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We report variable-temperature e&bauer and muon spin relaxatiquSR) studies of the antiferromagnet
B-(NH,),FeF;. The magnetically split Mssbauer 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 &SR he
experiments confirm that the ordering is staggered. In the paramagnetic regiggSBhdime spectra are
oscillatory and characteristic @MuF)~ 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 8-Mu interaction[S0163-182806)00433-X]

I. INTRODUCTION Does B-(NH,),FeR; have more than one ordering tempera-
ture? If so, is this attributable in bot-(NH,),Fek and
The nuclear-probe technique of l§kbauer spectroscopy, (NH,),FeCk-H,O to the NH, ion? In any event, what are the
especially that based ofFe, has proved to be very effective similarities and differences between these two compounds?
in the microscopic study of magnetic phenomena. Muon spin  Now in Mossbauer spectroscopy the ordering temperature
rotation or relaxation is also a nuclear-probe technique, is ifs taken to be that at which the measured magnetic hyperfine
some ways complementary to the SAthauer method, and field B, falls to zero on approach from the low-temperature
has found increasing application in magnetism studies in refordered side. Ordinarily this operational definition is con-
cent years. In the present work both techniques have beesistent with determination by other methods. However, be-
brought to bear on an investigation of the antiferromagnetause of the apparently unusual behavior of the compound
B-(NH, ), FeFs. and because the loss of magnetic spectral splitting might in
Our work was triggered by the report by Calagfeal! of principle be due to some other spin dynamic effect, it seemed
a Mossbauer study of the and 8 forms of (NH,),FeR;. The  important to use also a different technique. For this reason
B form showed an apparent two-sextet structure in thedMo we undertook also @SR study of3-(NH,),FeR;. The uSR
bauer spectra below the ordering temperaflige=13 K. It  measurements were made at the ISIS Facility of the Ruther-
was assumed that the two magnetic hyperfine fields correford Appleton Laboratory. Schefiland Cox’ for example,
sponding to these sextets converged to zero at a single orddrave described how spin-polarized muons may be implanted
ing temperature between the datapoints at 12 and 14 K aln a sample and the depolarization measured via the time
though, as pointed out by the authors, this implied adependence of the back-forward asymmetry of the positron
“dramatic” drop in the magnetization curve for the higher- count from the muon decay. At ISIS the muon pulses are
field component. It seemed to us that an alternative, althougapproximately 80 ns wid®.Thus, as the temperature falls
still rather novel, scenario might be the existence of twobelow Ty and the internal magnetic field in an ordered ma-
ordering temperatures for this material. This possibility wasterial causes the muons to precess with a period of much less
prompted by the case of another Nebntaining antiferro- than 80 ns, the asymmetry measured with a powder sample
magnet(NH,),FeCL-H,0. Among theA,FeXs-H,O family  drops to one third, this being the polycrystalline average of
(A=alkali or NH,, X=halogen this compound is unique in the static component of the polarization. It is this drop in
various ways but, for the present, we mention only the existinitial asymmetry that we have used as the signature of mag-
ence of two closely spaced heat-capacity ctigpthe region  netic ordering. We show here that our Mibauer and muon
of Ty=7 K. Various®’Fe Massbauer spectroscopy measure-experiments are in excellent agreement on the two-staged
ment$~° showed that spectra in the antiferromagnetic regiomature of the ordering i-(NH,),FeR,. We also find differ-
could not be satisfactorily fitted with only one magnetic ences between the cases o0fB-(NHy),FeR and
component and it was suggested by two of &t the two  (NH,),FeCkL-H,0.
heat-capacity cusps were associated with two magnetic or- In the course of the preliminargSR experiments it was
dering temperatures. The following questions thus arosdound 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)~ ions® In an (FMuF)~ ion the 2 oK 1 30K

muon is electrostatically bonded between two iBns such 5] ) 5 .

that the latter are brought together to a separation of just less 20+ 10.0K 207 100K

than one ionic diameter. The nuclelis is the only naturally = w ¥ \/-\\Nm
occurring fluorine isotope and tH&:4:'%F coupled system & >~ ' g 0]

of three spin-1/2 particles gives a distinctiyeSR signal. £ \*‘IL £ %
Earlier reports of théFMuF)~ system are given in, for ex- % 5 - . Z s ’
ample, Refs. 10-13. We found tHEMuF)~ signal to be 20+ 17.0K 20—%
most pronounced in the 30—100 K temperature range, which ) ot
presumably implies damping of the signal outside this range. h — T > | |

