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The Mbssbauer effect studies of 57Fe in the paramagnetic (NH4),FeF6 reported by Morup and Thrane 
(Phys. Rev. B 8, 1020, 1973) were extended to high values of applied external magnetic field up to 50 
kG and low temperatures. At 4.2 K the Mossbauer spectra of partly magnetized (NH&FeF6 show a 
broadening of the hypertine structure lines, reflecting the paramagnetic spin fluctuations. The results 
are discussed in terms of the theoretical calculations given by Wegener (Z. Phys. 186,498, 1965). The 
data can be fitted using a maximum internal field H,,,., = 603(5) kG and two atomic spin correlation 
times *C = T: = 0.22 nsec. It is concluded that in (NH&FeFs the electronic relaxation is independent of 
the temperature. 0 1985 Academic Press. Inc 

Introduction 

For ammonium hexafluoroferrate(II1) 
(NH&FeFs and some other strongly related 
compounds, as the cubic Elpasolites A!Na 
FeFs (A’ = K, Rb, Cs), an ionic disorder 
model is discussed (I). The assumption that 
the cubic crystal symmetry might only be a 
result of the positional disorder of the 
FeFz- ions (2) is supported by the Moss- 
bauer evidence (3) revealing a very strong 
line broadening in the spectra incompatible 
with an octahedral ionic symmetry (4). This 
line broadening in the spectra can be ex- 
plained by a statistical distribution of differ- 
ently distorted FeFi- ions causing a statis- 
tical distribution of the electric field 
gradients at the Fe3+ position (3). How- 
ever, from a study of the lineshape of 
(NH4)3FeF6 in moderate external magnetic 
fields, Morup and Thrane (5) inferred the 
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anomalous line broadening by electronic 
relaxation. In the following this study is 
extended to higher values of the applied 
external magnetic field and to lower 
temperatures, assuming that at 4.2 K the 
electronic spins of the Fe3+ ions are consid- 
erably polarized, inducing a resolved mag- 
netic hyperfine splitting. These results 
which one might expect may be discussed 
in the light of the theoretical relaxation 
model given by Wegener (6). 

Experimental 

The sample of (NH4)3FeFs was prepared 
as described in (4). The Mossbauer mea- 
surements were performed by use of a 20- 
mCi source of 57Co in rhodium. An ordinary 
constant-acceleration Mossbauer spec- 
trometer was used in connection with a 
multichannel analyzer in the multiscaling 
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mode. The data were handled on a com- 
puter TR 440 (Telefunken), using a least- 
squares-fitting procedure for analyzing the 
electronic relaxation processes as stated 
below. 

A Mossbauer absorption linewidth at 
half-height of 0.25 mm/set was obtained 
using an iron metallic absorber. The 
(NH&FeF6 absorber investigated was a 
polycrystalline sample containing 10 mg/ 
cm2 of natural iron. With the aid of a super- 
conducting magnet an external magnetic 
field was applied only to the absorber. The 
direction of the field was normal to the 
plane of the absorber and parallel to the y- 
ray propagation direction. Field strengths 
from 0 to 50 kG were used. During the mea- 
surements, source and absorber were kept 
at 4.2 K. 

Results and Discussion 

X-Ray powder diffraction work by Stew- 
ard and Rooksby (7) for (NH&FeF6 
showed a face-centered cubic lattice and a 
tetragonal lattice at room temperature and 
at 93 K, respectively. The phase transition 
was found at 263 K in a Mossbauer line- 
width study by Morup and Thrane (5). In 
the low-temperature phase, the quadrupole 
splitting causes an additional line broaden- 
ing. However, as in the cubic phase, one 
supposes that the electronic relaxation af- 
fects the lineshape in a complex way (8). 
The mechanism of the phase transition was 
discussed by Massa (4) who assumed that 
formation of H-bonds is responsible for the 
crystallographic transition and proposed a 
mechanism of simultaneous rotation of all 
FeF%- octahedra and NH: tetrahedra, 
which may lead to a preponderant tetrahe- 
dral coordination of the NH: ions suitable 
to strong hydrogen bonding. In a similar 
way the phase transition in (NH&NaFeFs 
at 159.5 K was explained by Pebler et al. 
(9). With the aid of temperature-dependent 
X-ray powder photographs, Massa (4) re- 

vealed that the site symmetry of FeF%- ion 
in ammonium hexafluoroferrate(II1) is 
lower than axial in the low-temperature 
phase below 263 K. Obviously, the tetrago- 
nal symmetry given in the literature (7) 
yields only the pseudosymmetry of the lat- 
tice. This is also in agreement with the Ra- 
man data (I). However, the observed devi- 
ation from axial symmetry is very small (a 

