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We report variable-temperature Mo¨ssbauer and muon spin relaxation~mSR! studies of the antiferromagnet
b-~NH4!2FeF5. The magnetically split Mo¨ssbauer spectra from the ordered phase are complex and are fitted
with distributions of hyperfine fields. At any particular temperature the distribution falls largely into two
groups and these have different mean ordering temperatures of approximately 9.2 and 11.3 K. ThemSR
experiments confirm that the ordering is staggered. In the paramagnetic region themSR time spectra are
oscillatory and characteristic of~FMuF!2 ion formation. This signal is attenuated at high temperature, an effect
attributed to muon diffusion, and attenuated also at temperatures close to magnetic ordering, an effect attrib-
uted to critical fluctuations in the Fe ion spin system. The muons sense the slowing down of the Fe spins by
both the direct Fe-Mu interaction and the indirect Fe-19F-Mu interaction.@S0163-1829~96!00433-X#

I. INTRODUCTION

The nuclear-probe technique of Mo¨ssbauer spectroscopy,
especially that based on57Fe, has proved to be very effective
in the microscopic study of magnetic phenomena. Muon spin
rotation or relaxation is also a nuclear-probe technique, is in
some ways complementary to the Mo¨ssbauer method, and
has found increasing application in magnetism studies in re-
cent years. In the present work both techniques have been
brought to bear on an investigation of the antiferromagnet
b-~NH4!2FeF5.

Our work was triggered by the report by Calageet al.1 of
a Mössbauer study of thea andb forms of ~NH4!2FeF5. The
b form showed an apparent two-sextet structure in the Mo¨ss-
bauer spectra below the ordering temperatureTN'13 K. It
was assumed that the two magnetic hyperfine fields corre-
sponding to these sextets converged to zero at a single order-
ing temperature between the datapoints at 12 and 14 K al-
though, as pointed out by the authors, this implied a
‘‘dramatic’’ drop in the magnetization curve for the higher-
field component. It seemed to us that an alternative, although
still rather novel, scenario might be the existence of two
ordering temperatures for this material. This possibility was
prompted by the case of another NH4-containing antiferro-
magnet~NH4!2FeCl5•H2O. Among theA2FeX5•H2O family
~A5alkali or NH4, X5halogen! this compound is unique in
various ways but, for the present, we mention only the exist-
ence of two closely spaced heat-capacity cusps2 in the region
of TN'7 K. Various57Fe Mössbauer spectroscopy measure-
ments3–5 showed that spectra in the antiferromagnetic region
could not be satisfactorily fitted with only one magnetic
component and it was suggested by two of us5 that the two
heat-capacity cusps were associated with two magnetic or-
dering temperatures. The following questions thus arose:

Doesb-~NH4!2FeF5 have more than one ordering tempera-
ture? If so, is this attributable in bothb-~NH4!2FeF5 and
~NH4!2FeCl5•H2O to the NH4 ion? In any event, what are the
similarities and differences between these two compounds?

Now in Mössbauer spectroscopy the ordering temperature
is taken to be that at which the measured magnetic hyperfine
field Bhf falls to zero on approach from the low-temperature
~ordered! side. Ordinarily this operational definition is con-
sistent with determination by other methods. However, be-
cause of the apparently unusual behavior of the compound
and because the loss of magnetic spectral splitting might in
principle be due to some other spin dynamic effect, it seemed
important to use also a different technique. For this reason
we undertook also amSR study ofb-~NH4!2FeF5. ThemSR
measurements were made at the ISIS Facility of the Ruther-
ford Appleton Laboratory. Schenk6 and Cox,7 for example,
have described how spin-polarized muons may be implanted
in a sample and the depolarization measured via the time
dependence of the back-forward asymmetry of the positron
count from the muon decay. At ISIS the muon pulses are
approximately 80 ns wide.8 Thus, as the temperature falls
belowTN and the internal magnetic field in an ordered ma-
terial causes the muons to precess with a period of much less
than 80 ns, the asymmetry measured with a powder sample
drops to one third, this being the polycrystalline average of
the static component of the polarization. It is this drop in
initial asymmetry that we have used as the signature of mag-
netic ordering. We show here that our Mo¨ssbauer and muon
experiments are in excellent agreement on the two-staged
nature of the ordering inb-~NH4!2FeF5. We also find differ-
ences between the cases ofb-~NH4!2FeF5 and
~NH4!2FeCl5•H2O.

