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Measurements of ' F NMR in a series of polycrystalline mixed paramagnetic compounds

KMn„Mgl „F3with x varying over the whole concentration range have been performed as
a function of temperature. The paramagnetic shift and the linewidth and relaxation time

of the three NMR lines corresponding to those distinct classes of ' F nuclei that have

different numbers of nearest-neighbor magnetic ions were measured as the temperature

approaches the transition temperature. The paramagnetic shifts of fluorine nuclei having

one and two nearest-neighbor Mn ions compare well with the predictions of a simple

random-molecular-field approximation (RMFA). It is shown that the substitution of Mn

with Mg modifies locally the nuclear-electron transferred hfs interaction by about 20%.
The linewidth of the two lines increases drastically as T~ is approached. The attempt to
explain the data by utilizing Moriya's theory rescaled in the RMFA framework fails

completely, indicating that the dynamic effects should be treated in real space. The
antiferromagnetic ordering was monitored by measuring the rf susceptibility in zero

external magnetic field. It is found that the antiferromagnetic transition is broadened by

the concentration gradients present in the samples. The average transition temperature was

determined as a function of the average concentration, and the results are compared with

the theoretical predictions of recent calculations. Good agreement is found if one takes

into account the concentration dependence of the exchange coupling constant,

I. INTRODUCTION

The investigation of a randomly diluted model
magnetic system can be interesting from several
points of view. The dependence of the ordering
temperature and of the magnetic properties over the
entire range of concentration x (0&x & 1} of mag-
netic atoms is related to the percolation theory. In
particular, the collective-spin dynamics should be
strongly affected by the reduction of the effective
spatial dimensionality of the infinitely connected
cluster with increasing magnetic dilution. Further-
more, there are a number of renormalization-group
calculations which make predictions about the criti-
cal behavior of randomly disordered systems. Also,
the fundamental question of whether or not a sharp
phase transition can occur in a homogeneously ran-
dom system is as yet unanswered.

Among the best magnetically diluted model sys-
tems is KMn„Mg& „F3. KMnF3 is a cubic

perovskite crystal (a small tetragonal distortion
takes place at T,=180 K} with antiferromagnetic
superexchange between nearest-neighbor (NN) Mn
spins on a cubic sublattice mediated by a F ion at
the midpoint of each cube edge. The anisotropy be-

ing very small, the system behaves as an almost
ideal Heisenberg antiferromagnet. Nonmagnetic
Mg + ions, isomorphous to Mn +, can be used to
obtain a magnetically diluted crystal in which x-ray
spectra show no change in lattice structure and no
sign of clustering of Mg atoms.

The ' F NMR in KMn„Mg~ „F3 has some in-
teresting features arising from the location of the
fluorine at midpoint between two Mn + ions, each
of which strongly interacts with the ' F nucleus by
an isotronic transferred hyperfine coupling
A I (Si+S2}. In the paramagnetic phase, the ' F
NMR is shifted' by an amount proportional to
A((Si, )+(Sz,)) where z is the direction of the
static magnetic field. In the diluted crystals three
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FIG. 1. Typical ' F derivative NMR spectrum in a KMn„Mg& „F3sample w'ith x =0.78. The recording was obtained
at room temperature and at a resonance frequency of 22 MHz and the three resonances correspond to Auorine nuclei with

different magnetic environment as explained in the text. In the upper left-hand corner the behavior of the relative intensi-

ties of the three lines as a function of Mn concentration for an ideal perfectly random solid solution is shown.

distinct ' F nuclear-resonance lines are observed
corresponding to fluorines missing two, one, or zero
manganese NN and their accompanying hyperfine
fields. A typical NMR spectrum is shown in Fig. 1.
The three lines are identified as Io, Ii, and I2 ac-
cording to the number of Mn + NN to a given ' F
nucleus: Io (no NN), Ii (one NN), and I2 (two

NN), with paramagnetic shifts of approximately 0,
1, and 2%, respectively.

The investigation of the nuclear-spin lattice relax-
ation of the fluorine Io has indicated that this type
of fluorine relaxes at sufficient magnetic dilution
mainly by the interaction with the fluctuating dipo-
lar fields due to Mn spins which are exchange iso-
lated from their neighbors. On the other hand, the
relaxation of fluorine of the type Ii and I2 is related
to the decay of the autocorrelation and pair correla-
tion functions, respectively, of Mn spins belonging
to the infinitely connected cluster. Furthermore,
the paramagnetic shift and the inhomogeneous
broadening of the different NMR lines can yield in-
formation about the local electronic magnetization.

