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In the randomly mixed antiferromagnet with competing anisotropies K,Co, Fe,_, F,, the temper-
ature dependences of the magnetizations residing at Co?™ and Fe?" are determined with '°’F NMR.
For x =0.27 (oblique antiferromagnetic (OAF) phase below T, =27 K) at 4.2 K, the Fe spins ap-
pear to be distributed in direction with a spread of £13° around a median cant angle of 42° off the ¢
axis; the Co spins are directed at 23° with a spread of +10°. Further, the transverse magnetization
in the OAF phase is coupled with a reduction of (S*) at both the Co and Fe sites. Molecular-field
calculations reproduce these findings. For x =0.55 (K,CoF, structure) as well as x =0.12 and 0.18
(K,FeF, structure), the spins point along a magnetic axis to within 3°. The excitations associated
with Fe, which retain a spin-wave character in the K,FeF,-structured systems, have energies only
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Local magnetizations in the competing-anisotropy system K,Co, Fe,_, F,; NMR investigation

weakly dependent on the Co coordination.

I. INTRODUCTION

A number of experimental' ~® and theoretical®!? inves-
tigations have recently been focused on the problem of
randomly mixed antiferromagnets with competing aniso-
tropies. In this paper, we present an investigation of the
quasi-two-dimensional archetype of these systems,
K,Co,Fe,_,F,, with the aim of examining the magneti-
zation residing at the individual Co** (effective S¢,=1)
and Fe’'t (Sp.=2) sites. While the end members
K,CoF, (Ref. 11) and K,FeF, (Ref. 12), respectively, or-
der in the axial and planar magnetic structures, the
mixed system may additionally acquire the oblique anti-
ferromagnetic (OAF) phase (cf. inset to Fig. 6).>¢ In par-
ticular, we will consider the system with x =0.27, which
according to neutron diffraction’® and Mdssbauer spec-
troscopy’ achieves order in the axial phase at Ty =64 K,
and enters the OAF phase at T; =27 K. A preeminent
probe for tracking the local magnetization in these sys-
tems is the frequency of the NMR of the '°F nuclei.”® It
appears that in the OAF phase the Co and Fe spins are,
even near zero temperature, inclined away from the c axis
in such a way as to be left at a substantial mutual angle.
In the axial and planar phases, the decrement of the local
magnetization with the temperature permits us, in a num-
ber of cases, to deduce the energies of the excitations as-
sociated with the Fe spins. These energies turn out to be
only weakly dependent on the composition of the first
shells of neighbors.

II. EXPERIMENTAL

In Fig. 1 we present representative NMR spectra at 4.2
K, and further depict part of a quadratic layer of
K,Co,Fe,_,F,, identifying the nonequivalent fluorine
positions. The F nuclei at the out-of-layer F! sites, and,
for that matter, those at the in-layer F! sites, primarily
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resonate in transferred hyperfine fields of the form
A ,5{S?) invoked by adjacent Co?" or Fe?" ions. At 4.2
K, these fields amount to about 40 kG at Ff, and 47 kG
at FL, in the axial phase; in the planar phase the
hyperfine fields are about 20 and 13 kG, respectively.
The dipolar contributions to A4 4 are of order 1 kG, while
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FIG. 1. Representative NMR spectra of '°F! adjacent to Co
or Fe, with n the number of Co first neighbors, in
K,Co,Fe,_,F, at 42 K. For x =0.27 and 0.55 the external
field is directed along the tetragonal axis, for x =0.12 along an
in-layer magnetic axis. The weak resonance at 5 kG for
x =0.12 originates from FY .. The out-of-layer F! and in-layer
F" sites are identified in the inset.
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more distant magnetic ions contribute by a few percent
only. Small local distortions of the lattice due to the ran-
domness, which are of order 0.01 A, induce
modifications of the hyperfine constant 4,9 by several
percent. These minor changes are in fact taken advan-
tage of in that they separate the resonances, such as that
of F! adjacent to Fe?* with different coordination.