In the course of the preliminarymSR experiments it was
found that the asymmetry vs time spectra showed oscillatory
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behavior in the paramagnetic region. This was ascribed to
the formation of ~FMuF!2 ions.9 In an ~FMuF!2 ion the
muon is electrostatically bonded between two F2 ions such
that the latter are brought together to a separation of just less
than one ionic diameter. The nucleus19F is the only naturally
occurring fluorine isotope and the19F:m:19F coupled system
of three spin-1/2 particles gives a distinctivemSR signal.
Earlier reports of the~FMuF!2 system are given in, for ex-
ample, Refs. 10–13. We found the~FMuF!2 signal to be
most pronounced in the 30–100 K temperature range, which
presumably implies damping of the signal outside this range.
The most likely causes of this damping are critical fluctua-
tions in the Fe ion spin system at low temperature and muon
hopping at high temperature. There are, however, several
interactions which are candidates for consideration in the
overall shaping of themSR spectra fromb-~NH4!2FeF5, so
that the problem of interpretation of these spectra is com-
plex. Nevertheless we have endeavored to use the~FMuF!2

signal to trace the temperature dependence of the principal
muon depolarization mechanisms over a wide temperature
range, and this is discussed in Sec. II.

Although the unusual nature of the magnetic ordering of
b-~NH4!2FeF5 motivated this work and was the focus of the
initial ~Mössbauer! experiments, the muon depolarization in
the paramagnetic region emerged as a second principal topic
and, for presentational purposes, it is more convenient to
discuss it first. Thus the Mo¨ssbauer data are presented in Sec.
III and both principal topics are discussed in Sec. IV.

II. MUON SPIN RELAXATION

A. Experiment

Powder samples ofb-~NH4!2FeF5 were prepared as de-
scribed by Bentrup and Kolditz14 and Fourquetet al.15 Three
samples were prepared, differing only in the baking time in
the final ~dehydration! stage. Room-temperature XRD spec-
tra of all were as reported by Fourquetet al.,15 the latter
reporting the crystal symmetry to bePnma and the structure
to have kinked chains of trans-linked FeF6 octahedra running
along@010#. In one case we checked that the x-ray spectrum
was unchanged by thermal cycling to 4.2 K and back. The
mSR and Mo¨ssbauer data reported here are almost all from
one sample.

The mSR experiments were performed on the EMU in-
strument at the ISIS Facility. The temperature was varied
with an Oxford Instruments continuous helium flow cryostat,
regulated by an ITC5 control system, the sample temperature
being monitored with a thermometer in close contact with
the sample holder. The temperature stability was approxi-
mately60.01 K for temperatures below 25 K and better than
60.1 K at higher temperatures. Approximately 80% of the
muons were stopped in the 3-cm-diam sample, those falling
outside being intercepted by a silver mask whosemSR signal
shows negligible depolarization. A typical spectrum con-
tained 15 million events accumulated over approximately an
hour. Zero-field~ZF! spectra were recorded as a function of
temperature between 4 and 300 K and examples are shown
in Fig. 1. The initial asymmetry observed in the paramag-
netic region was close to the maximum normally obtained
with this particular instrument and this indicates a high dia-
magnetic fraction for the implanted muons~i.e., no muonium

formation!. The oscillatory signal is evident over a wide tem-
perature range. It disappeared on application of a longitudi-
nal field ~LF! sufficient to dominate the fields due to the19F
nuclear spins; this is illustrated in Fig. 2. Below approxi-
mately 9 K, where the magnetic ordering is complete, the
initial asymmetry is seen to be much reduced and the depo-
larization rate is small.

B. Analysis

1. Paramagnetic region

The oscillatory depolarization function given by Brewer
et al.11 for muons in~FMuF!2 ions and applied successfully
to powder fluoride samples by Noakeset al.12 is

gFMuF~ t !5
1

6 F31cos~)vdt !1S 12
1

)
D cosH 32)

2
vdtJ

1S 11
1

)
D cosH 31)

2
vdtJ G ~1!

with

\vd5gmgF /r F2m
3 .

Herend5vd/2p is the dipole interaction frequency,gm and
gF are the muon and

19F gyromagnetic ratios andr F2m is the
fluorine-muon separation~'1.15 Å!. The derivation of Eq.
~1! assumes that the muon resides half-way between the cen-

FIG. 1. SomemSR spectra fromb-~NH4!2FeF5 at various tem-
peratures.

FIG. 2. mSR spectra at 30 K:~a! zero field,~b! 125 G longitu-
dinal field.
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ters of two very close fluorine ions and that the depolarizing
interaction is exclusively that between the muon and the19F
spins. This static relaxation function may be adapted to take
account of muon diffusion at higher temperatures in a
‘‘strong-collision model’’10 ~SCM! wherein a muon hops
from site to site at a mean frequencyn and it is assumed that
there is no correlation between the fields at the muon before
and after the jump. The dynamic relaxation functiongSCM(t)
may be found by numerical integration of the equation

gSCM~ t !5exp~2nt !gFMuF~ t !1nE
0

t

gSCM~ t2t8!