The most likely causes of this damping are critical fluctua- 0 2 4 6 0 2 4 6
tions in the Fe ion spin system at low temperature and muon Time (ps) Time (us)

hopping at high temperature. There are, however, several _
interactions which are candidates for consideration in the FIG. 1. SomeuSR spectra fromB-(NH,),FeFs at various tem-
overall shaping of thexSR spectra fromB-(NH,),FeF;, so  Peratures.

that the problem of interpretation of these spectra is com- i . , . . .
plex. Nevertheless we have endeavored to uséRMF) formation. The oscillatory signal is evident over a wide tem-

signal to trace the temperature dependence of the principR€rature range. It disappeared on application of a longitudi-

muon depolarization mechanisms over a wide temperaturg@l field (LF) sufficient to dominate the fields due to the _

range, and this is discussed in Sec. II. nuclear spins; this is |Ilustrateq in Flg.. 2. _Below approxi-
Although the unusual nature of the magnetic ordering of"ately 9 K, where the magnetic ordering is complete, the

B-(NH,),FeR, motivated this work and was the focus of the |n|§|al gsymme?ry is seen to be much reduced and the depo-

initial (M&sshauer experiments, the muon depolarization in larization rate is small.

the paramagnetic region emerged as a second principal topic

and, for presentational purposes, it is more convenient to B. Analysis

discuss it first. Thus the Misbauer data are presented in Sec.

L . . ) 1. Paramagnetic region
Il and both principal topics are discussed in Sec. IV.

The oscillatory depolarization function given by Brewer
et al!! for muons in(FMuF)~ ions and applied successfully
Il. MUON SPIN RELAXATION to powder fluoride samples by Noakesal? is

A. Experiment
3+ S{\/?; t) +11- —) v3 t
co w co w
d V3 d

Powder samples oB-(NH,),FeFk; were prepared as de- grmue(t)= 3 5
scribed by Bentrup and Koldit2and Fourqueet al!® Three

samples were prepared, differing only in the baking time in 1 3413
the final (dehydration stage. Room-temperature XRD spec- + 1+ =|co wgt 1)
tra of all were as reported by Fourquetal,'® the latter V3 2

reporting the crystal symmetry to B®,,,, and the structure .
to have kinked chains of trans-linked Redttahedra running with
along[010]. In one case we checked that the x-ray spectrum hawg=7y,yelre
was unchanged by thermal cycling to 4.2 K and back. The SRR
4SR and Maesbauer data reported here are almost all fronHere vy=wy/27 is the dipole interaction frequency,, and
one sample. e are the muon antPF gyromagnetic ratios ang-_,, is the

The uSR experiments were performed on the EMU in-fluorine-muon separatior=1.15 A). The derivation of Eq.
strument at the ISIS Facility. The temperature was varied1l) assumes that the muon resides half-way between the cen-
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-
mately =0.01 K for temperatures below 25 K and better than
+0.1 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 whaS& 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 0 1 2 3 4 5 6
in Fig. 1. The initial asymmetry observed in the paramag- Time (ps)
netic region was close to the maximum normally obtained
with this particular instrument and this indicates a high dia- FIG. 2. uSR spectra at 30 K(@) zero field,(b) 125 G longitu-
magnetic fraction for the implanted muofi€., no muonium dinal field.
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FIG. 3. The(FMuF) ~ depolarization function and the effect of
muon hop rate according to a strong-collision model.

ters of two very close fluorine ions and that the depolarizing
interaction is exclusively that between the muon and'tfe
spins. This static relaxation function may be adapted to tak
account of muon diffusion at higher temperatures in a . N
“strong-collision model™® (SCM) wherein a muon hops nential envelope function expd). In addition to the
from site to site at a mean frequeneyand it is assumed that main, oscillatory spectral component it was found necessary
there is no correlation between the fields at the muon befort® mclude_ an un_der_lying component, best fitted b_y a simple
and after the jump. The dynamic relaxation functipg,(t)  €XPonential, which is presumably due to muons in an alter-

depolarization function is

FIG. 4. Fitted values of parameters of the preliminary depolar-
'ézation function of Eq(4): (@, (b) Be.