9.009 ii* b = 9.013 ti; c = 9.268 A; cx = 
G.26”; p 2 90.28”; y = 90.28” at 260 K); so 
we can assume in the following that the 
electric field gradient (efg) is axially sym- 
metric in a good approximation. 

I. Miissbauer Spectrum of (NH&FeFh at 
4.2 K and H,,, = 0 

The Mossbauer spectrum obtained at 4.2 
K is an asymmetric quadrupole pattern 
consisting of two unresolved lines of differ- 
ent shapes (Fig. 1). The spectrum was com- 
puter-fitted with two Lorentzian lines of 
different widths Ii and amplitudes A;. The 
values of the linewidths and ratio of the am- 
plitudes are given in Table I. The area un- 
der both absorption lines are nearly the 

VELOCITY lMM/Sl 

FIG. 1. Miissbauer spectrum of (NHJ3FeF6 obtained 
at 4.2 K. The solid curve was also fitted to the relaxa- 
tion model given in (18) with 7c = 0.1 nsec. 
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TABLE I 

RESULTS OF THE QUADRUPOLE SPLITTING AEQ, 
ISOMER SHIFT 6, LINEWIDTHS r, AND Tz, AND THE 

CORRESPONDING AMPLITUDE RATIO AIlA OF A 
COMPUTER FIT AT DIFFERENT TEMPERATURES T 

T AEQ 6 I-1 l-2 
(IQ (mmkc) (mmkec) (mm&c) (mm&c) Ad.42 

300.0 0.37(l) 0.45(l) 0.92(Z) 0.9X2) 1.01 
80.0 0.4X3) 0.27(l) 1 m(5) 0.98(S) 0.75 
4.2 O&(4) 0.27(2) 1.24(5) 0.89(5) 0.72 

same. The quadrupole splitting is AEQ = 
0.44(4) mm/set, and the center of the lines 
indicates an isomer shift 6 = 0.27(3) mm/ 
set relative to Fe in Rh at 4.2 K. The 6- 
value is characteristic for Fe3+-ferric com- 
pounds. Measurements of the magnetic 
susceptibility revealed the existence of the 
Curie-Weiss law between 4.2 K and room 
temperature and from this an averaged 
magnetic moment of 5.90(5) pa was calcu- 
lated which is in agreement with the spin- 
only value expected for a paramagnetic 
compound with Fe3+ in the 6S5,2 state (10). 

A quadrupole-split Mossbauer spectrum 
of polycrystalline isotropic absorbers can 
become asymmetric for two reasons: first, 
the Karagin-Goldanskii effect, which is 
based on the anisotropy of the Debye- 
Waller factor in connection with the angu- 
lar distribution of the -y-radiation, and sec- 
ond, the relaxation of paramagnetic ions 
causing fluctuating magnetic fields. The 
former effect will give lines with different 
areas and equal shapes, while relaxation 
will result in lines with different shapes and 
equal areas. From the data in Table I, it is 
obvious that the second effect influences 
the shape of the spectrum at 4.2 K in agree- 
ment with the results of Morup and Thrane 
(8) at 78 K. 

The asymmetric Mossbauer spectrum re- 
flects the fact that the I?$) + I+t) transi- 
tions, which give rise to the low-velocity 
component of the quadrupole doublet, re- 
lax at higher frequencies than do the ( +$) + 

I+t) and I+$) + I+$) transitions, which 
cause the high-velocity component because 
of their differing Zeeman precession fre- 
quencies. From this we conclude that the 
electric field gradient is negative, meaning 
that the FeFz- octahedron is compressed 
along the nearly symmetry axis. This is in 
agreement with the idea of formation of 
strong N-H . * * F bonding bridges perpen- 
dicular to the symmetry axis (within the 
(a,b) plane) as explained above. 