3exp~2nt8!gFMuF~ t8!dt8. ~2!

Although the SCM has been introduced here to describe the
situation of sudden changes in muon environment due to
muon hopping, it may also be used at low temperatures in
the present case when the changes are due to19F nuclear spin
flips induced by critical magnetic fluctuations in the Fe spin
system. In the use of Eq.~2! below these cases are distin-
guished by denoting the muon hop rate bynh and the

19F flip
rate bynF . Also, in setting out the depolarization functions in
full, we shall for brevity denote the generation of a SCM
function from some basic relaxation functiong(t) as in Eq.
~2! by the operation

gSCM~ t !5Sn$g~ t !%. ~3!

The effect of the raten on the muon depolarization in an
~FMuF!2 system is shown in Fig. 3, a diagram similar to that
given earlier by Breweret al.10

The oscillations in our asymmetry spectra are most visible
in the 50-K region. Even there, however, and by comparison
with the n50 graph in Fig. 3, it is clear that the~FMuF!
signal is significantly damped. This could be a dynamic ef-
fect or it could result from the dephasing of muons precess-
ing in a distribution of static fields due to distant nuclei, i.e.,
nuclei other than the adjacent19F nuclei.@Another possibility
is that there are two or more muon sites involved in the
~FMuF!2 signal with somewhat differentr F2m . The conse-
quent spread invd would give some attenuation of the oscil-
latory signal but this is unlikely to be as strong as the ob-
served damping.# Anyway, whatever the cause of the
damping and for the purpose only of a preliminary param-
etrization of our data, we describe it with a stretched expo-

nential envelope function exp(2let)
be. In addition to the

main, oscillatory spectral component it was found necessary
to include an underlying component, best fitted by a simple
exponential, which is presumably due to muons in an alter-
native type of site or chemical state. Thus our preliminary
depolarization function is

gi~ t !5y exp~2let !
begFMuF~ t !1~12y!exp~2lut ! ~4!

and our spectra were fitted to an asymmetry function

a~ t !5asgi~ t !1aAg . ~5!

In Eq. ~5! as ~'0.20! is the initial asymmetry for muons
stopped in the sample andaAg ~'0.04! is the constant asym-
metry for muons stopped in the silver mask. We found the
main-component fractiony'0.6 with insignificant variation
with temperature and this was borne out also by the final
fitting.

Now whereas the above functiongi(t) is supposed to be
realistic only in the 50 K region, it is instructive to consider
the fitted values ofbe andle over a wider temperature range
and these are shown in Fig. 4. It may be seen that in the 50
K region the envelope function is more nearly exponential
than Gaussian. It is possible for a distribution of static fields
to result in a near-exponential depolarization but the latter
does invite the suspicion of a dynamic contribution. How-
ever, we may see also in Fig. 4 that the fitted values ofle are
barely significantly higher at 30 and 100 K than at 50 K.
Now the effects of critical fluctuations at low temperature
and of muon hopping at high temperature are both expected
to be strongly temperature dependent. We may conclude that
the attenuation of the~FMuF!2 signal at 50 K is predomi-
nantly a static effect. In fact we assume here on that the
effect at 50 K is entirely static and in the subsequent analysis
we takebe51 andle to be fixed for all temperatures at the
value found in this preliminary fitting at 50 K. This assump-
tion may not be totally secure but any error incurred is most
unlikely to affect significantly the eventual conclusions about
changesin the dynamics in the low- and high-temperature
regimes.

FIG. 3. The~FMuF!2 depolarization function and the effect of
muon hop rate according to a strong-collision model.

FIG. 4. Fitted values of parameters of the preliminary depolar-
ization function of Eq.~4!: ~a!le, ~b! be.
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We now list and comment on the interactions and pro-
cesses involved in the more comprehensive analysis applied
to the entire temperature range. These are shown diagram-
matically in Fig. 5.

~A! The 19F-Mu-19F coupling, giving rise to the function
gFMuF(t) given in Eq.~1!.