Single crystals of K,Co,Fe,_,F, with x =0.12, 0.18.
0.27, and 0.55 were grown from the melt by Czochralski
pulling, and cleaved to thin platelets of dimensions
3X2X1 mm?>. The compositions x were determined with
atomic absorption spectroscopy. Concentration gra-
dients were found to be below 0.02 in x per cm. Prior to
cleaving, the same crystals have been studied with neu-
tron diffraction.® The specimens were aligned such that
either their ¢ axis (x =0.27 and 0.55) or one of the in-
layer magnetic axes (x =0.12 and 0.18) pointed along the
external field. The NMR spectrometer, employing a
two-pulse spin-echo technique, was operating at fixed fre-
quencies (50-220 MHz), the external field of typically 5
kG being swept at rates below 5 kG/min to achieve reso-
nance. Except for x =0.27, all resonance frequencies
have been reduced to zero external field. Here, the effects
of the finite susceptibility have been ignored. Near zero
temperature, the susceptibilities of Co?* and Fe?*
predominantly are of the Van Vleck type, resulting in fre-
quency shifts of order 30 kHz only. At 50 K, the suscep-
tibility mainly derives from Fe?*,!> and the shifts are es-
timated to rise to about 0.2 MHz in the fields used. A
comparison of the F! resonance frequencies of the up and
down branches places an upper limit of 0.4 MHz on the
susceptibility-associated shifts at 50 K. The sample tem-
perature was maintained stable within 0.5 K. To ensure
that random-field effects are absent, the ordered state was
prepared by cooling in zero external field. It is noted
that, once the systems are below Ty, field variations of up
to 50 kG do not markedly affect the magnetic structure
for all systems investigated.!® Clearly, the systems are
still far from the spin-flop transition, especially for the
moderate fields used here.

The number of separate resonances observed depends
on the composition x and, to some extent, the tempera-
ture. The F! resonances may be identified according to
the magnetic ion adjoining, with a further distinction ac-
cording to the number n of Co?™" first-nearest neighbors.
The former identification has been made by a comparison
of the measured frequencies with the frequencies estimat-
ed from the hyperfine constants pertaining to K,FeF, and
K,CoF,. The number n of Co?™ neighbors then follows
from the development of the frequency with temperature,
upon assuming that at a given x the magnetization of the
central ion drops faster, the more of its first neighbors are
out of alignment with their easy axes. The identifications
of n find confirmation in the relative signal intensities,
which are consistent with binomial distributions ap-
propriate to the relevant x. In a similar way, the local
environments of the F!! have been established.

With the exception of the case x =0.27, the resonance
lines (Fig. 1) are about 150 G in width (full width at half
maximum), slightly wider than what would be expected
for a composite line made up of resonances shifted by the
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random dipolar interactions. The additional broadening
obviously originates from the inhomogeneous spread of
the hyperfine parameter A4,, due to lattice deformations
and from the distribution of the local magnetizations in
further-out shells.'* As for the x =0.27 case, the exter-
nal field was aligned along the tetragonal axis to ensure
equivalence of the resonance conditions in the four
domains belonging to the OAF phase. An excessive
broadening of both the Fk, and F(, resonances is never-
theless observed below T, (Fig. 1). This, evidently, is as-
sociated with a spread of the directions of the local mag-
netizations. Above T, where transverse critical fluctua-
tions presumably are the primary source of the width, the
resonances narrow down to about 1 kG.

III. DISCUSSION
A. x =0.55

We first consider the NMR data as a function of the
temperature collected for x =0.55 (Fig. 2). The zero-field
frequencies at 4.2 K are approximately 190 MHz for Fg,,
158 MHz for Fk,, and 45 MHz for F{ g, values close to
those calculated from the appropriate hyperfine constants
in K,FeF, (Ref. 15) and K,CoF, (Ref. 17). All three reso-
nances are split into three components, which according
to the above procedure have been assigned to the Co
coordinations n =1, 2, and 3, as indicated in Fig. 2. In
the case of the somewhat broader F&, resonance (Fig. 1),
the three components are not resolved until above 40 K.
To establish the directions of the magnetizations at 4.2 K
to high precision, the FL, and FL, resonances have been
followed upon rotating the external field away from the ¢
axis. The results, not presented in detail here, verify that
both the Fe?’* and Co?" magnetizations are aligned along
the tetragonal axis to within 3°.

We now turn to the decrease of the local magnetiza-
tions AS(T), as reflected in the F' frequencies
v(T)=vy(1—AS/S). As it appears from inspection of
Fig. 2, the decrements are nearly independent of n at
both the Fe and Co sites. In order to arrive at quantita-
tive results for the energies € of the excitations causing
the drop, we have fitted the approximate expression