In this paper we present an investigation of the
temperature dependence of the different parameters
characterizing the ' F NMR with the aim of explor-
ing the building up of dynamic correlation and local
magnetization both in the infinitely connected clus-
ter and in the isolated Mn + clusters.

In Sec. II we give the details of the experimental
methods while in Sec. III the NMR results for the

different fluorine resonances are presented. The
temperature dependence of the NMR parameters is
discussed in Sec. IV mainly in terms of the
random-molecular-field approximation (RMFA) for
both the static and dynamic collective behavior of
the disordered Mn + spin system. The dependence
of the Neel temperature on the Mn + concentration
was determined from radio frequency susceptibility
measurements in zero external magnetic field and
the results are also discussed in Sec. IV.

II. EXPERIMENTAL METHODS

The ' F NMR experiments were performed by
using both continuous wave (cw) techniques and
pulsed NMR techniques. The cw measurements
were performed with a modified Varian spectrome-
ter operating at frequencies up to 60 MHz and by
using a 1024 channels analyzer to perform the con-
tinous averaging. The pulse measurements were
performed on a Bruker spectrometer operating at 22
MHz. The temperature was varied by a standard
gas flow system using either nitrogen or helium as
coolants and it was monitored by means of a Cu-Cn
or Au(Fe)-Cn thermocouple. The temperature sta-
bility and gradients were typically within +0.5 C.

Since the samples utilized in this work are po-
lycrystalline, the NMR lines are broadened by the
combination of demagnetization effects and of the
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anisotropic dipolar interaction of the '9F nuclei
with the average electronic moment of the Mn +
ions. The resulting line shape is asymmetric and
field dependent (see Fig. 1). In order to obtain the
homogeneous zero-field extrapolated linewidth, the
following procedure was utilized for both lines It
and Iz Th. e width of the signal between the two
closest points of maximum derivative was measured
at room temperature for each sample at several
external magnetic fields ranging from 2 to 10 KG.
The data so obtained could be fitted to the linear re-
lationship

~=5(T)+AK(T)H

where ~ is the linewidth in the field H, E(T) is
the measured paramagnetic shift of the center of
mass of the line, A is a fitting constant which in-
cludes the temperature-independent interaction
parameters, and 5 is the zero-field extrapolated
linewidth. As the temperature was varied, only
measurements at one or two values of the external
field were performed and the value of 5 was deter-
mined by using expression (1) together with the new
measured value of the temperature-dependent shift
E.

The samples were prepared at the University of
California at Santa Barbara and are identical to the
one used in the preliminary investigation. The
samples were analyzed by x ray at the Institute of
Crystallography of the University of Pavia in order
to verify the homogeneity and to determine the
average concentration. The powder spectra do not
reveal any sign of other phases nor of ordering or
clustering of the isomorphous cations. Since the
lattice constant a is known to vary linearly between
the values for pure KMnFi and pure KMgFi we
used the relation x =a 4.815—19.457 to determine
the concentration x from the measured value of a.
The average concentrations of the samples used in
this work are x =0.89, 0.78, 0.74, 0.60, 0.52, 0.41,
0.305, and 0.19. It should be noted that the concen-
trations used in this work are the real average con-
centrations while the one used in the previous work
are the nominal ones, the difference being at most
0.04.

The radio frequency (rf) susceptibility was mea-
sured by using the same Varian spectrometer used
for the NMR measurements tuned at 22 MHz. The
rf probe containing the sample was placed in the
center of a pair of Helmotz coils that allow& the
application of a dc field which could be swept
linearly between +300 G. By superimposing a
small modulation (-0.5 G) at 80 Hz we could
detect a signal both in the absorption and in the

III. ' F NMR RESULTS

In this section we present the experimental results

by considering separately the data obtained on the
three types of resonances IO,I&,I2.

A. Io resonance: Fluorine nuclei with no Mn NN.

The measurements of spin-lattice relaxation rate
as a function of concentration at room temperature
have been discussed previously. The emphasis
here will be on new measurements of Tt as a func-
tion of temperature.

