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Muon spin relaxation in some multiferroic fluorides
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Muon spin relaxation (uSR) has been employed to investigate the local magnetic properties of multiferroics
K;FesF s, KsCryFesFys, and K3CusFe,F 5. In all investigated systems uSR revealed a linear F-u*-F “hydro-
genlike” bonded complex with the F-F distance of 2.43(2) A in the paramagnetic phase. Two consecutive
magnetic transitions were found in all systems, in agreement with the magnetic susceptibility measurements.
Whereas in the paramagnetic phase the local magnetic fields at muon sites are about 20 G, they strongly
increase below the Néel temperature 7 and reach values of several kilogauss. The wSR results further suggest
that the system is inhomogeneous below Ty with magnetically ordered clusters being embedded into a disor-
dered matrix. This scenario is endorsed by our electron paramagnetic resonance results.
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I. INTRODUCTION

Coexistence of ferromagnetism (FM) or antiferromag-
netism (AFM) with ferroelectricity and/or ferroelasticity is a
characteristic property of multiferroic systems. Coupling be-
tween the spontaneous magnetization, the electric polariza-
tion, and the spontaneous stress promises a vast number of
new applications,!? in the sensor industry, spintronics, and
new memory devices.>* The quest for finding robust room-
temperature ferromagnetic ferroelectrics with a large macro-
scopic polarization, therefore, represents a major challenge.
The vast majority of all-known ferroelectrics, magnetoelec-
trics, and multiferroics are oxides® for which the basic,
atomic-level, requirements for the coexistence of ferroelec-
tricity and magnetism in a single phase are mutually
exclusive.>”’ The drawback of the majority of these systems
is that the linear coupling coefficient between the magneti-
zation and the polarization is relatively small and that the
transitions occur far below room temperature. Therefore,
new families which would exhibit alternative ferroelectric
mechanisms that are compatible with magnetic ordering are
worthwhile investigating.

The specific reason for the investigation of fluoride mul-
tiferroics where the above restrictions do not apply, is to
check whether room-temperature systems with a large cou-
pling exist. K;FesFs, K;Cr,Fe;F5, and K;CusFe,F;5 are
members of a fluoride-based family of multiferroics® with
many potential applications in which magnetoelectric cou-
pling has been discovered.”'? K;FesFs, in particular, is
magnetoelectric with a ferroelectric transition at 7,=490 K
and a magnetic transition at 7y=125 K. The dielectric and
ferroelectric behavior of K;Cr,FesF 5 and K;CusFe,F5 is
still being investigated and ferroelasticity seems to be
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present. In the paraelectric phase they all belong to the
P4/mbm space group while in the ferroelectric phase the
Pba?2 space group is realized. There are 2 f.u. per unit cell.
Their tunnel structure (Fig. 1) consists of a framework of
corner-sharing (Fe,Cr,Cu)F, octahedra. Electrical neutrality
requires four Fe** ions and six Fe’* ions in the unit cell of
K;FesF,s. In K;Cr,Fe;F, 5 the Fe?* ions are supposed to be in
an effective high-spin state (S.;=1) whereas they are in the
Fe’* state (S=5/2) in K5CusFe,F,s. According to bulk sus-
ceptibility measurements, all systems exhibit at least two
magnetic phase transitions.!%-12

The local magnetic structure of the above-mentioned fluo-
rides is still not clear. Here we investigate this issue from a
local insight by means of the muon spin relaxation (uSR)
technique. We compare the obtained results with bulk mag-

@Fe, Cu, Cr

FIG. 1. (Color) Crystal structure of K;(Fe,Cr,Cu)Fe,F;s. The
unit cells are marked by the black line.
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netic susceptibility [superconducting quantum interference
device (SQUID)] and electron paramagnetic resonance
(EPR) results. The specific aim of our study is to determine
local magnetic fields above and below the magnetic transi-
tion as well as to check whether these fluorides are magneti-
cally homogeneous or intrinsically inhomogeneous systems.
We, as well, wanted to determine the position of the im-
planted muons in the presumably formed F-u*-F “hydrogen-
like” bond.

