions, having zero energies, are removed. Resulting
histograms are normalized to unit area. Arrows indicate the en-
ergies of the local modes calculated with Green's functions (Sec.
III B) for the case X=0.85.

field stabilizing the spins perpendicular to the plane.
Following Holstein-Primakoff transformation, the cou-
pled equations of motion of the local spin-deviation
operators are solved numerically in the energy domain to
first order in I/2S, yielding the energy spectrum of the
excitations. The lattice is limited to a size of 16&& 16 sites,
implying a dynamical matrix of dimension 256. Periodic
boundary conditions are imposed. The resulting density
of states D(e) is presented in Fig. 9 for x=0.95, 0.85, and
0.75, in each case following averaging over 20 realizations
of the random lattice. Figure 9 also contains the density
of states of the pure system, for which an analytical ex-
pression is available, ' here converted to a histogram with
the same resolution as the computer results. An inspec-
tion of the evolution of D(e) with x reveals, a shift to-
ward lower energies aside, the development of a "reso-

Using NMR the magnetization at individual sites has
been probed in. the diluted 2D Ising-like antiferromagnet
K2Co~Zni „F4and in the diluted Heisenberg antifer-
romagnet with weak anisotropy KqNi„Zri& F4. In
K2Co„Zn, „F4,the fall with temperature of the magneti-
zation at a particular ion depends almost exclusively on
the number of Co ions n in its first shell of neighbors,
which points to genuine localization of the relevant exci-
tations. The associated excitation energies are close to
n

i
J

i
. The marginal deviations from n

i
J

i
are most

likely caused by lattice deformations due to substitution
of Zn for Co. The excitations of a Co surrounded by an
incomplete shell therefore have energies below those of
the band of the undiluted system. The appreciable spatial
inhomogeneity of the local magnetization observed at fin-
ite temperatures is in full accord with an analytical ex-
pression derived with a simple partition-function calcula-
tion. Here, the exchange of the central ion with the Co
ions occupying the first shell is treated explicitly, while
the further shells are represented by a virtual-crystal host.

In K2Ni„Zn, „F4,by contrast, the drop of the magnet-
ization shows only a weak n dependence, i.e., is close to
uniform over the system. The drop is caused by low-lying
collective excitations above the spin-wave energy gap rath-
er than by excitations of local modes occurring at higher
energies in the band. Good agreement is achieved between
experiment and a Green's-function calculation based on a
Ni impurity in a virtual-crystal host. The energies of the
local modes calculated with this theory are confirmed by
the results of a numerical diagonalization of the dynami-
cal matrix pertaining to a 16)& 16 square lattice with the
parameters appropriate to K2Ni Zn& F4 inserted.
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