1. Linewidth and signal iritensity

The Ic resonance has no measurable shift with

respect to the ' F resonance in KMgF3. The line is
slightly asymmetric and is field dependent. The
zero-field extrapolated linewidth 50 was measured
at room temperature as a function of concentration
and is shown in Fig. 2. The homogeneous broaden-
ing 50 is due to nuclear dipole-dipole interaction.
By calculating the Van Vleck second moment due
to the dipolar interaction of ' F nuclei of type Ic
with like fluorine nuclei, unlike fluorine nuclei (i.e.,
of type Ii and Ii) and Mn nuclei one finds for the
linewidth (in rad/sec) assuming a Gaussian line
shape
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FIG. 2. Room-temperature homogenous linewidth,
i.e., extrapolated at zero-external magnetic field of reso-
nance Io as a function of concentration in
KMn„Mg& „F3samples. The line represents the theoret-
ical dipolar linewidth calculated according to Eq. (2}.

dispersion mode which is maximum around H-0
and has a width of about 60 G. We identify the sig-
nal as an EPR signal of the Mn + ions. In fact at
the operating rf frequency of 22 MHz the resonance
I.armor field is only 7 G while the dipolar width is
of the order of 60 G.
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FIG. 3. (a) Linewidth between the points of maximum
derivative of signal Io in KMn„Mg~ „F3as a function of
temperature at a resonance frequency of 22 MHz. The
curve is the theoretical result obtained by using Eqs. (2)
and (3) as explained in the text. (b) Intensity of the Io
line calculated from Eq. (4) plotted as a function of tem-

perature. The curve indicates the behavior expected if all

nuclei were to contribute to the observed signal without

change of the line shape.

ruhr=((~ )) =/P~i(x)
a

QP(((x) CRt

T+5(x)

5p=2IE[(1—x) + —,(2x —x )]+6'x]'~2,
(2)

~=2.9X 10, 4'=7.6)(10,
where 6 and 5' are in sec rad . The comparison
of theory and experiments, shown in Fig. 2, can be
considered satisfactory.

For the magnetic fields used here, II—5 ko, a

major source of broadening is the inhomogeneity of
the local field. Each ' F nucleus of type Ip is sur-
roundml by a different configuration of second,
third, etc., NN Mn + ions and thus it is subjected
to a different local field due to the dipolar interac-
tion with the electronic magnetic moments. A cal-
culation of the variance of the local fields in the
paramagnetic phase done by averaging over all spin
configurations and orientations of the crystalline
domains yields

h (~)
(4)

where h is the peak to peak height of the derivative

signal, ~ is the width between the points of max-
imum derivative, and LV is the amplitude of the
ac modulation of the magnetic field, drops to a
small value starting at T~ as exemplified in Fig.
3(b). The measurements of signal intensity can be
used to monitor the ordering temperature Tz.
However, the method does not seem to be very
practical particularly when the transition is
broadened by concentration gradients and one
would like to estimate an average transition tem-
perature.

In fact, the disappearence of the signal intensity
would be gradual even for a perfectly homogeneous
sample due to the nuclei which experience a small
local field in the ordered phase because of the spa-
tial symmetry of the surrounding spin configura-
tion. As a matter of fact, these nuclei contribute to
a small residual signal which we could detect in the

expressed in 0, where C„ is the Curie constant per
atom and P~~(x) is a polynomial in x whose value
varies almost linearly from zero at x =0 to almost 6
at x =0.6 and it remains then practically constant
up to x =1. When the inhomogenous broadening is
relevant the line shape is no longer Gaussian and we
can make only a semiquantitative analysis of the
data by comparing the measured linewidth with the
total variance of the local fields given by the square
root of the sum of the second moments due to the
nuclear dipolar interaction [Eq. (2)] and the one due
to the nuclear-electron dipolar interaction [Eq. (3)].
We find good agreement for the temperature depen-
dence of the linewidth at all concentrations. An ex-
ample is shown in Fig. 3(a).

When the system becomes antiferromagnetically
ordered (T(TN) the inhomogenous broadening
should be calculated by considering the random
orientation of the local dipolar field. By averaging
over all spin configurations of the "flopped" phase
and orientations of the crystalline domains one
finds that the main contribution to the inhomo-
genous broadening is given by an expression similar
to Eq. (3) with (p~~) replaced by p, igggeped.