II. EXPERIMENTAL DETAILS

The details of the sample synthesis were published
elsewhere.!® The uSR measurements were performed on the
MSR general purpose system facility at the Paul Scherer In-
stitute, Switzerland. The bulk dc magnetic measurements
were performed on the Quantum Design MPMS-XL-5
SQUID magnetometer in the external field of 1 kOe between
2 and 400 K. The X-band continuous wave EPR measure-
ments were carried out on the commercial Bruker E580 spec-
trometer using a TE102 dual cavity and an Oxford cryogen-
ics continuous flow E900 cryostat. The temperature stability
was better than 0.1 K over the entire temperature range. For
each compound all measurements were performed on the
same batch of samples.

III. RESULTS AND DISCUSSION
A. Bulk magnetic susceptibility

Magnetic susceptibility measurements (magnetization di-
vided by the applied magnetic field) are summarized in Fig.
2. They are performed on newly synthesized samples and are
similar but not identical to the results previously
published.!®!? In K;FesF,s (Ref. 10) a sharp first-order an-
tiferromagnetic transition takes place at Ty=125 K. Simul-
taneously, a splitting between field-cooled (FC) and zero-
field-cooled (ZFC) susceptibility data occurs, which suggests
that the system is a magnetic relaxor [Fig. 2(a)]. Another
first-order transition is seen around 80 K. In addition, a nar-
row magnetic hysteresis loop was reported before!® below
Ty=125 K and rationalized as a change in the AFM struc-
ture into a weakly ferromagnetic one due to spin canting.

In K;Cr,FesF;s [Fig. 2(b)] two magnetic transitions are
also found, one at Ty=37 K and another around 17 K. The
splitting between FC and ZFC susceptibilities is again ob-
served below T. A narrow hysteresis loop was found before
and observed frequency dispersion further suggested a mag-
netic relaxor system.!!

In K;CusFe,F;s, on the other hand, there is no splitting
between the FC and ZFC static magnetic susceptibility data
and no frequency dispersion was observed'? in the ac mag-
netic susceptibility. In contrast to the above two systems,
K;CusFe,F5 apparently does not seem to be a relaxor or a
weak ferromagnet. However, all systems exhibit at least two
anomalies in the magnetic susceptibility, implying multiple
magnetic phase transitions. Clear anomalies in the magnetic
susceptibility of K;CusFe,F s are seen at Ty=88 K and 40
K [Fig. 2(c)].
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FIG. 2. (Color online) FC and ZFC SQUID measurements of (a)
K3F€5F15, (b) K3Cr2Fe3F15, and (C) K3CU3F€2F15.

B. Muon spin relaxation (uSR)

MSR can locally detect both static magnetic fields with
extreme sensitivity as well as fluctuating fields in a broad
range of frequencies.'®> Positive muons are initially almost
100% polarized along the beam direction. Magnetic coupling
of the muon with local magnetic fields causes a precession of
the muon polarization, which decays due to a distribution of
the magnetic fields. When the fields are static, statistically
1/3 of the muons are nonprecessing because their polariza-
tion is parallel to the local fields. This is the origin of the
characteristic 1/3-tail in the zero-field powder uSR. It is re-
garded as one of the firmest evidences of a magnetic state
with static moments, either ordered or disordered.!> The
shape of the remaining relaxing 2/3 component of the polar-
ization reflects the distribution of the static local fields at the
muon site. For a long-range ordered state several oscillations
are regularly observed. These become more damped for spa-
tially inhomogeneous field distributions. If the static fields
are randomly distributed a single dip remains and a charac-
teristic Kubo-Toyabe relaxation curve is observed.'3

At high temperatures we observed in all three samples an
irregularly oscillating u* asymmetry [Fig. 3(a)]. Such a sig-
nal cannot be explained either with static local fields origi-
nating from ordered electronic moments nor with the Kubo-
Toyabe relaxation corresponding to randomly distributed
frozen electronic or nuclear fields.'* Actually, in samples
containing fluorine a specific relaxation was observed in the
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FIG. 3. (Color) (a) Irregular oscillations of the u* asymmetry at
zero magnetic field in the paramagnetic phase due to the entangled
linear F-y*-F complex with the F-F length of 2r=2.43(2) A, which
is the same for all three investigated fluorides. (b) Field-decoupling
experiment in longitudinal field (LF) in K3CusFe,F;s.

past.!3-18 It results from an entanglement of the muon mag-
netic moment and fluorine nuclear moments when muons are
bound to nearby fluorine ions.