~B! The Fe-19F coupling. This interaction between the Fe
ions and the19F nuclei causes spin flips of the19F nuclei due
to flips of the Fe ion spins. This effect is expected to be
pronounced at low temperature due to critical slowing down
in the Fe spin system. As already noted, the consequent ef-
fect on the muon spectrum may be described by a SCM and
the mean19F flip ratenF may be related to the mean Fe flip
ratenFe by the fast relaxation formula

nF5DF
2/nFe, ~6!

where DF/gF is the rms field at a19F nucleus due to the
nearby Fe ion. Taking the mean Fe-19F distance to be ap-
proximately 1.9 Å based on the crystallographic data,15 DF is
calculated to be 239ms21. The fitted rates all havenFe@DF
thus justifying the use of Eq.~6!.

~C! The interaction between a muon and distant nuclear
dipoles giving rise, as already explained, to a static depolar-
ization functiongdist(t)5exp~2let!. Presumably at very low
temperatures this interaction mechanism may also be subject
to dynamic effects because of nuclear spin flips arising from
critical slowing down in the Fe spin system; however, we
defer consideration of this possibility until later.

~D! The Fe-Mu interaction. This may be thought of as the
direct interaction between the Fe spins and the muons as
distinct from that viaB and A. We have taken for this a
convenient, analytic, longitudinal relaxation function shown
by Keren16 to be valid for intermediate and fast relaxation
rates. Thus

gFe-Mu~ t !5expF2
2DMu

2

nFe
2 $exp~2nFet !211nFet%G , ~7!

whereDMu/gm is the rms field at the muon due to the nearby
Fe ion or ions.@It turns out that, for all fittednFe, the even
simpler fast-relaxation limit16 of Eq. ~7! would have suf-
ficed.#

~E! The muon hopping.
~X! Whatever causes the underlying component for which

gund(t)5exp~2lut!. Although the muons in this component
are likely to be subject to at least some of the processes listed
above for the main~oscillatory! component, we have insuf-
ficient information to deconvolute its relatively simple form.

We now consider the implications for some of these pro-
cesses of the 125 G LF spectrum at 30 K-@Fig. 2~b!#. This
field is sufficient to render inoperative those effects on the
muon spectra which depend on nuclear dipole fields at the
muon site, i.e.,A, B, andC above. In addition, the very slow
decline in Fig. 2~b! shows that the depolarization of the un-
derlying component must also have been suppressed by the
longitudinal field. It has been suggested12,17 that, in other
materials containing the~FMuF!2 ion, an underlying compo-
nent like that found here is due to the delayed formation of
muonium with a timescale of the order of a microsecond.
However, in the present case this seems unlikely in view of
the low decoupling field.

If we suppose that there is no depolarization at all of the
underlying component in Fig. 2~b! and we take the muon hop
ratenh50 at 30 K, we can attribute the small depolarization
entirely to D above. Indeed the appropriate depolarization
function is then

g~ t !5ygFe-Mu~ t !1~12y! ~8!

and we have used Eq.~8! to fit the 30 K LF spectrum simul-
taneously with the 30 K ZF spectrum@usinggp(t) below# to
estimate the parameterDMu'116ms21. Although this param-
eter is not particularly well determined, the implication of a
field of approximately 1.5 kG at the muon due to the Fe ions
is consistent with an external field of this order being re-
quired to decouple the muons at 4.5 K~in the magnetically
ordered region and where, in the case of a powder sample,
the observed depolarization is primarily due to the static field
of the direct Fe-Mu interaction.!

We now construct the ZF depolarization functiongp(t)
appropriate to the paramagnetic region, bearing in mind our
SCM short-hand notation@Eq. ~3!# and that, when there are
independent depolarization mechanisms, the corresponding
functions are to be multiplied. Thus we have

gp~ t !5ySnh$gFe-Mu~nFe,t !gdist~ t !SnF$gFMuF~nd ,t !%%

1~12y!gund~lu ,t !, ~9!

where the parameters appearing explicitly are those which
remain to be fitted. Now whereas Eq.~9! formally encapsu-
lates the depolarization algebra applicable to the entire tem-
perature range it is simplified somewhat in application to two
temperature regimes. At low temperature~T,50 K! we take
nh50 and then

gp~ t !5ygFe-Mu~nFe,t !gdist~ t !SnF$gFMuF~nd ,t !%

1~12y!gund~lu ,t ! ~T,50 K! ~10!

remembering thatnFe andnF are not independent but coupled
by Eq.~6!. At high temperature~T.50 K! we takenFe→` so
thatgFe-Mu(t)→1 andnF→0 and then

gp~ t !5ySnh$gdist~ t !gFMuF~nd ,t !%1~12y!gund~lu ,t !

~T.50 K!. ~11!