However, in this case the major part of the signal
moves out into the wings escaping experimental
detection. The linewidth measured as the distance
between the points of maximum derivative shows
only a minor deviation from the behavior in the
paramagnetic phase as shown in Fig. 3(a). On the
other hand, the normalized intensity of the central
part of the signal measured by
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ordered phase even well below T~. Thus, we prefer
to determine Tz by means of the rf susceptibility
method as explained in Sec. IV C.

(a)

2. Spin-lattice relaxation rate

The nuclear spin-lattice relaxation rate of '9F nu-
clei of type Io as a function of concentration at
room temperature was reported previously. It was
shown that the relaxation is dominated by the direct
dipolar interaction of the ' F nuclei with isolated
clusters of Mn ions, namely ions or groups of ions
with no Mn NN. The validity of this interpretation
was later confirmed in detailed theoretical calcula-
tions by Thayamballi and Hone. In another paper
we suggested that only the nuclei which are close
to an isolated cluster relax by direct interaction
while other ' F nuclei of type IO further away from
the clusters relax by direct interaction with the Mn
in the infinitely connected cluster and by spin dif-
fusion to the nuclei next to the isolated clusters.
This analysis was largely based on the behavior of
the recovery of the nuclear magnetization which
displays an initial fast decay accounting for about
20—30% of the signal followed by an almost ex-
ponential decay at longer times. The data of Ti
discussed in Refs. 2—4 were obtained by excluding
the initial fast recovery. Here, we limit ourselves to
report in Fig. 4(a) the temperature dependence of
Ti ' measured from the asymptotic behavior at
long times of the recovery of the nuclear magnetiza-
tion. If the relaxation rate is controlled by the
nuclear-spin diffusion from the nuclei close to the
isolated clusters to the remaining nuclei then one
expects that T and H should affect Ti mainly
through the nuclear-spin diffusion coefficient D.
As a first approximation, one may assume
D ~ (~) ' since mutual spin-flip processes which
preserve the Zeeman energy are less probable if the
resonance frequency is spread over a wide interval:
It can be shown that in the "diffusion vanishing"
limit T, ~D'~ and thus T& '~(~) '~. The
dependence of the relaxation rate on the linewidth is
shown in Fig. 4(b) with the temperature being the
implicit parameter. A few measurements with the
field H as an implicit parameter are also in qualita-
tive agreement with the above argument. We can
conclude that the temperature dependence of the re-
laxation rate supports the hypothesis that the long-
time asymptotic behavior of the recovery is con-
trolled by nuclear-spin diffusion. Under these cir-
cumstances a search for a critical-like behavior of
Ti ' as T~Tz can be done only by carefully
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FIG. 4. Relaxation rate as a function of temperature
for resonance Io in KMn Mg~ „F3with (O) x =0.52 and
(0) x =0.74 at the operating frequency of 22 MHz. (a)
T~

' is plotted as a function of temperature. (b) T~
' is

plotted as a function of the inverse square root of the
linewidth, the temperature being the implicit parameter.

separating the different contributions to the nuclear
relaxation. We have not attempted this, since single
crystals with small concentration gradients should
be used for such a study. Preliminary measure-
ments in single crystals of MnF2. Zn and FeF2.Zn
appear to have been very successful in this respect.

B. I~ resonance: Fluorine nuclei with one Mn NN

The resonance I
& provides, in principle, informa-

tion about the local magnetic susceptibility, through
the measurement of the paramagnetic shift, and
about the spectral density of the autocorrelation
function, through the linewidth and relaxation mea-
surements.
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1. Linemidth and relaxation
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FIG. 5. Zero-field extrapolated linewidth of resonance
I ~ plotted as a function of temperature in KMn„Mg~ „F3
for different concentrations: () x =0.89; (4) x =0.78;
(O) x=0.6; (y) x=0.52; (0) x=0.41; (k, ) x=0.305.
The curves are a guide to the eye.