In order to determine the muon position in the structure
more precisely we have simulated several entangled states.
The Hamiltonian for muon and fluorine nuclei interacting
through the dipolar interaction is written as

H=E%[S S 3(Si'fij)(sj‘fij)], (1)

i>j 47T|

where y; and vy, are gyromagnetic ratios for either the
muon (y,=27X135.5 MHz/T) or fluorine ('yp—27r
X 40.5 MHz/T), §, is the muon or fluorine spin vector, r;; is
the vector connecting the spins S; and S, and #;=r;;/ |r,]|
The uSR experiment measures the polarizatlon of the muon
ensemble P_.(7) along the initial muon direction, z. It is for
the powder samples given by!°

PO(e) = —<2 Kl o Pexplians ,lz>> )

q

Here N is the number of spins,
the total Hamiltonian H, ay, is the Pauli spin matrix corre-
sponding to the direction ¢, and ( ), represents the powder
average over all directions. The muon polarization is usually
calculated using the following expression:'®
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FIG. 4. (Color) (a) Simulation of the u* asymmetry decay for
different muon positions between the two F~ ions gives the best
agreement for the central position of the muon. Free parameters in
the simulation are the F-F distance [2r=2.43(2) A] and the u*
relaxation rate (A=0.31 MHz); two possible muon positions inside
the structure marked with a red ball (b) in a triangular environment
and (c) in a square environment.

P(1) = exp[- (\)PIPY(0), 3)

where M\ is the relaxation rate and S the stretch exponent. In
our case we fix 8=1, because this parameter did not improve
the quality of the fit noticeably. The only free parameters are
thus the spatial coordinates of the ions with respect to the
muon and \. As it can be seen from Fig. 4(a) the best fit with
the experimental u* asymmetry is obtained for a linear sym-
metric F-u*-F bond. The asymmetric location of the u*
the bond gives a significantly worse fit. The same is true for
a symmetric nonlinear F-u*-F bond where the muon is lo-
cated out of the F-F direction. The two possible positions of
the muon in the structure, which can form a linear F-u*-F
complex and are far away from the K* cations are depicted
in Figs. 4(b) and 4(c). The cases of the muons sitting in the
center of a triangle and a square fluorine environment (which
might be inspected from the crystal structure) resulted in
much worse fits.

For all three samples the u* asymmetry decay is best
fitted with a linear F-u*-F complex!® with a fluorine-to-
fluorine distance of 2.43(2) A. Thus it seems that muons
locally distort the crystal structure since the calculated F-F
distance in the F-u*-F complex is significantly below typical
F-F distances in the samples (2.7-2.9 A). The average mag-
netic field at the muon site is Br,r~21 G, as estimated from
our fits.

To confirm the static nature of the local field in the en-
tangled state, we show in Fig. 3(b) a field-decoupling experi-
ment, where the external magnetic field H; is applied in the
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FIG. 5. (Color) (a) Temperature dependence of the " asymme-
try decay in K;CusFe,F;s. (b) Temperature dependence of the
F-p*-F relaxation amplitude (i.e., “unfrozen” fraction) of all three
samples. The obtained Néel temperatures are in good agreement
with those determined by the SQUID measurements.

longitudinal direction of the initial muon polarization, z.
When H; becomes on the order of the internal static field it
helps aligning the total field at the muon site along the z
direction, effectively decreasing the muon depolarization. On
the other hand, much higher fields are needed to affect the
muon depolarization if the decay is due to fluctuating local
fields.'3 It can be seen in Fig. 3(b) that the longitudinal field
of H;=20 Oe already changes the decay curve, which con-
firms the static nature of local fields.