AS(T)=[exple/kzT)—1]"! (1

to the measured temperature dependence of AS(T) with
€ as a adjustable parameter. In Eq. (1), it is assumed that
these excitations are dispersionless over a substantial part
of the Brillouin zone, which is realistic in the present sys-
tem. The results for € from the three sets of Fk, data
differ only marginally. They amount to, with increasing
Co coordination, &gy, —1)=6.8%+0.3 meV, €g,, =1 =7.2
+0.3 meV, and egy, =3,=7.7£0.3 meV. Essentially the
same information is contained in the F{ . data, except
for a contribution due to the magnetization at the adja-
cent Co. Lack of precise knowledge of the relevant
hyperfine parameters inhibits the separation of the Fe
and Co magnetizations. Yet, the Co magnetization being
virtually constant up to about 40 K, these data help to
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FIG. 2. 'F NMR frequencies extrapolated to zero field for
x =0.55 (transition to axial phase at 89.6+0.5 K). The number
of Co first neighbors is denoted by n. For FL g, n refers to the
Fe site, while the coordination of Co is 2. Curves through the
data points of Fk, represent fits of Eq. (1). Curves through the
FZ k. points are similar fits, with the NMR shift due to Co as-
sumed constant.

refine the differences between the .. Combining the Fj,
and FCp data, Wwe have  Epen=2)"Efetn=1)
=0.310.1 meV and €g., =3) " Epe(n=2)=0.4%£0.1 meV.
From the FL, data, we further find ec,=27+5 meV upon
adopting § =1. The results for &g, and ¢, are in confor-
mity with the results 8 and 32 meV determined with in-
elastic neutron scattering for excitations in
K,Coy ¢Fe, 4F, in the outer part of the zone.'® Indeed, in
Eq. (1) this part carries most of the weight by virtue of
the density of states, at least at the temperatures relevant
to the determination of €. The near independence of n of
the local Fe?* and Co?* magnetizations evidently stems
from the comparable sizes of the Fe-Fe, Co-Co, and Co-
Fe exchange interactions. The present results, therefore,
do not evidence the extent of the excitation in space, but
at the Co?% sites genuine localization is, of course,
beyond doubt. In the diluted antiferromagnet
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K,Co,Zn,_,F,, for comparison, the excitations residing
at Co?™ have been found to have energies equaling multi-
ples of |J].17

Equation (1) is based on excitations. An alternative,
equally viable, approach would be a molecular-field scal-
ing with the host magnetization,!® in the present case
leading to the Brillouin function B,(Se/kzT) for
1—AS(T)/S. Like Eq. (1), the latter approach results in
good fits.?® Upon rewriting Eq. (1) to a form that better
exposes the Bose ladder,

AS(T)= 3 p expl —pE/kBT)/ > exp(—pe/kpT),
p=0 p=0

(2)

we see that taking the Brillouin function in place of Eq.
(1) amounts to limiting the upper summation limit to 2S.
This way of writing also makes clear, first, that both ap-
proaches do not account for renormalization of the ener-
gies, nor include the zero-point spin reduction, and,
second, that Egs. (1) and (2) differ insignificantly as long
as eSkpT. In effect, the differences in AS(T) do not
exceed 1% over the range of temperatures of interest.

B. x =0.12 and 0.18

We now turn to the systems ordering in the planar
phase. In Figs. 3 and 4 we present the temperature
dependences of the NMR frequencies of Fk,, Fg,, and
Fl re for x =0.12 and 0.18, as far as they could be ob-
served. As in the x =0.55 case, the zero-field frequencies
are, within the uncertainties, in agreement with the fre-
quencies derived from the hyperfine constants of the pure
systems. Rotational diagrams again permit a refinement
of the magnetic structure with respect to previous
neutron-diffraction experiments, specifically in the sense
that Fe and Co can be examined independently. Dia-
grams of Fk, and F_, have been taken upon rotating the
applied field in both the a,b and a,c planes. As an exam-
ple, for x =0.18 the a,b diagram of F}, in the a and b
domains, reflecting a perfectly tetragonal symmetry, is
shown as an inset to Fig. 4. In summary of all diagrams,
it is concluded that the Fe’* spins and, notably enough
also the Co*™ spins, point along the a or b magnetic axis
to within 3°.

As concerns the decrement of the magnetizations with
the temperature, a noteworthy feature is the close simi-
larity with K,FeF, at the Fe sites (Figs. 3 and 4)."> Ap-
parently, upon substituting Co for Fe to these concentra-
tions, the excitations propagating on the Fe remain spin-
wave like. This assertion is consistent with the fact that
the anisotropy is on the average diminished owing to the
competition between the single-ion anisotropies.?' For a
quantitative analysis of the corresponding reduction of
the lower spin-wave energy gap g,, it seems attractive to
rely on the first-order-renormalized spin-wave calculation
of the sublattice magnetization in K,FeF,, !> which would
be adequate for the present purpose in that it accounts
for the thermal decrements up to 20%. Unfortunately, in
the planar phase temperature-dependent variations of the
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FIG. 3. 'F NMR frequencies extrapolated to zero field for
x =0.12 (transition to planar phase at 60.6+0.5 K). Dashed
curve refers to K,FeF, (Ref. 15).