300

As it can be seen in Fig. 1 the resonance I~ has
the asymmetric shape that arises from averaging the
orientation of the external field direction, with
respect to the axes of the paramagnetic shift tensor,
in a powder. The homogeneous width „5& was
determined by extrapolating at H =0 the measure-
ments as a function of the field with the procedure
illustrated in Sec. II. The resonance I& is dominat-
ed by the strong transferred hfs coupling to a single
Mn + ion. Since the hfs field is modulated very
fast by the exchange interaction, the measurement
of the homogeneous linewidth is equivalent to the
measurement of the nuclear spin-lattice relaxation
rate, both are a direct probe of the spectral density
of the fluctuations at small frequencies (at co=0
and coL -0). The results at room temperature as a
function of concentration were reported previously.
The large enhancement of the linewidth with in-

creasing magnetic dilution has been attributed to
the enhancement at low frequency of the spectral
density of the autocorrelation function. In fact,
by reducing the manganese concentration the effec-
tive dimensionality of the magnetic exchange path
decreases from d =3 towards d =1 near the percola-
tion threshold. Correspondingly, there is a slowing
down of the decay at long times of the autocorrela-
tion function since this goes as t " for the dif-
fusive behavior typical of an Heisenberg system.

In Fig. 5 the temperature dependence of the
homogenous linewidth for samples having different
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FIG. 6. Inverse of the paramagnetic shift in percent
plotted as a function of temperature for KMn„Mg& „F3
with (0) x =0.89; (4) x =0.74, and ( ) x =0.41. The
subscripts 1 and 2 refer to line I~ and I2, respectively.
The straight lines indicate the Curie-Weiss behavior.

concentrations is reported. The linewidth increases
drastically as the ordering temperature is ap-
proached and it becomes too large to be measured at
about 10—20 K from the ordering temperature
preventing us from investigating the nonclassical
critical region. The broadening of the line reflects
the slowing down of the fluctuations of the elec-
tronic magnetic moments due to the buildup of the
antiferromagnetic correlation. It is compared in the
next section with the predictions of the RMFA
theory.

2. Paramagnetic shift

The paramagnetic shift of the ' F nucleus in pure
KMnF3 single crystal is anisotropic due to the
nuclear-electron dipolar interaction. In the
KMn„Mg~ „F3 polycrystalline samples the line
shape is asymmetric as expected from averaging the
anisotropic shift over the crystal orientations and
over the configurations of magnetic ions second NN
to the given ' F nucleus. The problem of measuring
the isotropic part of the paramagnetic shift is then
similar to the one encountered in metal powders
displaying anisotropic Knight shift. The measured
isotropic shift Ki ——(ddt/H)100 is shown in Fig. 6
as a function of temperature for some values of the
concentration. The shift can be fitted with a
Curie-Weiss law cc (T+5) ' but the value of 5 is
different from the one obtained from measurements
of uniform susceptibility and from measurements
of the shift of line I2 (see next paragraph). This is
not surprising since the shift of line I& is propor-
tional to the local thermal average of the magnetic
moment of the Mn + ions NN to a ' F of type Ii,
i.e., Ei ~ {p) but for a disordered system, lacking
translational invariance, (p) is not necessarily the
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FIG. 7. Zero-field extrapolated linewidth of resonance

I2 plotted as a function of temperature. The data (0)
referring to pure KMnF3 are from Ref. 9. The curves are
a guide to the eye.

this case the temperature dependence can be fitted
with a Curie-Weiss behavior with "apparent"
Curie-Weiss temperatures which are larger than the
one obtained from the shift of line Ii in the same
sample. This indicates that the Curie-Weiss plot
cannot be used to analyze these measureinents of lo-
cal susceptibility. In fact, the average molecular
field seen by the Mn + ions NN to the fluorine nu-

clei of type Ii is different from the one seen by the
ions next to I2. A comparison of the local suscepti-
bilities in terms of the RMFA is discussed in the
following section.

IV. DISCUSSION OF THE
EXPERIMENTAL RESULTS

same for every Mnz+ ion. This point is clarified in
the next section where the shifts of lines Ii and Ii
are compared.

C. I2 resonance: Fluorine nuclei with two Mn NN

The measurements of the I2 resonance were per-
formed only in the two samples of higher Mn con-
centration since the Ii line intensity drops off very
rapidly by increasing the magnetic dilution (see Fig.
1).

The measurements of paramagnetic shift and of
line broadening for the resonances Ii and I2 contain
information about the correlation and fluctuations
of the Mn2+ magnetic moments as the ordering
temperature is approached. In the following we

compare the experimental results with the theoreti-
cal predictions based on RMFA.