Below Ty the local field at the muon site becomes much
larger than the F-p*-F dipolar fields. This leads to high-
frequency oscillations of the muon polarization at early times
and the disappearance of F-u*-F oscillations [Fig. 5(a)]. Re-
laxation curves reveal that the characteristic F-u*-F signal
does not disappear at once below Ty. By following the am-
plitude of the relaxation curve we obtain the temperature
dependence of the unfrozen fraction of the sample [Fig.
5(b)], where static electronic magnetic fields are not yet
present. We note that the signal from frozen parts of the
sample effectively contributes to the 1/3 tail, which causes
the increase in the u* asymmetry at longer times. The tem-
perature dependence of the unfrozen fraction reveals (i) that
the transition below T is gradual, i.e., parts with frozen and
unfrozen electronic fields coexist in a relatively broad tem-
perature interval, and (ii) that the majority of the electronic
spins forms statistically ordered magnetic clusters. The u*
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FIG. 6. (Color) Normalized temperature dependence of the local
magnetic field below the magnetic phase transitions in K;FesF s
(red circles, Ty=125 K), K5Cr,FesF,5 (blue triangles, Ty=42 K),
and K;CusFe,F;5 (green squares, Ty=88 K). Inset: high-frequency
pt asymmetry oscillations in magnetically ordered state just below
Ty. Black lines represent damped cosine function fits [Eq. (4)] and
the blue line in KsFesFs inset represents a Bessel function fit

[Eq. (5)]-

asymmetry with oscillations characteristic for the F-u*-F
complex that remains present far below Ty (typically around
10%) is due to muons stopping in “nonordered” environ-
ments or in minor impurity phases of the sample. We note
that the transition temperatures determined from uSR agree
well with the bulk susceptibility measurements.

At temperatures below the magnetic phase transitions
high-frequency oscillations of the u* asymmetry [inset to
Fig. 6(b)] allow us to follow the development of the local
magnetic fields. The oscillations were fitted with the simplest
possible model—a damped cosine function [Fig. 6(b)]

P (1) = A exp(= Nt)cos(2mv,t + ®) + B,, (4)

where A is the oscillation amplitude, A the relaxation rate, v
the oscillation frequency, ® the oscillation phase, and B, a
constant background value originating from the 1/3 tail. The
temperature dependence of the local magnetic field at the
muon site below Ty calculated from v,=v, B, can be seen in
Fig. 6. The decay rate and saturated local magnetic fields for
all three investigated substances are summarized in Table I.
The local fields around the F sites in the ordered phase are on
the order of several kilogauss. As expected, this is much less

TABLE I. Summary of extrapolated local magnetic fields at 0 K
and the decay times at temperatures just below 7y for the corre-
sponding samples. Parameters were obtained by fitting the u*
asymmetry oscillations in the magnetically ordered state (inset to
Fig. 6) with a damped cosine function.

A B,
Sample (MHz) (G)
K;FesF s 170+ 80 5500+ 500
K;Cr,FesF 5 140+ 40 4500+ 1000
K;CusFe,F s 60+ 30 2500 = 400
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than at the Fe’* sites where the local fields in the ordered
phase are ~500 kG as determined from Mdssbauer data.'!

The required relaxation in our model for the frozen state
is unexpectedly strong, i.e., on the order of 100 MHz (see
Table I). It is unlikely that this relaxation is dynamic because
(i) our fits do not imply any critical behavior near Ty, (ii) the
1/3 tail does not show any appreciable spin-lattice relaxation,
and (iii) the Mdssbauer spectra in the case of K;FesF;s do
not show dynamic effects as the intensity distribution of the
six magnetic lines corresponds to the static case.'” This ob-
servation then leads us to the conclusion that static local
fields are inhomogeneous, possibly originating from spin
clusters, typical for the spin-glass state. They may even come
from an incommensurately distributed local fields. The latter
seems particularly probable for K;FesF;s where several os-
cillations are seen at early times (inset to Fig. 6). In case of
an incommensurate magnetic structure the oscillations can in
the first approximation be described by'?

. 2 1
P(t)=A EJO('yMBMt)exp(— Nit) + gexp(— Nt) | + B,
(5)

where J is a Bessel function, A; is the longitudinal relaxation
rate, and N\, is the transverse relaxation rate. For K;FesFs
(inset to Fig. 6), the early oscillations can be merely equally
well described by an incommensurate structure [blue fit, \;
=16.8(2) MHz and \,=1.8(2) MHz] or by the presence of
damping [Eq. (4)]. In the following (Table I) we decided for
the sake of simplicity to use the strongly damped cosine fit
[Eq. (4)]. The muon asymmetry in the K;Cr,FesF;s and
K;CusFe,F;5 samples, on the other hand, resembles the
Kubo-Toyabe relaxation function (inset to Fig. 6), pointing
toward a spin cluster state.