t
gsem(t) =exp(— vt)gemue(t) + Vfogscm(t_t') gi() =Yy exp —Agt)Pegrpmue(t) + (1—y)exp —A,t) (4)
Xexp— vt )gemue(t’)dt’. (2)  and our spectra were fitted to an asymmetry function

Although the SCM has been introduced here to describe the .
situation of sudden changes in muon environment due to A1) =agi(1) Fang. ®)

muon hopping, it may also be used at low temperatur_es ifh Eq. (5) a, (~0.20 is the initial asymmetry for muons
the p_resent case when the char_lges are d_b%ln_uclear SPIN  stopped in the sample andl, (~0.04 is the constant asym-
flips induced by critical magnetic fluctuations in the FQ SPiNmetry for muons stopped in the silver mask. We found the
system. In the use of Eq2) below these cases are distin- main-component fractiog~0.6 with insignificant variation
guished by denoting the muon hop ratedgyand the™F flip \ith temperature and this was borne out also by the final
rate byvg. Also, in setting out the depolarization functions in fitting.
full, we shall for breV|ty_ denote _the gene_ration of a SCM  Now whereas the above functigy(t) is supposed to be
function from some basic relaxation functigft) as in Eq.  yegistic only in the 50 K region, it is instructive to consider
(2) by the operation the fitted values of3, and\, over a wider temperature range

gsen(t) =S"g()} 3) and these are shown in Fig. 4. It may be seen that in the 50

SCM ' K region the envelope function is more nearly exponential
The effect of the rater on the muon depolarization in an than Gaussian. It is possible for a distribution of static fields
(FMuF)~ system is shown in Fig. 3, a diagram similar to thatto result in a near-exponential depolarization but the latter
given earlier by Breweet al° does invite the suspicion of a dynamic contribution. How-
The oscillations in our asymmetry spectra are most visibleever, we may see also in Fig. 4 that the fitted values,afre

in the 50-K region. Even there, however, and by comparisotbarely significantly higher at 30 and 100 K than at 50 K.
with the »=0 graph in Fig. 3, it is clear that th&MuF) Now the effects of critical fluctuations at low temperature
signal is significantly damped. This could be a dynamic ef-and of muon hopping at high temperature are both expected
fect or it could result from the dephasing of muons precessto be strongly temperature dependent. We may conclude that
ing in a distribution of static fields due to distant nuclei, i.e.,the attenuation of théFMuF)~ signal at 50 K is predomi-
nuclei other than the adjacelff nuclei.[Another possibility ~nantly a static effect. In fact we assume here on that the
is that there are two or more muon sites involved in theeffect at 50 K is entirely static and in the subsequent analysis
(FMuF)~ signal with somewhat different-_,. The conse- we takeB,=1 andA. to be fixed for all temperatures at the
quent spread imy would give some attenuation of the oscil- value found in this preliminary fitting at 50 K. This assump-
latory signal but this is unlikely to be as strong as the ob-tion may not be totally secure but any error incurred is most
served damping. Anyway, whatever the cause of the unlikely to affect significantly the eventual conclusions about
damping and for the purpose only of a preliminary param-changesin the dynamics in the low- and high-temperature
etrization of our data, we describe it with a stretched expo+egimes.
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We now consider the implications for some of these pro-
« E cesses of the 125 G LF spectrum at 3qMg. 2(b)]. This
“w B field is sufficient to render inoperative those effects on the
N lD muon spectra which depend on nuclear dipole fields at the
@ w muon site, i.e.A, B, andC above. In addition, the very slow
NV X decline in Fig. 2b) shows that the depolarization of the un-
c f; derlying component must also have been suppressed by the

e longitudinal field. It has been suggested that, in other
= materials containing thé-MuF)~ ion, an underlying compo-
nent like that found here is due to the delayed formation of

FIG. 5. Interactions and mechanisms involved in the muon demuonium with a timescale of the order of a microsecond.
polarization. However, in the present case this seems unlikely in view of

the low decoupling field.