hyperfine constants, presumably invoked by magnetos-
triction, make the NMR overshoot the decrement of the
sublattice magnetization by several percent. This was
previously noticed for K,FeF,.!* To circumvent these
undesirable effects, we resort to a procedure in which we
utilize an approximate analytical spin-wave expression of
AS(T),"® here adapted to K,FeF,, to assess the
modification of €g with increasing x. That is,

AS(T)~ —IJ—';kBTln[l—exp( —e,/kyD], ()

in which J is the exchange parameter, and A4 is an anisot-
ropy parameter defined in Ref. 12. Ignoring the varia-
tions with x of these parameters, we then find from the
Fhe(n —0) data of Fig. 3 in relation to K,FeF, the result
gg(x)/€,(x =0)=0.9610.05 for x =0.12, and similarly
from Fig. 4 g,(x)/g,(x =0)=0.85%£0.05 for x =0.18.
Note that g,(x =0)=2.32%0.10 meV. 12 Despite the
spin-wave nature of the excitations at the Fe sites, local
variations in the magnetizations are manifest. In the ex-
periments (Figs. 3 and 4), the magnetization of Fe having
a single Co neighbor is observed to drop faster relative to
Fe(n =0) by about 20%. Note that the Co magnetiza-
tions, which are left transverse to the easy axis, fall even
faster.
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FIG. 4. Same as Fig. 3, but x =0.18 (transition to planar
phase at 57+2 K). Solid curve in the inset, which shows the res-
onance field upon rotating the external field in the a,b plane,
corresponds to perfectly tetragonal magnetic symmetry.

C. x =0.27

Finally, we discuss the NMR data recorded for the
x =0.27 specimen. In Fig. 5 we present the temperature
dependences of the external fields needed for resonances
of FL, at 200.0 MHz and FL, at 170.0 MHz, i.e., the
hyperfine and external fields add as vectors to 49.9 and
42.5 kG, respectively. In the axial phase at 30 K, the
zero-field frequency of FL, derived from Fig. 5 is
187.0£0.5 MHz, compared to 189.91+0.5 MHz in the
x =0.55 system at 5 K, implying virtually full alignment
of the Co magnetization just above T;. By contrast, the
zero-field frequency deduced for FL, at 30 K, 138.2+0.5
MHz, is substantially reduced relative to the value of 158
MHz averaged over n for x =0.55 at 5 K. Just above
T, , therefore, the Fe magnetization is still seen to fluctu-
ate to a substantial degree, a finding confirming the ear-
lier combined Mossbauer and neutron-diffraction
analysis.” Upon noting that the zero-point spin reduc-
tion is negligible in the x =0.55 case, we thus find the
resonance frequencies (S§, ) =1.75+0.02 at 30 K. Simi-
larly, at 45 K the NMR shows the Fe and Co magnetiza-
tions to be reduced relative to T; by 14 and 4 %, respec-
tively, both results being comparable to the x =0.55 case.

The data in Fig. 5 further permit, as opposed to the re-
sults from Mossbauer spectroscopy and neutron scatter-
ing, a determination of the cant angles 6 the Fe and Co
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FIG. 5. External field to obtain maximum resonance signal
for x =0.27 vs temperature (transition to axial phase at
64.41+0.5 K, and from axial to OAF phase at 27+2 K). Arrows
indicate the fields expected for resonance of Fk, and F5, on the
assumption of constancy of (S, ) and (S%,) below 30 K.

spins make with the ¢ axis, as well as their spread, at least
at temperatures so low in the OAF phase that the trans-
verse magnetizations have become saturated. We use
that Fe and Co spins directed along the ¢ axis produce
hyperfine fields at the F' nuclei at 39.5 and 47.4 kG, re-
spectively, as derived from the appropriate zero-field
zero-temperature resonance frequencies for x =0.55 (Fig.
2). Similarly, for alignment perpendicular to the ¢ axis
we have transverse hyperfine fields at 20.7 kG at FL, and
13.2 kG at FL, from the resonance frequencies in the
x =0.12 case (Fig. 3). Note that the hyperfine tensor in
the way it is evaluated largely accounts for the effects of
the dipolar fields and the zero-point spin reduction.
Combining the hyperfine tensor with the external fields
for resonance at 10 K, as given in Fig. 5, we then derive
for the medium cant angles 6%, =42°+5° and 6%,=23°
16°. The former result is in accord with 6§, =52°+5°
from Mdssbauer spectroscopy at 6 K.’ Neutron
diffraction has established 6*'=28°t5° at 4.2 K for the
pertinent average over the Co and Fe spins,® also con-
sistent with the separate determinations of 6§, and 6% ar-
rived at here. By similar reasoning, the spread of 0, and
0, may be derived from the widths of the resonances
(Fig. 1). From the half width at half maximum of these
distributions we deduce Afg.,=13° and AfB-,=10° to ei-
ther sides of the medium angles.