This spectrum of (NH&FeFs at 4.2 K can 
also be fitted on the basis of the well-known 
electronic relaxation model given by Blume 
(II). However, in the case of fast relaxa- 
tion we can reveal more precisely the relax- 
ation time with the appearance of an exter- 
nal magnetic field and in the light of the 
Wegener model (6). 

II. Miissbauer Spectra at 4.2 K in an 
External Magnetic Field up to 50 kG 

Figure 2 shows the measured hfs spectra 
of (NH&FeF6 in a external magnetic fields 
HeXt up to 50 kG. The direction of the mag- 
netic field was parallel to the propagation 
direction; therefore, the spectra consist of 
two outer and two inner pairs of absorption 
lines. The observed separations and the 
linewidths of the inner and outer absorption 
lines AVi, AV, and I’i, IO, respectively, are 
given for all our measurements in Table II. 
Reducing the external magnetic field HeXt, 
the separations decrease and the outer pair 
of lines appear progressively much broader 
in respect to their linewidths I0 and smaller 
in amplitude. In sharp contrast, the widths 
I; and amplitudes of the inner pair of lines 
nearly appear to be independent of H,,, 
within statistical error. A similar behavior 
was observed in the case of ferric alum for 
the first time (12). 

The broadening of the outer lines as a 
function of an external magnetic field may 
be an indication of time-dependent mag- 
netic hyperfine field fluctuations, which will 
be treated in the following. However, in 
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FIG. 2. The hfs spectra for (NH,),FeF6 are shown for 
the external magnetic fields He,, between 10 and 50 kG 
at 4.2 K. 

this procedure we have to realize that in our 
polycrystalline sample the efg principal axis 
is randomly distributed in respect to the 
magnetic field direction causing a definite 
and constant contribution AI, to the line- 
widths IO of the outer line pair. Considering 
the observed quadrupole splitting (Table I) 
and integrating q(8) over all angles 8 to the 
quantization axis (13), we can estimate ATo 
= 0.17(3) mm/set. 

III. Magnetic Hyperjine Structure in the 
Presence of Rapid Fluctuating 
Longitudinal Relaxation and Spin 
Correlation Time 

A common spin Hamiltonian of a high- 
spin Fe3+ ion in a low (axial, orthorhombic) 
symmetry can be written as a sum of the 
electronic Zeeman interaction &,, the crys- 
tal field interaction &, the magnetic di- 
pole-dipole interaction &id, the exchange 
interaction &, , and the hyperfine interac- 
tion &r. &, may be neglected because the 
distance between the magnetic ions ex- 
ceeds about 6.44 A in (NHJ3FeF6 (4). Be- 
cause of the spherically symmetric distribu- 
tion of the electronic charge, the crystal 
field interaction &r can be expressed as a 
sum of an axial term &, a rhombohedral 
term firi,, and a cubic term $&. Consider- 
ing our approximation of any nearly axially 
symmetric efg, the dominating term in &r 
may be pa, which may give rise to a split- 
ting of the ionic states of several cm-‘, 
whereas &b normally contributes with less 
than 0.1 cm-’ (24). 

The electronic Zeeman interaction has 
the form 

ri, = W&xt * s (1) 

where pg is the Bohr magneton and g is 
close to the free electron value in ferric 
compounds. 

The dipole-dipole interaction fidd 
,. 

f&id = &d-ki * s (2) 

can be described in terms of an internal 
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TABLE II 

THE OBSERVED SEPARATIONS OF THE ABSORPTION MINIMA AV, AND AVi, THE LINEWIDTHS To AND ri FOR 
THE OUTER AND INNER LINE PAIRS, RESPECTIVELY, THE AVERAGED TOTAL MAGNETIC HYPERFINE FIELD -- -- 

HTot (SEE TEXT) AND THE CALCULATED VALUES OF hW$, AND h31H:, (6) ARE GIVEN TO THE 
CORRESPONDING EXTERNAL MAGNETIC FIELD He,, AND THE REDUCED MAGNETIZATION MIM,,, 