We now list and comment on the interactions and pro- |f we suppose that there is no depolarization at all of the
cesses involved in the more comprehensive analysis appliaghderlying component in Fig.(8) and we take the muon hop
to the entire temperature range. These are shown diagrarate 1,=0 at 30 K, we can attribute the small depolarization
matically in Fig. 5. entirely to D above. Indeed the appropriate depolarization

(A) The **F-Mu-*F coupling, giving rise to the function function is then
Oemur(t) given in Eq.(2).

(B) The Fel®F coupling. This interaction between the Fe 9(t) =YGremdt) +(1-y) (8)
ions and thé®F nuclei causes spin flips of tHé&F nuclei due and we have used E¢8) to fit the 30 K LF spectrum simul-

to flips of the Fe ion spins. This effect is expected to be ; ;
. ) taneously with the 30 K ZF spectrufasin t) below] to
pronounced at low temperature due to critical slowing dow usty Wi pectrufusinggp(t) Wl

! : stimate the parametag,,~116 us . Although this param-
in the Fe spin system. As already noted, the consequent e P b K 9 P

. ter is not particularly well determined, the implication of a
fect on the muon spectrum may be described by a SCM an Id of imatelv 1.5 kG at th to the Fe i
the meant®F flip rate v may be related to the mean Fe flip : eld of approximately 1.5 kG at the muon due o the Fe ions

t by the fast relaxation f | s consistent with an external field of this order being re-
rale vee Dy Ihe fast refaxation formuia quired to decouple the muons at 4.5(id the magnetically
ordered region and where, in the case of a powder sample,

_ A2
ve=Ad vre, ©) the observed depolarization is primarily due to the static field
where Ac/ye is the rms field at a°F nucleus due to the Of the direct Fe-Mu interactioh. o _
nearby Fe ion. Taking the mean B¥ distance to be ap- ~ We now construct the ZF depolarization functigp(t)

proximately 1.9 A based on the crystallographic datAzis ~ @ppropriate to the paramagnetic region, bearing in mind our
calculated to be 23%s ™% The fitted rates all havec>Ar ~ SCM short-hand notatiofEq. (3)] and that, when there are
thus justifying the use of Eq®). independent depolarization mechanisms, the corresponding

(C) The interaction between a muon and distant nucleafunctions are to be multiplied. Thus we have
dipoles giving rise, as already explained, to a static depolar- o Y
ization functiong(t) =exp(—Agt). Presumably at very low 9p(1) =Y S Gre-wd Vre: 1) Gaist 1) S"{ Grmur( va 1)}
temperatures this interaction mechanism may also be subject +(1=Y)Gund Nyst), (9
to dynamic effects because of nuclear spin flips arising from ) o )
defer consideration of this possibility until later. remain to be fitted. Now whereas E@) formally encapsu-

(D) The Fe-Mu interaction. This may be thought of as thelates the depolarization algebra applicable to the entire tem-
direct interaction between the Fe spins and the muons Aerature range |t_ is simplified somewhat in application to two
distinct from that viaB and A. We have taken for this a temperature regimes. At low temperatiife<50 K) we take
convenient, analytic, longitudinal relaxation function shown»=0 and then
by Kerert® to be valid for intermediate and fast relaxation "

y 9p(1) =Y Ore-md Ve, ) Daisd D) S*H{Grmurl va 1)}

rates. Thus
5 +(1=Y)GundAyst)  (T<50 K) (10)

2A
Oremdt)= exr{ - % {exp(—ved) —1+ved}|, (7))  remembering thab-, and v are not independent but coupled
VFe by Eq.(6). At high temperatur€T >50 K) we takevg.— so

whereAy,/y, is the rms field at the muon due to the nearbyhatgremt)—1 andve—0 and then

Fe ion or ions[It turns out that, for all fittedv,, the even N _
simpler fast-relaxation limif of Eq. (7) would have suf- 9p() =y S"™{Gais V) Grmur{ e, D} (1Y) Gund A 1)

ficed]

(E) The muon hopping. (T>50 K. (1)