A. Comparison of the paramagnetic shifts
of line I& and I2

1. Linemidth and relaxation

The results for the homogenous linewidth as a
function of temperature are shown in Fig. 7. The
broadening observed as the ordering temperature is
approached can be contrasted with the line narrow-

ing observed in pure KMnF3. Since the ' F nu-
cleus of type I2 has both the Mn + ions NN one
would have expected to see a line narrowing as in
pure KMnF3. The narrowing in pure KMnF3 is as-
sociated with the cancellation of the contribution to
the NMR linewidth due to the electron-spin auto-
correlation terms by the pair-correlation ones, this
cancellation being exact for the antiferromagnetic
mode which dominates the spectral density as
T—+TN. The divergence observed here must be as-
sociated with the lack of translational invariance for
the disordered systems. A more quantitative dis-
cussion is postponed to the next section.

2. Poromagnetie shift

The paramagnetic shift E2 ——(~/H)100 of line
I2 measured in the same way as for the line II is
shown in Fig. 6 as a function of temperature. In

where )Lts is the Bohr magnetron and g =2 for the
Mn + ion, yN is the nuclear gyromagnetic ratio,
and P„ is the susceptibility per manganese atom;
the transferred hyperfine interaction constant A is
multiplied by the number n of Mn NN to the given
' F nucleus on the assumption that the local hyper-
fine field is additive.

The local susceptibilities for the Mn + ions next
to fluorine nuclei of type Ii and Ii, respectively,
can be expressed in terms of a simple RMFA pic-
ture as'

X5N
&at=&at &+

ZT

X„=X„1+—+@N 1

ZT X

(6)

where 8N is the Curie temperature of pure KMnF&,
z =6 is the magnetic NN coordination number for

The isotropic part of the paramagnetic shift of
the ' F nuclei can be written as'

nA (S)
VN~ XNgI B~
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FIG. 8. Ratio of the paramagnetic shifts of line I2 and

I~ plotted as a function of temperature. The curve is the
theoretical behavior of 2J„/g,', from Eq. (6).

and

——1.5X10-4 K-'
A BT

the Mn atom, and X„=(C„/T+x8~) is the uni-
form snsceptibility per manganese atom.

By using J=3.8 K one has
=2zJS (S +.1)/3k+ ——133 K and by using p,ff

=gps[S(S+ 1)]'~ for the effective Mn + magnet-
ic moment one finds for the atomic Curie constant
C„=7.3)&10 cm K yielding a susceptibility in

good agreement with the experimental results. "
First we test the RMFA and the hypothesis that

the coupling constant A is additive by comparing
the temperature dependence of the ratio K2/ICi
with the quantity 2X„/X,', from Eqs. (6).

As can be seen in Fig. 8 the agreement is reason-
able except for temperature below —120 K, where
the RMFA is likely to be insufficient to describe the
local effects associated with the different environ-

ment of Mn atoms next to fluorine of types 1 and 2,
respectively.

Before comparing the concentration dependence
of the paramagnetic shifts with the theory we have
to take into account the temperature and concentra-
tion dependence of the hfs constant A and of the ex-

change interaction J. By using the high-tem-

perature results by Dormann et al. ' one has ap-
proximately

I

0 05 x 1

FIG. 9. Paramagnetic shift of line I~ plotted as s
function of concentration for samples of KMn Mg& „F3
at room temperature. The curve is the theoretical predic-
tion according to Eq. (8) with the hfs interaction constant
A as an adjustable parameter.

for small variations of the interionic distance
around the value Ro. Also, since the '9F hfs in-

teraction is proportional to the Mn +-F overlap
integrals and the Mn +-F Mn + superexchange in-

teraction is proportional to the square of these in-

tegrals one may expect' J a:A and thus

By using the concentration dependence of the lat-
tice parameter given in Sec. II, i.e.,

—— - =5X 10-1 Ba

a Bx

one can write approximately

J(x)=J[1+0.5(1—x)],
A (x)=A [1+0.25(1—x)] .

The concentration dependence of J in Eq. (7) agrees
closely with the one estimated in Ref. 8.