(g$ & (mkzec) (m2ec) @l2sec) 
ri AV: AV: Al’,* 5; s;j Hm - =- 

(mm/set) (mm/set) (mm/set) w (kOe) of,, p- 

3.0 0.11 2.50(5) 0.38(2) lsqs) 0.42(3) 2.60 0.40 6.50 @X6) 0.329 0.033 
5.0 0.18 3.90(5) 0.63(2) 1.53(5) 0.40(3) 4.06 0.65 6.25 127(6) 0.323 0.051 
1.5 0.27 5.84(5) 0.92(2) 1.53(5) 0.38(3) 6.08 O.% 6.33 188(6) 0.311 0.0712 

10.0 0.35 7.23(5) 1.15(2) 1.44(5) 0.38(3) 7.55 1.20 6.29 235(5) 0.294 0.0876 
15.0 0.49 9.81(5) 1.53(2) 1.24(5) 0.35(3) 10.29 1.61 6.39 317(5) 0.256 0.1045 
17.5 0.55 11.14(4) 1.74(2) 1.16(5) 0.39(3) 11.70 1.83 6.39 360(4) 0.235 0.1059 
20.0 0.61 11.80(3) 1.84(l) 1.14(5) 0.34(3) 12.44 1.94 6.41 384(4) 0.213 0.1038 
25.0 0.69 13.26(3) 2.09(l) 1.03(5) 0.38(3) 14.16 2.21 6.41 437(3) 0.174 0.0923 
30.0 0.76 14.17(2) 2.24(l) 0.88(3) 0.35(3) 15.13 2.39 6.33 470(3) 0.140 0.0766 
35.0 0.81 14.93(2) 2.36(l) 0.86(3) 0.35(3) 16.04 2.53 6.34 498(3) 0.113 0.0611 
40.0 0.85 15.50(2) 2.44(l) 0.73(3) 0.34(3) 16.79 2.64 6.36 520(3) 0.091 0.0477 
50.0 0.90 16.05(2) 2.52(l) O&3(3) 0.32(3) 17.66 2.77 6.37 550(2) 0.061 0.0285 

1.00” 19.43" 3.07" 603(10) 

n Extrapolated to M/Mm, --* 1. 

magnetic field Hd, fluctuating randomly. 
The value of & at the Fe3+ position is a 
function of the arrangement of the neigh- 
boring ions and the direction of their mag- 
netic dipole moments (15). Qualitatively, 
the term &d induces a fluctuation of the 
atomic spins described by a relaxation time 
between transitions among the eigenstates 
of the Fe3+ ions. Hd is of the order of 0.1-10 
kG, depending on the separation of the 
magnetic ions. 

The hyperline interaction between the 
iron nucleus and its surroundings may be 
expressed by the Hamiltonian 

l&f = I& + I&(t) (3) 

where & represents the quadrupole inter- 
action assuming it is time independent. 
&f) describes the magnetic interactions 

f&b) = -gN * PNIOU~) + Hex9 

= gN - Pd(Hk(t) 
+ &(t) + &xt) (4) 

where gN is the gyromagnetic factor of the 
nuclear state and ,+&N = 3.15 eV/G is the 
nuclear magneton. The electron-nucleus 
magnetic interaction is assumed to be iso- 

tropic and is described by an effective hy- 
pertine field Hk(f) = A - S(t). He,, is the ap- 
plied magnetic field which defines the z 
axis. 

Now we can predict the direction of the 
fluctuation of the magnetic hyperfine field 
H,. In the light of our previous discussion 
of the essential interaction terms, it is valid 
for (NI-I&FeF6: & # 0 and &, + &d + 
&, + &, + &, (see (8)). In the absence 
of an applied magnetic field Rxt, He fluctu- 
ates along the z direction defined by the efg 
principal axis. For large applied fields, one 
obtains fiZ B H,; and the hyperfine field 
now fluctuates along the direction of KXt. 
Now H,(r) can be divided up into two parts 

H,(C) = E + h(t). (5) 