C. EPR

The EPR spectra of K;FesF ;5 are shown for comparison
in Fig. 7 together with the temperature dependence of the
EPR intensity (ygpr), linewidth (AH), and g factor. It should
be pointed out, as shown below, that the EPR spectrum
mainly reflects the behavior of the disordered part of the
sample, no signal from the ordered part is observed at low
temperature. Above Ty, in the paramagnetic phase, the EPR
intensity decreases with decreasing temperature as expected
for an AFM system when AFM correlations set in. However,
it does not completely vanish below Ty. In fact, it slowly
drops for nearly one half and remains constant when passing
the first magnetic phase transition (7y;=125 K). Below the
second magnetic phase transition (Ty,=80 K as evidenced
by susceptibility and uSR) the EPR intensity begins to de-
crease again, thus showing the presence of two AFM transi-
tions as expected. With decreasing temperatures the intensity
vanishes below 15 K, indicating that all iron moments order.
This scenario is endorsed by the peak in the EPR linewidth at
15 K. The g factor slowly changes with decreasing tempera-
ture down to Ty,. Below Ty, it starts to increase more pro-
nouncedly, indicating that the local AFM field is opposite to
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FIG. 7. (Color) (a) Temperature dependence of the K;FesFs
EPR line intensity, (b) the EPR linewidth, and (c) the g factor.
Dotted and dashed-dotted lines indicate magnetic transitions at 80
K (Tn2) and 125 K (Tyy), respectively. Inset: EPR spectra of
K;FesFs.

the applied external field. At ~40 K it suddenly drops, dem-
onstrating the presence of spin canting leading to a weakly
ferromagnetic phase.

We observed neither antiferromagnetic nor ferromagnetic
resonance lines in the X-band, which should occur at far
infrared frequencies. The EPR signal below Ty; simply con-
tinuously evolves from the paramagnetic phase and thus
seems to belong to the disordered parts of the sample. This is
further supported by the calibrated intensity of the EPR line.
To summarize, previously obtained Mossbauer spectra'®
show that the magnetic field at Fe site is on the order of 500
kG below 125 K, whereas the fields extracted from the EPR
data are on the order of 200 G below 50 K and increase up to
3000 G around 10 K. This discrepancy shows that the struc-
ture of the system is strongly inhomogeneous. The EPR line
as we see it arises from the disordered parts of the system,
where the magnetic fields are smaller and not from the bulk
where there are hundred and more times stronger. All this
observations indicate that we deal below Ty; with a two-
component percolation-type system. There are ordered parts
with a large FM- or AFM-type internal field which vanishes
above Ty, as well as paramagneticlike regions which stay
disordered. The fraction of the disordered regions is accord-
ing to the uSR as well as EPR data of the order of 10%
below Ty;, which agrees also with the Mossbauer data.'”
This cannot be accounted for by impurities. It thus seems
that the disordered clusters are intrinsic and a characteristic
property of the systems. The situation is similar in
K3Cr2Fe3F15 (Ref 12) and K3CU3F€2F15.11
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IV. CONCLUSIONS

MSR, magnetic susceptibility and EPR measurements all
show the occurrence of at least two magnetic phase transi-
tions in the three investigated samples. In uSR a particular
relaxation function was observed in the paramagnetic phase
which allowed to determine the existence of a symmetric
F-u*-F hydrogenlike bond with the F-F distance of
2.43(2) A. The local field at the muon site is here ~20 G.
In the magnetically ordered state the muon relaxation re-
vealed the temperature dependence of the local magnetic
fields. The saturating fields at 7— 0 are 5500 G, 4500 G, and
2500 G for KjsFesF;s, K;Cr,FesFys, and K;CusFe,F s, re-
spectively. The observed fast u* relaxation indicates highly
inhomogeneous magnetic fields in the ordered state. This
may be a spin glass (magnetic relaxorlike) state or an incom-
mensurate magnetically ordered state. The EPR spectra ob-
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served below Ty arise from the disordered regions in the
sample and indicate a magnetic percolation-type behavior
below Ty. Magnetic nanoclusters seem to be embedded in a
disordered matrix.
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