The spectra were thus fitted with an asymmetry function of
the form given in Eq.~5! with, of course, the preliminary
gi(t) replaced by the appropriategp(t) above. The fitted
parameters areas , aAg , y, nFeor nF ~T,50 K!, nh ~T.50 K!,
nd , and lu . Because of the rapid depolarization of the

FIG. 5. Interactions and mechanisms involved in the muon de-
polarization.
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underlying component@see Fig. 6~b!# at the lowest tempera-
tures it becomes sufficiently similar in form to the main com-
ponent that the parametery is not well defined. In this low-
temperature regimey was therefore fixed at its unvarying
value at higher temperatures. Conversely at the highest tem-
peratures the depolarization of the underlying component is
slow, leading to ambiguity with the constant asymmetry
from muons stopping in the silver mask. The parameteraAg
was therefore fixed in the high-temperature regime at its low-
temperature value. Apart from these two constraints the pa-
rameters were freely fitted. The fitted values of the~FMuF!2

parameternd showed little systematic variation over the en-
tire temperature range averaging at 0.22ms21, a value con-
sistent with those reported by Breweret al.10 for a range of
fluorides.

Fitted values ofnh andlu in the high-temperature regime
are shown in Fig. 6. We comment first on the underlying
component. The combination of an exponential depolariza-
tion function with a strongly temperature-dependent ratelu
strongly suggests a dynamic process. If this is a hopping
process, as is believed to be the case for the main compo-
nent, then we have the possibility of hopping between two
types of sites. Equations~9!–~11! would then not represent
an accurate description because they imply independence of
the two components. However, the fact thaty and therefore
the relative population of the two components apparently
changes little over the 50–300 K temperature range suggests
that the components are not interconnected. Beyond specu-
lating that the value ofy may be determined by implantation
into different domains we do not discuss this point further
and comment now on the main component. Figure 6 shows
the hop ratenh to increase sharply above 100 K. However,
the temperature dependence seems not to follow a simple
Arrhenius law as the increase slows up in the region of 150
K. This may be an artefact of some imperfection in our
model or it may be associated with a structural phase change
at T>150 K in b-~NH4!2FeF5 reported by Calageet al.

1 We
shall return to this point in Sec. III.

The results of fitting the low-temperature data with Eq.

~10! are shown in Fig. 7~a!. The ordinate here is 1/nFe5tFe,
the Fe ion spin correlation time, and equivalently the19F
nuclear spin-flip ratenF . The correlation timetFe is seen to
increase with temperature decreasing towards the ordered re-
gion, as expected. It is interesting to note that if the data are
fitted with Eq. ~10! with gFe-Mu(t) set equal to unity~i.e.,
turning off the direct Fe-Mu interaction! a similar plot results
@Fig. 7~b!# but with the values ofnF broadly increased by
approximately 50%. This indicates that the indirect
~Fe-19F-Mu! depolarization mechanism is somewhat stronger
than the direct~Fe-Mu! one. The former type is sometimes
referred to as muon-nuclear-spin double relaxation.18 In Fig.
7~b! it may be seen thatnF levels off at approximately 14 K.
This seems physically unlikely and the artificial cause of it
may be understood by referring to Fig. 3. Increasing rate
attenuates the oscillatory signal but also ultimately slows the
depolarization. There is little evidence of the latter in the
30→12.5 K spectra in Fig. 1. From the fitting point of view
we can therefore see that the direct Fe-Mu interaction pro-
vides an alternative depolarization channel which, by itself,
would give a faster depolarization with increasingnF and
decreasingnFe and thus opposes the above slowing effect. In
fact some leveling off is still evident in Fig. 7~a! and one
might be tempted to try a value ofDMu somewhat higher than
our earlier estimate in order to generate a steeper rise innF
just to fall in with intuitive expectation. However, this ad-
justment would be rather bogus, bearing in mind that critical
slowing of the Fe spins would very probably also flip the
spins of nuclei contributing to the static depolarization func-
tion gdist(t)5exp~2let!. In effect this may be simulated by
reducingle and it was found that fitting the data with a
reducedle did indeed require a largertFe. Since we have
insufficient information to pursue this point more quantita-
tively we settle for an analysis based on the estimatedDMu
with the depolarization function of Eq.~10! having both its
basis and its limitations reasonably well understood.

FIG. 6. Fitted values of parameters for themSR spectra,T>50
K: ~a! nh , ~b! lu .