Finally, the expression for the percent shift of
line I& is

A 100[1+0.25(1 —x)]C„
y~gpsA'I T +x@~[1+0.5(1—x)] I

1 BJ
2 4)(10—4 K —1

SaT x@~[1+0.5(1—x)]
X 1+ (8)

These temperature dependences lead to corrections
which are well within our experimental error for the
temperature interval investigated. The concentra-
tion dependence can be estimated by assuming' '

al~
8 1IlR g =go

The experimental results for the concentration
dependence of E~ are compared with the theory
[Eq. (8)] in Fig. 9. The theory fits the experiments
for A =(13.3+0.5)X10 cm ' quite well. This
value is somewhat lower than the value obtained for
pure KMnFs, i.e., A =(16.26+0.4)X10 cm
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B
q

r-
q

(9)

where the q-dependent coupling constant is given by

z
2A (1+cosq a) for line Iz

/A(q)
/ (10)

A for line Ii,
wjth x jn the Mn + —F —Mn + bond direction.
The generalized susceptibility expressed so as to in-
clude the Onsager reaction field is

X(q)= XOT/T~
(11)

s —J(q }/J(ko)

The difference may very well arise from the change
of the Mnz+-F overlap integral due to the substi-
tution of the adjacent Mn + ion with a Mg + ion.

In conclusion the RMFA theory gives a satisfac-
tory description of the static NMR results. The
concentration dependence of the hfs constant and of
the exchange interaction are well described by con-
sidering the average change in lattice spacing and
the local effects associated with the Mg substitu-
tion.

B. Temperature dependence of the I~ and I2 linewidths

The basic theory describing the temperature
dependence of the relaxation rates and linewidths in
a dense paramagnetic insulator was given by Mori-
ya years ago' and later reformulated by Sherer
et al. so as to include the effects of short-range or-
der.

The ' F NMR homogenous linewidth due to the
transferred hfs interaction with the NN Mn + ions
can be written

where Xo——S(S+1)/k&T, ko is the antiferromag-
netic critical wave vector and

s =[1+XpA(T)]
T

~E
(12)

is a parameter related to A,(T), the Onsager correc-
tion to the MFA. The simplest adaptation of this
theory to the case of a randomly diluted paramag-
net is done by rescaling the above expressions in
terms of the RMFA transition temperature

2xzJ (x)S(S+1)
N 3

= 133x[1+0.5(1—x)] (13)

expressed in K, where we used Eq. (7) and the value
J=3.8 K pertaining to KMnF3.

Regarding the relaxation rate I s for the collec-
tive spin-correlation function one can use the ex-
pression used by Moriya' and modified with the
Onsager correction, namely

J(q)
J(0)

$T~0 —1

The final expressions for the linewidths normal-
ized to the infinite temperature value are

2[G (1)+G (s}](1+s) + (s —1)G'(s)(1+s)
5„ 6[sG (s)—1][2G(1)—1]

for the line Iz and

[G (1}~G (s)](1+s) —G'(s)(1+s)
5„ 6G (1)[sG(s)—1]

for the line Ii, where

G(s)=(2~) I d q[s+ , (cosq~+c—osq~+cosq, )]

Gg( )
BG (s)

Bs

(15)

(16)

Equation (15) is identical to the one given in Refs. 9
and 16 for the cases of pure KMnF3 and pure
RbMnF3.

Equations (15) and (1.6) predict for the linewidths

of lines Iz and Ii the universal behaviors shown in
Fig. 10 which is in complete disagreement with the
experimental results. This fact proves that a theory
relying on the translational invariance of the mag-
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FIG. 10. Normalized homogenous linewidth plotted as
a function of the normalized temperature in

KMn„Mg~ „F3. (4) 62 for x =0.78; (Q) 5~ for x =0.78;
(CI) 5» for x =0.41. The full line represents the theoreti-
cal prediction of Eq. (15) while the dashed line the one of
Eq. (16).

netic lattice to treat collective effects in the wave-

vector space is completely inappropriate in this case
and that a theory treating the local variables in real
space should be used instead.

Here, we limit ourselves to some qualitative com-
ments. The presence of a divergent linewidth for
line I2 indicates that the cancellation of the critical
antiferromagnetic fluctuations at q =ED ——m/a by
the coupling constant

~

A (q)
~

[see Eq. (10)] is inef-
fective. In other words, the strength of the critical
fluctuations appears to be different at different
Mn + sites. The same kind of local effects may be
responsible for the behavior of line I~ which seems
to diverge much more strongly than expected (see
Fig. 10). It should also be noted that, due to experi-
mental uncertainty, the measured linewidth may
also include a static inhomogeneous component due
to the increasing, as the temperature decreases, of
the distribution of the local isotropic paramagnetic
shifts even though this contribution should have
been in principle eliminated by the procedure of ex-
trapolating the width at zero external magnetic
field. Again, measurements in single crystals are
needed to distinguish with certainty among the dif-
ferent sources of line broadening.