(X) Whatever causes the underlying component for whichThe spectra were thus fitted with an asymmetry function of
Oundt) =exp(—\t). Although the muons in this component the form given in Eq.5) with, of course, the preliminary
are likely to be subject to at least some of the processes listegi(t) replaced by the appropriatg,(t) above. The fitted
above for the mairfoscillatory component, we have insuf- parameters aras, a,g, ¥, vee OF v (T<50 K), 1, (T>50 K),
ficient information to deconvolute its relatively simple form. vy, and A,. Because of the rapid depolarization of the
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FIG. 6. Fitted values of parameters for th8R spectraT =50 FIG. 7. Fitted values ofr, and v for the uSR spectra,
K: (@ vy, (0) Ay 11.5<T=<50 K: (a) using the depolarization function of E¢L0),

(b) similarly but with grem(t) set equal to unity. Note that the

underlying componerfsee Fig. )] at the lowest tempera- temperature scale is nonlinear.
tures it becomes sufficiently similar in form to the main com-
ponent that the parametgris not well defined. In this low-
temperature regimg was therefore fixed at its unvarying . . : ; )
value at higher temperatures. Conversely at the highest tentlhe Fe lon spin correlation time, apd e_quwalgntly tie
peratures the depolarization of the underlying component iguclear spl.n—fllp rater. The correla_mon timere IS seen to
slow, leading to ambiguity with the constant asymmetrylncrease with temperr_:ttu_re deqeasmg towards jthe ordered re-
from muons stopping in the silver mask. The paramejgy gion, as expected. It is interesting to note that if the data are
was therefore fixed in the high-temperature regime at its lowfitted with Eq. (10) with gee m(t) set equal to unityi.e.,
temperature value. Apart from these two constraints the patirning off the direct Fe-Mu interactiora similar plot results
rameters were freely fitted. The fitted values of (R&uF)~  [Fig. 7(b)] but with the values ofvx broadly increased by
parameter; showed little systematic variation over the en- approximately 50%. This indicates that the indirect
tire temperature range averaging at 022%, a value con- (Fe°F-Mu) depolarization mechanism is somewhat stronger
sistent with those reported by Brewetal° for a range of than the direci{Fe-Mu) one. The former type is sometimes
fluorides. referred to as muon-nuclear-spin double relaxatfom. Fig.

Fitted values ofy, and\,, in the high-temperature regime 7(b) it may be seen that levels off at approximately 14 K.
are shown in Fig. 6. We comment first on the underlyingThis seems physically unlikely and the artificial cause of it
component. The combination of an exponential depolarizamay be understood by referring to Fig. 3. Increasing rate
tion function with a strongly temperature-dependent nate attenuates the oscillatory signal but also ultimately slows the
strongly suggests a dynamic process. If this is a hoppinglepolarization. There is little evidence of the latter in the
process, as is believed to be the case for the main comp80—12.5 K spectra in Fig. 1. From the fitting point of view
nent, then we have the possibility of hopping between twowve can therefore see that the direct Fe-Mu interaction pro-
types of sites. Equation®)—(11) would then not represent vides an alternative depolarization channel which, by itself,
an accurate description because they imply independence wfould give a faster depolarization with increasimg and
the two components. However, the fact tyaand therefore  decreasing/ and thus opposes the above slowing effect. In
the relative population of the two components apparentlyfact some leveling off is still evident in Fig.(& and one
changes little over the 50—300 K temperature range suggesisight be tempted to try a value d§,, somewhat higher than
that the components are not interconnected. Beyond specaour earlier estimate in order to generate a steeper risg in
lating that the value of may be determined by implantation just to fall in with intuitive expectation. However, this ad-
into different domains we do not discuss this point furtherjustment would be rather bogus, bearing in mind that critical
and comment now on the main component. Figure 6 showslowing of the Fe spins would very probably also flip the
the hop ratey, to increase sharply above 100 K. However, spins of nuclei contributing to the static depolarization func-
the temperature dependence seems not to follow a simpk®on gg(t) =exp(—At). In effect this may be simulated by
Arrhenius law as the increase slows up in the region of 150educing\, and it was found that fitting the data with a
K. This may be an artefact of some imperfection in ourreduced\, did indeed require a larget=.. Since we have
model or it may be associated with a structural phase changasufficient information to pursue this point more quantita-
at T=150 K in 8-(NH,),FeF; reported by Calaget al! We tively we settle for an analysis based on the estimaigg
shall return to this point in Sec. Ill. with the depolarization function of Eq10) having both its

The results of fitting the low-temperature data with Eq.basis and its limitations reasonably well understood.