FIG. 7. Fitted values oftFe and nF for the mSR spectra,
11.5<T<50 K: ~a! using the depolarization function of Eq.~10!,
~b! similarly but with gFe-Mu(t) set equal to unity. Note that the
temperature scale is nonlinear.
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2. Ordering region

In the temperature range 7.0–12.5 K, which encompasses
the magnetic ordering, spectra were fitted with the function

a~ t !5as@xgp~ t !1~12x!g0~ t !#1aAg , ~12!

wherex is the fraction of muons in a paramagnetic environ-
ment, for which the appropriate depolarization function is
gp(t). For the depolarization in an ordered environment we
have taken

g0~ t !5 1
3 exp~2l0t !, ~13!

where the 1/3 factor arises from the rapid drop in initial
asymmetry mentioned earlier, and the exponential form is
that appropriate to the dynamic depolarization due to internal
field fluctuations. The initial asymmetry is related to the
paramagnetic fractionx by

a~0!5as~112x!/31aAg ~14!

irrespective of the particular form ofgp(t) andg0(t), relying
only on gp(t)→1 andg0(t)→1/3 ast→0. Indeed the tem-
perature dependence ofx, which is our main interest here,
can be quite well extracted from the data by using some
simple parametrization forgp(t). However, for consistency
and to avoid introducing yet another depolarization function,
we present here the results obtained usinggp(t) as given in
Eq. ~10!. To determine the temperature dependence ofx with
a sensible measure of its point-to-point random error, the
parametersas , aAg , nd , andy were subject to the reasonable
constraint that they remain constant over this small tempera-
ture range. The parametery was fixed at its high-temperature
value as before. The other three parameters were fixed by
fitting simultaneously over a grid of six spectra through the
range,x being taken to be 0 and 1 respectively at 7.0 and
12.5 K. With these values ofas , aAg , andnd ~reassuringly
similar to their values in the paramagnetic region! the fifteen
spectra in the 7.0–12.5 K range were individually fitted. The
fitted values ofl0 scattered aroundl0'0.03 ms21 with no
discernible systematic trend. The fitted values of the para-
magnetic fractionx are shown in Fig. 8. Clearly the ordering
is segregated into two regions centred approximately on 9.2
and 11.3 K.

III. MÖ SSBAUER SPECTRA

A. Experiment

Absorbers were made up of approximately 20 mg cm22

b-~NH4!2FeF5 mixed with boron nitride. Mo¨ssbauer spectra
were taken using57Co/Rh sources and constant-acceleration
spectrometer drives operated in double-ramp mode. Three
spectrometer systems were used. The first was a liquid-
helium cryostat with pumping facility for temperatures of 4.2
K and below, the temperature being deduced from the mea-
sured pressure above the liquid. The second, which was used
over the 5–290 K temperature range and for most of the
measurements, was an Oxford Instruments continuous
helium-flow cryostat controlled by an ITC4 system. In this
case the sample temperature was measured separately with a
carbon glass resistor incorporated into the sample holder, the
calibration being accurate to better than60.1 K for tempera-
tures in the region ofTN and the stability better than60.05
K. The third was a furnace equipped with a thermocouple
thermometer, enabling measurements up to the decomposi-
tion temperature15 of 285 °C.

B. Analysis

Some spectra are shown in Fig. 9. The results of some fits
in terms of the usual Mo¨ssbauer spectral parameters are
given in Table I. These are in agreement with those of
Calageet al.1 It may be seen that there is little variation in
the quadrupole splitting in the paramagnetic region. Calage
et al.1 reported that fitting of the doublet spectra required
more than one component below 150 K. They attributed this
to a structural phase transition and verified this with differ-
ential scanning calorimetry measurements. These showed a
transition at 16861 K on heating and at 18763 K on cool-
ing. As already remarked, such a transition may conceivably
be responsible for an inflection in the temperature depen-
dence of the muon hop rate in this temperature region. How-

FIG. 8. Paramagnetic fractionx from themSR data. The broken
vertical lines at 9.2 and 11.3 K are for the purpose of comparison
with Fig. 12.

FIG. 9. Some Mo¨ssbauer spectra fromb-~NH4!2FeF5 at various
temperatures. Fits to spectra in the antiferromagnetic phase shown
here are on the basis of two discrete components.
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ever, although we found the fits to our Mo¨ssbauer spectra to
be somewhat better with two doublet components rather than
one, the difference was too small for us to draw clear con-
clusions about the temperature of any transition or whether
the number of required components was two or more.