C. Concentration dependence of the
transition temperature

The value of the ordering temperature in a site-
diluted antiferromagnet can be determined in

T(K)

FIG. 11. Intensity of the modulated rf signal at 22
MHz in zero-external magnetic field plotted as a function
of temperature in KMn„Mg& „F3 for the different con-
centrations indicated in the figure. The curves represent
the best fit obtained by assuming that the intensity drops
to zero for T & T~ and that a Gaussian distribution of
transition temperatures is present in the mixed samples.
(The analytical expression is I ~ (1/T)
&&erf[V 2(T —Tpg)/ETg].

several ways. The methods that have been used in
KMnF3. Mg are discontinuity in the temperature
derivative of the uniform susceptibility, ' F NMR,
and broadening of the EPR line. ' These methods
suffer from limitations in the precision with which
T~ can be determined unless single crystals with no
concentration gradients are utilized. ' The mea-
surements of the temperature derivative of the
linear birefringence has proved to be a powerful
method in noncubic systems like MnF2. Zn and
Fe:Zn. ' The application of this method to
KMnF3. Mg is complicated by the fact that the sys-
tem is nearly cubic and that it displays structural
phase transitions in the temperature region of in-
terest. We chose here to use the method based on
the measurement of the intensity of the EPR signal
in zero-external magnetic field as described in Sec.
II. As long as the system is paramagnetic one ob-
serves a maximum of rf susceptibility at H=O.
When the system becomes antiferromagnetically or-
dered the resonance in the ac susceptibility shifts to
the microwave region. As a consequence, the signal
intensity at the operating frequency of 22 MHz
drops to zero as shown in Fig. 11. The disappear-
ance of the signal is very abrupt in pure KMnF3
while it occurs over a range of a few degrees in the
mixed crystals. The broadening of the transition re-
gion is most likely due to the concentration gra-
dients across our samples since these are in the form
of large chunks (-1 g) of polycrystalline material
obtained by slow cooling from the melt. Since the
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FIG. 12. Normalized average transition temperature
vs Mn concentration in KMn„Mg~ „F3. (0) present
work; (0) Ref. 8. The curves are theoretical predictions
as explained in the text. The error bars represent the
width of the transition region as obtained from the best-
fit procedure on the data of Fig. 11.

concentration determined by x-ray is an average
concentration it seems appropriate to relate it to the
average value of the transition temperature. Thus,
the intensity versus temperature curves in Fig. 11
have been fitted assuming a Gaussian distribution
of transition temperatures centered at Tz and hav-

ing a width b, T&. The values of Ttt obtained from
a best-fit procedure are plotted in Fig. 12 as a func-
tion of magnetic concentration where the "error
bar" represents the width of the transition as ob-
tained from the best fit. The fact that the width of
the transition increases drastically as the percolation
concentration is approached, and therefore
BT&(x)/Bx increases, is in qualitative agreement
with the assumption that the broadening is associat-
ed with concentration gradients in the samples. It
should be noted that for a 3D site-diluted Heisen-

berg systein in which the critical epxonent of the
specific heat a &0, the phase transition is expected
to be perfectly sharp. '

The concentration dependence of Tie is compared
in Fig. 12 with the theoretical predictions. The
dashed curve is the result of recent calculations
based on real-space renormalization techniques for
S=—, Heisenberg systems ' and the dotted line
represents the result of a coherent-potential approx-
imation calculation for a simple cubic lattice with
predominantly first NN interaction. Both the
above theoretical curves assume a NN exchange in-
teraction which does not change upon dilution. If
we modify the dashed curve by allowing for the
concentration dependence of the exchange interac-
tion as approximated by Eq. (7) we obtain the full
curve which is in better agreement with our experi-
mental results. It should be noted that the previous
measurements by Breed et al. seem. to agree more
with the curve which does not include the correc-
tion for the concentration dependence of J. The
data by Breed et al. may be affected by a systematic
error due to the neglect of the concentration gra-
dients in the analysis of the data.
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