The cant angles at low temperatures may alternatively
be expressed in terms of spin components, resulting in
(S%.(T=0))=1.4910.10, reduced from (S%(T;))
=1.75+£0.02.  Similarly, (S%,(T=0))=0.46+0.02
upon adopting an effective spin Sc,=1, while
(SZ,(T.))=0.50. Mossbauer spectroscopy’ could only
marginally resolve the decrement of S§, upon traversing
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the OAF phase from 7, down to 5 K, yielding
(S%.(T=5K))/(SE.(T,))=0.90+0.10. A decrement
has, within errors, not been observed with neutron
diffraction.® To demonstrate what conclusive NMR is in
establishing the reductions of the z components, we have
entered in Fig. 5, as arrows, the resonance fields extrapo-
lated from T, to zero temperature on the assumption of
constants (S, ) and (Sg, ).

To compare the data with a model that is tractable, yet
reproduces the principal features, we have elaborated
upon earlier molecular-field calculations?? by taking the
nearest-neighbor configuration into account explicitly. In
an iterative calculation, the equations of motion of the
spins of the central ion and its four neighbors are solved
numerically, upon inserting into the Hamiltonian of each
spin thermodynamic averages for the components of the
other spins. The further-out spins are held at the bulk
molecular-field value appropriate to x and the tempera-
ture. The calculation is iterated while improving upon
the thermodynamic averages after each step until self-
consistency is reached. Note that the procedure implies
that the modulus of each of the five spins involved is fixed
to [S (S +1)]'/2, which constitutes a coupling between S*
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FIG. 6. Spin components of Co*>* and Fe?" vs temperature
from a mean-field calculation inclusive of the nearest-neighbor
configuration for a composition corresponding to x =0.27. At
a given temperature, (S%.) and (S%,) increase with the num-
ber of Co neighbors n running from 0 to 4. Below 27 K, (Sf.)
and (S%,) decrease with n. Inset shows the phase diagram as
determined with neutron scattering (Ref. 5) and Mdssbauer
spectroscopy (Ref. 7).
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and S*”. In the Hamiltonian, the Co-Co and Fe-Fe ex-
change interactions are taken to conform with the T of
the end members, and the Co-Fe exchange constant is set
to their geometric mean. The concentrations are finally
adjusted such as to reproduce the experimental tetricriti-
cal concentration (cf. inset to Fig. 6). The results, given
in Fig. 6 versus the temperature with n as parameter, ac-
count for the decrease of (S*) below T,. Averaging
over n with weights appropriate to x =0.27,
we find (S%(T=0))=1.42, (Sg(T=0))=1.38,
(S%,(T=0))=0.46, and (SE,(T=0))=0.19. For the
median cant angles near 0 K we arrive at g, =46° and
0c,=23° with spreads of about +10° and *6°, respective-
ly. From the model calculation it is further recovered
that the magnetization in the axial phase drops the faster
the larger the number of Fe neighbors in the first shell.

IV. CONCLUSIONS

With NMR the magnetizations residing at individual
Fe?* and Co?" sites in K,Co,Fe,_,F, have been exam-
ined. As for the planar and axial phases, earlier deter-
minations of the magnetic structure are refined. In the
planar phase, the excitations primarily propagating on
Fe?* retain their spin-wave character, and their energy
gap appears to diminish somewhat with increasing x.
The energies of these excitations are only weakly depen-
dent on the Co coordination. Of particular interest are
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the results for the OAF phase. Here, the spin orienta-
tions adopted by Fe?* and Co?>* at low temperatures not
only depend on the composition, but vary from site to
site by as much as several tens of degrees. In our exam-
ple (x =0.27), the cant angle at 4.2 K is distributed over
+13° at half width around a medium angle of 42° for
Fe™", and over +10° around 23° for Co?*. The results of
the mean-field calculation discussed above are in remark-
able agreement with these experimental findings, as are
the predictions on the cant angles provided by a recent
computer simulation.”> The NMR results have further
shown (S?) of both Fe** and Co?™ to reduce in conjunc-
tion with a growth of (S*”) when lowering the tempera-
ture below T, . It should finally be emphasized that neu-
tron diffraction, Mossbauer spectroscopy, and NMR,
techniques which probe the magnetizations on different
length and time scales, all have contributed to the under-
standing of the OAF phase.
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