The basis of the fits to the antiferromagnetic spectra
shown in Fig. 9 is two sextets, each modeled with a magnetic
hyperfine field and a relatively small perturbing quadrupole
interaction. The parameters so deduced were consistent from
one sample to another except that the relative absorption in
the two sextets was variable, the higher-field sextet fraction
varying from 15 to 50 %. A variation of this type was also
noted by Calageet al.1 Fitting of the spectra in this way was
a useful initial parametrization and the deduced magnetiza-
tion curves~Bhf vs T! did indeed suggest two ordering tem-
peratures, one for each component. However, the fits at
higher temperatures in the ordered region were not very sat-
isfactory, a situation which was not convincingly improved
with four components. Now in the case of~NH4!2FeCl5•H2O
it was found5 that, just below the ordering temperature, the
spectral shapes could be reproduced quite well with a small
number of discrete components coupled with relaxation
broadening. This model was therefore tried here also. How-
ever, the fits were not quite as good and furthermore there
was some inconsistency in the relative intensities of the com-
ponents over the temperature range. Now although it is prob-
able that some relaxation broadening arises in the vicinity of
magnetic ordering we concluded that the principal source of
broadening here was due to a distribution of magnetic hyper-
fine fields presumably because of some randomness in the Fe
environments. Satisfactory fits were obtained with distribu-
tions P~Bhf! of hyperfine fields and examples are shown in
Fig. 10. The dependence ofP~Bhf! on temperature is shown
in Fig. 11. It may be seen thatP~Bhf! is double-peaked and
also that the peaks are generally asymmetric, being skewed
towards the low-field side; this latter feature is one which the
other fitting models would not reproduce. As some measure
of the paramagnetic fraction we take the fraction of the ab-
sorption associated with low hyperfine field, say less than 3
T. The quantityP~Bhf,3 T! is plotted against temperature in
Fig. 12. Again, the magnetic ordering appears to be stag-
gered with the two stages centered approximately on 9.2 and
11.3 K.

IV. DISCUSSION

A. Magnetic ordering

Both the Mössbauer andmSR experiments indicate that
the ordering does not occur at a unique temperature. Further-

more the results are in very good agreement in showing the
two stages in the ordering to be centered on approximately
9.2 and 11.3 K. In this respect there is some difference be-
tween our results and those of Calageet al.1 in which the
ordering is reported to occur just above 12 K. It seems un-
likely that thermometry is responsible for this difference.

In view of the staggered nature of the ordering it is tempt-
ing to hypothesize the existence of two or more weakly
coupled spin subsystems inb-~NH4!2FeF5 and in
~NH4!2FeCl5•H2O. Calageet al.

1 have suggested that mag-
netic inequivalence of Fe ions may result from differences in
superexchange pathways, in turn due to different
ammonium-ion orientations. It is well known that the ammo-
nium ion can behave as a hindered rotor and indeed the pro-
nounced temperature dependence of the quadrupole splitting
in ~NH4!2FeCl5•H2O has been shown by Partitiet al.3 to be
described very well by a model based on thermally activated

TABLE I. Fitted Mössbauer spectral parameters at selected tem-
peratures: center shiftd, quadrupole splittingDEQ , quadrupole
shift «, and magnetic hyperfine fieldBhf .

T
~K!

d
~mm/s!

DEQ

~mm/s!
2«

~mm/s!
Bhf
~T! %

4.2 0.545~3! 20.51 ~1! 42.7 ~1! 26 ~2!

0.544~2! 20.53 ~1! 39.6 ~1! 74 ~2!

15.7 0.547~1! 1.086~3!

290 0.441~1! 1.153~3!

420 0.379~1! 1.145~3!

FIG. 10. Some Mo¨ssbauer spectra in the antiferromagnetic re-
gion fitted with distributions of magnetic hyperfine fields.

FIG. 11. Variation with temperature of the hyperfine field dis-
tributions.P~Bhf! is proportional to the width of the trace.
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reorientations of the ammonium ion. The variation of the
quadrupole splitting levels off below approximately 40 K
presumably because the ammonium ions then have frozen-
ion in orientations. On the other handb-~NH4!2FeF5 shows
very little temperature dependence of the quadrupole split-
ting up to well over 400 K~Table I! so that the orientations
in this case are probably determined in the preparation where
the final baking is done at 383–388 K. This may be respon-
sible for the difference discussed below between the two
compounds in the relative intensities of the components of
the magnetically split Mo¨ssbauer spectra.

In the case of~NH4!2FeCl5•H2O it was concluded5 that
the antiferromagnetic Mo¨ssbauer spectra comprised a small
number of discrete components, these being broadened by
critical fluctuations close to the ordering region. The number
of components was deduced to be either two or four, the
latter being only marginally preferred on the basis of good-
ness of spectral fits. At about the same time Misra and Li19

reported a variable-temperature EPR study of Fe-doped
~NH4!2InCl5•H2O which is isomorphous with
~NH4!2FeCl5•H2O. They reported the existence of two mag-
netically inequivalent but crystallographically equivalent Fe
ion sites. We may be fairly confident then that the antiferro-
magnetic Mo¨ssbauer spectra of~NH4!2FeCl5•H2O are due to
two components of equal intensity. Theb-~NH4!2FeF5 case
is clearly different. The spectral broadening has been found
here to be better explained by a distribution of hyperfine
fields than by relaxation effects. This points to some random-
ness in the Fe ion environments. Furthermore, although the
distribution falls largely into two groups, the intensities of
these are not generally in a 1:1 ratio but instead are variable
and apparently determined in the preparation. The field dis-
tributions and mean ordering temperatures within the two
groups are, however, less variable, suggesting that the Fe ion
interactions are insensitive to preparation.