2 is the average of H,(t) during a time inter- 
val which is long, compared with the spin 
correlation time. The h(t) is the remaining 
part of fluctuations and the insJantaneous 
magnetic field deviation from H. Because 
of the results that the magnetization of 
(NH4)@eF6 is a function of H,,, at 4.2 K, 
which is described by a Brillouin function 
of S = 9 and g = -2, the electronic spins of 
the Fe3+ ions in (NH4)3FeF6 are considera- 
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FIG. 3. The total linewidths at half height of the 
outer and inner lines in the Mijssbauer spectra of 
(NH&FeFs, respectively, as a function of the reduced 
magnetization MIM-. The drawn curve of the upper 
data is calculated from (6). 

bly polarized by an external magnetic field; 
and the reduced magnetization MIM,,, is 
proportional to the time averaged value i?/ 
GlLW At a given instant of time, the mag- 
netic field at the Fe3+ nucleus is then essen- 
tially given by the sum of the external 
magnetic field H,,, and the field calculated 
from the magnetic hyperfme splittings in 
the Mossbauer spectra. 

In Fig. 3 the experimentally measured 
linewidths of the inner and outer line pairs 
Ii and To, and in Fig. 4 the reduced split- 
tings AVTlAV& and AV,*lAV& are plotted 
versus MIM,, , respectively (see Table II). 
The experimentally measured splittings 
AV, and AVi contain a certain contribution 
from the interaction of the externally ap- 
plied magnetic field with the nucleus which 
is in an antiparallel direction to the hyper- 
fine field H,. Therefore, in order to get the 
total magnetic hyperfine field HTTP we have 
added to AV the corresponding velocity 
AV(H,,,) yielding AV*. It may be seen from 
Fig. 4 that in contrast to our investigations 
of (NH&NaFeFG (9) one notices for 
(NH4)3FeFs some deviations from the line- 
arity of AVF and AV,* as a function of Ml 
M ,,,ax. However, the ratio of AV,*/AV? is 

within statistical error nearly constant (Ta- 
ble II). The extrapolation of AV? to mag- 
netic saturation MIM,, * 1 yields AV& = 
3.07 mm/set, which corresponds to an in- 
ternal magnetic hyperfine field of 603(10) 
kOe. The observed nonlinearity of AV(M/ 
M,,) may be caused by the smaI1 deviation 
from the axial symmetry. 

Wegener has developed a theory for 
Mossbauer spectra in the presence of rapid 
longitudinal relaxation (6). In this theory it 
is assumed that the quadrupole splitting is 
zero. This model is easily extended to the 
case where an axially symmetric quadru- 
pole interaction is present. Wegener (6) 
found that for fast fluctuations induced by 
the magnetic dipole-dipole interaction 
among the paramagnetic ions, the lines 
have Lorentzian shape but are broadened 
by 

AI = 2v2(m,,m@-%%) . rc (6) 

and shifted from the normal positions AV 
(defined by H, + H,,J by 

A = dv3(m,,mJh-2F(t)~;2 (7) 

LO] . 
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FIG. 4. The quantities AV,*IAV,*,, and AV,*IAVim, 
are plotted versus M/Mm, (see text and Table II). The 
extrapolation to magnetic saturation yields AV& = 
19.43 mrn/sec and AV&, = 3.07 mm/set. The internal 
magnetic hyperhne field estimated from these satura- 
tion values of AV&, and AVZ, is H = 603(10) kOe. 
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with v(m,,m~ = g&N,& - g,,.‘Nm,. The ?-C 
= 7: is the longitudinal correlation time of 
the magnetic field fluctuations. Note that v 
enters the equation for Al? and A with the 
second and third power, respectively, so 
that the outer lines have a y2 value 38 times 
larger and a y3 value 242 times larger than 
the inner absorption lines. Therefore, the 
influence of v upon the lineshape and posi- 
tion of the inner absorption lines is negligi- 
bly small. The formulae for AIJm,,m,) and 
A@, ,mJ are approximations obtained un- 
der the assumptions that the atomic spin 
Lamor precession is much faster than the 
Lamor precession of the nucleus and that 
the correlation time TV is not larger than the 
precession time of the nucleus. As an ex- 
ample the sample of (NH4)3FeF6 may be de- 
scribed on the basis of these assumptions. 