(10) are shown in Fig. (&). The ordinate here is kf.= 7¢,,
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2. Ordering region -10 -5 0 5 10

In the temperature range 7.0-12.5 K, which encompasses Velocity (mm s’

the magnetic ordering, spectra were fitted with the function FIG. 9. Some Mesbauer spectra frog-(NH,),FeFs at various

temperatures. Fits to spectra in the antiferromagnetic phase shown
a(t) :aS[Xgp(t)+(1_X)g°(t)]+aAg’ (12 hertfare on the basis (E:‘ two discrete componen%s. P
wherex is the fraction of muons in a paramagnetic environ- .
ment, for which the appropriate depolarization function is lll. MO SSBAUER SPECTRA
gp(t). For the depolarization in an ordered environment we

A. Experiment
have taken

Absorbers were made up of approximately 20 mg ém
_1 _ B-(NH,),FeR;, mixed with boron nitride. Mesbauer spectra
Go(t)= 5 eXp(—Aqh), (13 were taken using’Co/Rh sources and constant-acceleration
where the 1/3 factor arises from the rapid drop in initial Spectrometer drives operated in double-ramp mode. Three
asymmetry mentioned earlier, and the exponential form ispectrometer systems were used. The first was a liquid-
that appropriate to the dynamic depolarization due to internanelium cryostat with pumping facility for temperatures of 4.2
field fluctuations. The initial asymmetry is related to the K and below, the temperature being deduced from the mea-

paramagnetic fractior by sured pressure above the liquid. The second, which was used
over the 5-290 K temperature range and for most of the
a(0)=aq(1+2x)/3+ ang (149 measurements, was an Oxford Instruments continuous

_ ) ) _ helium-flow cryostat controlled by an ITC4 system. In this
irrespective of the particular form @f,(t) andgo(t), relying 556 the sample temperature was measured separately with a
only on gp(t)—1 andge(t)—1/3 ast—0. Indeed the tem-  -5hon glass resistor incorporated into the sample holder, the
perature dependence Bf which is our main interest here, gjinration being accurate to better thag.1 K for tempera-

can be quite well extracted from the data by using SOM§eg in the region oy and the stability better thart0.05
simple parametrization fog,,(t). However, for consistency  The third was a furnace equipped with a thermocouple

and to avoid introducing yet another depolarization functionsyarmometer enabling measurements up to the decomposi-
we present here the results obtained ugipff) as givenin 4o temperat'uﬁé of 285 °C.

Eq. (10). To determine the temperature dependencewith

a sensible measure of its point-to-point random error, the
parameters, ag, V4, andy were subject to the reasonable
constraint that they remain constant over this small tempera- Some spectra are shown in Fig. 9. The results of some fits
ture range. The parametgmwas fixed at its high-temperature in terms of the usual Mssbauer spectral parameters are
value as before. The other three parameters were fixed kgiven in Table |. These are in agreement with those of
fitting simultaneously over a grid of six spectra through theCalageet all It may be seen that there is little variation in
range,x being taken to be 0 and 1 respectively at 7.0 andhe quadrupole splitting in the paramagnetic region. Calage
12.5 K. With these values af;, asg, and vy (reassuringly et all reported that fitting of the doublet spectra required
similar to their values in the paramagnetic regitime fifteen  more than one component below 150 K. They attributed this
spectra in the 7.0-12.5 K range were individually fitted. Theto a structural phase transition and verified this with differ-
fitted values of\, scattered around,~0.03 us ! with no  ential scanning calorimetry measurements. These showed a
discernible systematic trend. The fitted values of the paratransition at 1681 K on heating and at 1873 K on cool-
magnetic fractiorx are shown in Fig. 8. Clearly the ordering ing. As already remarked, such a transition may conceivably
is segregated into two regions centred approximately on 9.Be responsible for an inflection in the temperature depen-
and 11.3 K. dence of the muon hop rate in this temperature region. How-

B. Analysis
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TABLE I. Fitted Mossbauer spectral parameters at selected tem-
peratures: center shiff, quadrupole splittingAEq, quadrupole
shift ¢, and magnetic hyperfine fieB;.