There are cases of materials having two transition tem-
peratures in the temperature region of magnetic ordering but
these normally involve a reconfiguration of an ordered spin
system at the lower of the two temperatures. Indeed it had
been earlier suggested that the lower-temperature heat-
capacity cusp in~NH4!2FeCl5•H2O might be due to a spin
reorientation but single-crystal Mo¨ssbauer experiments5

showed that the axis of Fe spin alignment remained un-
changed through that temperature. In the case of

b-~NH4!2FeF5 we did not have single crystals and do not
know the orientation of the magnetic easy axis, but the
Mössbauer andmSR data reported here would not be ex-
plained by a spin reorientation.

It is worth noting that, in the case of two ordering tem-
peratures, amSR experiment does not necessarily give a two-
stage change in initial asymmetry. For a finely interwoven
system it would be quite possible for all of the implanted
muons to sense internal fields just below the upper of the two
temperatures. A two-stage change like that observed here
would require, in addition to two-stage ordering, some quirk
of muon sites and field directions or the material to be effec-
tively separated into different domains.

We conclude that the next step in the study of both
~NH4!2FeCl5•H2O and b-~NH4!2FeF5 would be variable-
temperature x-ray and neutron diffraction. Although both
compounds were confirmed by x-ray diffraction to be single
phase at higher temperatures, it would be useful to know
whether they remain single phase at low temperatures and
also their crystallographic and magnetic structures.

B. mSR in the paramagnetic region

The outcome of the analysis has already been given in
some detail in Sec. II B so that a few summary remarks will
suffice here.

The mSR in b-~NH4!2FeF5 is evidently complicated but
we have been able to reproduce its principal features fairly
well. Of course, our compact notation for the depolarization
functions should not be allowed to obscure the fact that we
have conveniently transferred to computer the pain of
lengthy numerical solution. There are a number of fitting
parameters and in some circumstances it has been necessary
to impose constraints in order to facilitate fitting. We have
declared all such cases and they are relatively few and rea-
sonable.

Central to this analysis has been the~FMuF!2 depolariza-
tion function and the strong-collision model. The recogniz-
able signal of the former has provided the means to study
other interactions involving the Fe ionic spins, the19F nuclei
and the muon probe; the latter has been used to describe the
effect of muon diffusion at higher temperature and to mimic
the effect of 19F spin flips at low temperature. These are
attributed to critical slowing down of the Fe ion spin fluc-
tuations and the Fe-19F interaction. This indirect mechanism
of muon depolarization is somewhat stronger than that of the
direct Fe-Mu interaction inb-~NH4!2FeF5. Measurements by
19F NMR may also be of value here, although our results for
the 19F spin-lattice relaxation times~in thems range close to
magnetic ordering! suggest that these are too small for con-
ventional magnetic resonance. We are not able to comment
on the effect of the14N or proton spins but conventional
NMR studies may possibly shed some light on the role of the
NH4 groups in the different exchange paths.

Although, at low temperature, the variation of the Fe spin
correlation time~and associated19F flip rate! is attributed to
critical behavior, the staggered nature of the ordering and the
limitations of our model do not allow sensible extraction of a
critical exponent. We may, however, make an observation on
the Fe spin correlation timestFe shown in Fig. 7~a!. At the
lowest temperatures in the paramagnetic region our analysis
givestFe'10 ps. Now, roughly speaking, the requirement for

FIG. 12. Temperature dependence of the low-field fraction
P~Bhf,3 T!. Note the similarity with Fig. 8.
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noticeable critical broadening of a doublet Mo¨ssbauer spec-
trum is tFe*30 ps. A Mössbauer spectrum taken atT512 K
admits the possibility of a small line broadening, so there is
no inconsistency here. A more definite statement may be
made about the observation of critical behavior with the two
techniques: in the Mo¨ssbauer measurements on
b-~NH4!2FeF5 critical effects were barely discernible at just
above the upper ordering temperature; in themSR measure-

ments on the same compound they were evident up to at least
twice this temperature.
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