From Eq. (6) the line broadening of the 
outer lines caused by the time-dependent 
fluctuations of the magnetic hyperfme field 
may be written as 

ATo = FO - ri - Are 

= 0.037P * Tc (G)2 sec2 mm’sec (8) 

where Ara is the difference between I0 - Ii 
in the limit of magnetic saturation MIM,,, 
+ 1 and where p(t) and p(t) approach 
zero. From Fig. 3 one can see that the value 
of ATa(MIMm, +l)=O.l8mm/sisinafair 
agreement with our previous estimation at 
page 6. The fluctuating part of the field (J? 
= f - H&J in Eq. (8) is given in (Gauss)2 
and 7c in seconds. H,,,,, has the meaning 
He(MJMn, + 1) + He,, = 603 kOe. Calcu- 
lating ?? and R from Eq. (32) in (6), we get 
from the least-squares-fitting procedure of 
Eq. (6) (with the border conditions men- 
tioned above) to our experimental data of 
rdM/Mm,), the upper curve shown in Fig. 
3. This fit which seems to be quite a good 
approximation to the data gives a correla- 
tion time of 7c = 0.22 nsec. 

From Eq. (7) the shift A of the outer ab- 

sorption lines from their normal positions 
can be formulated as 

A = 14.6*i;j-.r+$~=2. (9) 

With F in Table II and assuming the spin 
correlation time about 7: = 0.22 nsec we 
estimate a shift A = 0.016 mm/set at Ml 
M = 0.61, which is nearly outside of the 
ac:&acy of our measurements. The corre- 
lation time of 0.22 x 10eg set does not af- 
fect the A-shift defined in Eq. (7). 

We emphasize that although the principal 
axis of the efg is randomly distributed in 
respect to the magnetic field direction Hext, 
there should be, besides the observed line 
broadening Ar,, a rest of quadrupole split- 
ting, which is not noticeable in our spectra. 
Within statistical error, the splittings AVo 
are nearly equidistant. In polycrystalline 
samples as in the low-temperature phase of 
(NH4)3FeF6, there may be a smaller proba- 
bility for the applied field to be nearly paral- 
lel to the symmetry direction than to be 
nearly perpendicular to this direction. 
Therefore, for fiZ S Hcf the spectra may 
resemble those expected where the angle 
between the hyperfine field direction and 
the efg principal axis is between 0 and 90”, 
averaging the rest of quadrupole splitting. 

For the cubic phase, Morup and Thrane 
(8) found a spin correlation time of 7, = 
1.19 x lo-lo set, which is in fairly good 
agreement with our relaxation time of 2.2 x 
lOPi set for the low-temperature phase, re- 
vealed from the line broadening of ATo as a 
function of He,, . This conformity may be an 
indication that the electronic relaxation ef- 
fect of the atomic spins in (NH&FeFs is 
temperature independent and that the spins 
of the Fe3+ ions fluctuate along the principal 
axis of the efg in zero external magnetic 
field. Otherwise, if the hypertine field 
would fluctuate perpendicular to this direc- 
tion, we would expect a temperature de- 
pendence of the correlation time TV (16). 

Finally, we remark that in comparison 
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with the results discussed above, the 
smaller spin correlation time rC = 0.04 nsec 
previously observed in (NH&NaFeF6 (9), 
can be explained by the shortening of the 
Fe-Fe separation from 6.44 A in 
(NH&FeFs to 5.99 A in (NH&NaFeF6, 
causing a stronger dipole-dipole interac- 
tion and therefore a faster spin relaxation. 
This is in agreement with most recent mea- 
surements of the 57Fe Mossbauer effect in 
(NH&Fe,Ah -xF6 showing an increase of 
the spin correlation time by reducing the 
dipole-dipole interaction with increased 
AP+ concentration. For x = 0.5 and M/ 
M = 0.61 we estimate from the spectra 7, 
= \:5(1) nsec and a A shift of A = 0.12(2) 
mm/set. Detailed investigations of this be- 
havior of the spin correlation time and its 
influence on the linebroadening observed in 
the Elpasolites (3), formally mentioned, are 
in progress (17). 
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