T ) AEQ 2¢e Bhf
(K) (mm/9g (mm/sg (mm/s (T) %
4.2  0.545(3) —-0.51(1) 4271 26(2 ]
0.544(2) —0.53(1) 39.6(1) 74(2 S
15.7 0.5471) 1.086(3) g 1
290 0.441(1) 1.153(3) =
420 0.379(1) 1.145(3) § ]
2,

ever, although we found the fits to our s&bauer spectra to
be somewhat better with two doublet components rather than 2]
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. 4-
The basis of the fits to the antiferromagnetic spectra T N
shown in Fig. 9 is two sextets, each modeled with a magnetic -10 -5 0 5 10
hyperfine field and a relatively small perturbing quadrupole Velocity (mm s™)
interaction. The parameters so deduced were consistent from
one sample to another except that the relative absorption in FIG. 10. Some Mesbauer spectra in the antiferromagnetic re-
the two sextets was variable, the higher-field sextet fractiomion fitted with distributions of magnetic hyperfine fields.
varying from 15 to 50 %. A variation of this type was also
noted by Calaget al? Fitting of the spectra in this way was more the results are in very good agreement in showing the
a useful initial parametrization and the deduced magnetizatwo stages in the ordering to be centered on approximately
tion curves(B; vs T) did indeed suggest two ordering tem- 9.2 and 11.3 K. In this respect there is some difference be-
peratures, one for each component. However, the fits dween our results and those of Calageal® in which the
higher temperatures in the ordered region were not very sapgrdering is reported to occur just above 12 K. It seems un-
isfactory, a situation which was not convincingly improved likely that thermometry is responsible for this difference.
with four components. Now in the case @fH,),FeCL-H,O In view of the staggered nature of the ordering it is tempt-
it was found that, just below the ordering temperature, theing to hypothesize the existence of two or more weakly
spectral shapes could be reproduced quite well with a smafioupled spin subsystems ins-(NH,),FeR; and in
number of discrete components coupled with relaxatioNH,),FeCk-H,O. Calageet al! have suggested that mag-
broadening. This model was therefore tried here also. Hownetic inequivalence of Fe ions may result from differences in
ever, the fits were not quite as good and furthermore thersuperexchange pathways, in turn due to different
was some inconsistency in the relative intensities of the comammonium-ion orientations. It is well known that the ammo-
ponents over the temperature range. Now although it is probaium ion can behave as a hindered rotor and indeed the pro-
able that some relaxation broadening arises in the vicinity ohounced temperature dependence of the quadrupole splitting
magnetic ordering we concluded that the principal source oin (NH,),FeCk-H,O has been shown by Partit al to be
broadening here was due to a distribution of magnetic hyperdescribed very well by a model based on thermally activated
fine fields presumably because of some randomness in the Fe
environments. Satisfactory fits were obtained with distribu-
tions P(B,; of hyperfine fields and examples are shown in
Fig. 10. The dependence Bf(B,) on temperature is shown
in Fig. 11. It may be seen th&(By;) is double-peaked and  _.
also that the peaks are generally asymmetric, being skewedZ
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(B;<<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.

Hyperfine field

IV. DISCUSSION

6 7 8 9 10 11 12
Temperature (K)

A. Magnetic ordering

Both the Mmsbauer angiSR experiments indicate that  FIG. 11. Variation with temperature of the hyperfine field dis-
the ordering does not occur at a unique temperature. Furthetributions. P(Byy) is proportional to the width of the trace.
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B-(NH,),FeR; we did not have single crystals and do not

100 T T T T T T
' ¢ know the orientation of the magnetic easy axis, but the
80 - : _ Mossbauer andkSR data reported here would not be ex-
~ plained by a spin reorientation.
e 60 - : i It is worth noting that, in the case of two ordering tem-
g I . peratures, &SR experiment does not necessarily give a two-
A 40 - L e * ] stage change in initial asymmetry. For a finely interwoven
a ‘o0 o% | system it would be quite possible for all of the implanted
20l ; )l muons to sense internal fields just below the upper of the two
| j ; temperatures. A two-stage change like that observed here
o le e e®® i i would require, in addition to two-stage ordering, some quirk
7 8 9 10 11 12 13 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

FIG. 12. Temperature dependence of the low-field fraction(NH4)2F€CE-H,0 and B-(NH,),FeFs would be variable-
P(B,<3 T). Note the similarity with Fig. 8. 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
@lso their crystallographic and magnetic structures.

Temperature (K)

reorientations of the ammonium ion. The variation of the
qguadrupole splitting levels off below approximately 40 K
presumably because the ammonium ions then have froze
ion in orientations. On the other ham(NH,),Fek; shows
very little temperature dependence of the quadrupole split-
ting up to well over 400 K(Table ) so that the orientations The outcome of the analysis has already been given in
in this case are probably determined in the preparation whersome detail in Sec. Il B so that a few summary remarks will
the final baking is done at 383—388 K. This may be responsuffice here.
sible for the difference discussed below between the two The uSR in 8-(NH,),FeF; is evidently complicated but
compounds in the relative intensities of the components ofve have been able to reproduce its principal features fairly
the magnetically split Mssbauer spectra. well. Of course, our compact notation for the depolarization
In the case of(NH,),FeCL-H,O it was concludetthat  functions should not be allowed to obscure the fact that we
the antiferromagnetic Mesbauer spectra comprised a smallhave conveniently transferred to computer the pain of
number of discrete components, these being broadened Igngthy numerical solution. There are a number of fitting
critical fluctuations close to the ordering region. The numbeiparameters and in some circumstances it has been necessary
of components was deduced to be either two or four, théo impose constraints in order to facilitate fitting. We have
latter being only marginally preferred on the basis of good-declared all such cases and they are relatively few and rea-
ness of spectral fits. At about the same time Misra arld Li sonable.
reported a variable-temperature EPR study of Fe-doped Central to this analysis has been tf@uF)~ depolariza-
(NHy),InCl5:H,O  which  is  isomorphous  with tion function and the strong-collision model. The recogniz-
(NH,),FeCLE-H,0. They reported the existence of two mag- able signal of the former has provided the means to study
netically inequivalent but crystallographically equivalent Feother interactions involving the Fe ionic spins, #E nuclei
ion sites. We may be fairly confident then that the antiferro-and the muon probe; the latter has been used to describe the
magnetic M@sbauer spectra 6NH,),FeCL-H,O are due to effect of muon diffusion at higher temperature and to mimic
two components of equal intensity. Th(NH,),FeF; case the effect of%F spin flips at low temperature. These are
is clearly different. The spectral broadening has been foundttributed to critical slowing down of the Fe ion spin fluc-
here to be better explained by a distribution of hyperfinetuations and the FEF interaction. This indirect mechanism
fields than by relaxation effects. This points to some randomef muon depolarization is somewhat stronger than that of the
ness in the Fe ion environments. Furthermore, although thdirect Fe-Mu interaction ir8-(NH,),FeFR;. Measurements by
distribution falls largely into two groups, the intensities of 1F NMR may also be of value here, although our results for
these are not generally in a 1:1 ratio but instead are variablthe 1% spin-lattice relaxation timesn the us range close to
and apparently determined in the preparation. The field dismagnetic orderingsuggest that these are too small for con-
tributions and mean ordering temperatures within the twoventional magnetic resonance. We are not able to comment
groups are, however, less variable, suggesting that the Fe iamn the effect of the'N or proton spins but conventional
interactions are insensitive to preparation. NMR studies may possibly shed some light on the role of the
There are cases of materials having two transition temNH, groups in the different exchange paths.
peratures in the temperature region of magnetic ordering but Although, at low temperature, the variation of the Fe spin
these normally involve a reconfiguration of an ordered spircorrelation time(and associatet’F flip rate is attributed to
system at the lower of the two temperatures. Indeed it hadritical behavior, the staggered nature of the ordering and the
been earlier suggested that the lower-temperature hedimitations of our model do not allow sensible extraction of a
capacity cusp inNNH,),FeCE-H,O might be due to a spin critical exponent. We may, however, make an observation on
reorientation but single-crystal febauer experimerits the Fe spin correlation times, shown in Fig. 7a). At the
showed that the axis of Fe spin alignment remained unlowest temperatures in the paramagnetic region our analysis
changed through that temperature. In the case ofjives7~10 ps. Now, roughly speaking, the requirement for

B. uSR in the paramagnetic region
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noticeable critical broadening of a doublet &&bauer spec- ments on the same compound they were evident up to at least
trum is 7=c=30 ps. A Msbauer spectrum taken®t=12 K twice this temperature.
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