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Maossbauer studies of the structural phase
transitions in RbFeF,

By Hp. Baumeler, H. Keller, W. Kiindig and 1. M. Savi¢,*)
Physik-Institut, Universitat Ziirich, CH-8001 Zirich,
Switzerland

B. M. Wanklyn, Clarendon Laboratory, Oxford University,
Oxford OX1 3PU, U.K.

(10. X. 1983)

Abstract. RbFeF, exhibits two structural phase transitions (SPT), namely a first-order transition
at T_ = 381K and a second-order transition at T_ =417 K. A detailed *"Fe Mossbauer investigation
of these SPT is presented. At T, pronounced discontinuities in the quadrupole splitting and the
recoil-free fraction are observed, whereas at T, both quantities vary continuously with temperature.
Both SPT are also seen in the area ratio of the single crystal quadrupole lines which reflects the tilting
of the FeF, octahedra with respect to the c-axis. However, no noticeable indication of the SPT is
found in the center shift.

I. Introduction

During the past few years, the layered antiferromagnets of the form XFeF,
(X=Rb, K, Cs) have been investigated extensively because of their interesting
magnetic properties [1-5]. However, until lately, not much attention has been
paid to the structural properties of these compounds. Recently, Hidaka et al. [6]
have found two new structural phase transitions (SPT) in RbFeF, and CsFeF, by
means of X-ray diffraction, specific heat, optical, and dielectric measurements.
RbFeF,, which is the subject of this study, shows a first-order transition at
T., =378 K and a second-order transition at T, =418 K. CsFeF, has similar SPT
at somewhat higher transition temperatures. These SPT have been interpreted by
a simple model [6] based on the rotation of FeFg octahedra around the crystallo-
graphic axes (Fig. 1). Since the FeF octahedra are arranged in weakly coupled layers,
the phase transitions are thought to be quasi two-dimensional in nature.

In this paper, we report a detailed >’Fe Mossbauer investigation of the SPT in
RbFeF,. In Section Il we briefly review the structural properties of RbFeF,
together with the results of the Oxford group [6]. The experimental details and
the results are presented in Section III, and the conclusions follow in Section IV.

*)  Permanent address: Faculty of Natural and Mathematical Sciences, Department of Physics and
Meteorology, 11000 Belgrade, Yugoslavia.
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Figure |
I[dealized crystal structure of RbFeF,. The FeF, octahedra are shown without distortion or tilting. The
arrows indicate the rotations of the octahedra in phase 11

II. Crystal structure and phases

At room temperature (RT) RbFeF, is known to be orthorhombic with lattice
constants a =7.615 A, b=7.620 A, and ¢ =6.245 A [7-9]. The RT structure
consists of slightly tilted and tetragonally distorted Fek,, octahedra with layers of
Rb" ions in between (Fig. 1).

The three structural phases above Ty, here denoted as phase T to 11, have
been characterized by the Oxford group [6]. Their results are summarized in
Table 1. In the tetragonal high-temperature phase I the FeF, octahedra are not
tilted, and one has the TIAIE,-type structure. In the lower-symmetry orthorhom-
bic phases I and TIT the FeF, octahedra are tilted with respect to the c-axis. The

Table 1
Structural properties of RblEel [after Hidaka et al. (Ref. 6)]. Z is the number of molecules per uni
cell.

Transition temperature Phase Space group V4 Tilting scheme of Glazer!

I P4/mmm (D},) | e
T, =418(417) K"
scecond-order
1 Pmma (D3)) 2 at'h "™
T =378(381) K")
first-order
[ P2,22(DY 4 a'h ath'e

) Reference 10,
) Values in parentheses are from this work.
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tilting of the octahedra may be described in each phase by adopting the octa-
hedral tilting representation of Glazer [10] (see Table I). As an example, in this
notation a’b*c¢” means a positive tilt (sign arbitrarily defined) of magnitude b
about the pseudotetragonal axis [010], whereas a"a"c’ corresponds to the un-
tilted structure. Starting from the tetragonal phase I the unit cell is first doubled
along [100] in phase II (a°b*¢") and then further doubled along [010] in the RT
phase IIT (a"b*c” or a*b*¢c") as shown in Table I. However, the c-axis is not
doubled in either case, probably suggesting that the tilting of the FeF, octahedra
and thus the SPT are quasi two-dimensional in character.

According to Hidaka et al. [6], the SPT are associated with the condensation
of soft-phonon modes at the X zone-boundary points of the Brillouin zone of the
highest-symmetry phase I. The correspondmg_, soft-phonon modes at T, and T
have wavevectors q =(3,0,0) and g =(0, 3, 0), respectively. The space group of
phase II (D3,) is a subgroup of the high-symmetry parent phase I (D},), a
necessary condition for a second-order phase transition in the concept of the
Landau theory [11]. Moreover, the transition at T, is not truly first-order in
character since the low-temperature phase III (D3) is still a subgroup of the
high-temperature phase II (D3,). Such a transition is usually denoted ‘“‘weak”
first-order [11].

I1I1. Experimental details and results

Single-crystal platelets of RbFeF, were prepared by the flux method, in
crucibles of platinum with closely-fitting lids [12]. The flux was PbCl,, and
NH,HF, was included to convert any oxide materials present into the correspond-
ing fluorides. To reduce oxidation and hydrolysis, the rate of cooling was a
relatively fast 5°C per hour. Thin platelets up to 15x 15 x0.3 mm® were obtained.
These were colourless to orange, indicating the presence of little, if any, Fe*" in
the lattice.

All Mossbauer measurements were performed on single-crystal samples with
the direction of the y-rays perpendicular to the FeF, layers. Crystals with typical
dimension of 4x4x (0.3 mm® were mounted stress-free between pure aluminium
foils in copper sample holders. Measurements in the temperature range 300-
480 K were taken in a high-vacuum furnace. The sample temperature was
controlled with a chromel-alumel thermocouple and constantly recorded on a
chart recorder. In this way, a relative long-term temperature stability of better
than £0.1 K was obtained. The absolute temperature accuracy was estimated to
be =1.5 K. The measurements were performed with a conventional constant
acceleration spectrometer with a 25 mCi *’CoRh source.

Typical Mossbauer spectra taken in each phase (Table I) are shown in Fig. 2.
The spectra consist of a pure asymmetric quadrupole doublet with experimental
linewidths (full width at half maximum) of 0.24 and 0.23 mm/s in phase I and III,
respectively. It is known from the low-temperature magnetic hyperfine spectra
[2,3,5] that in phase III the electric field gradient (EFG) tensor is axially
symmetric (n =0). Furthermore, the angle 6, between the principal axis of the
EFG tensor V,, and the c-axis was found to be 16+ 1°, which is consistent with
the tilting angle ¢ = 18° of the FeF, octahedra at room temperature [2, 3, 5]. In
this work, we assume that 6, is a suitable quantity (order parameter) to describe
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Figure 2

Mossbauer spectra of single-crystal RbFeF, taken at various temperatures in each phase (see Table 1).

the tilting of the octahedra. The angle 6, is directly related to the intensity ratio R
of the two quadrupole lines. Neglecting polarization effects [2], for thin crystals R is
approximately given by

_ I(Am =0) _2/3+sin2 0,
I(Am ==+1) 1+cos® 6,

R (1)

In the high-temperature phase I, R (corrected for the finite sample thickness) was
found to be roughly 3, indicating that 6, =0 (untilted structure). It is obvious from
Fig. 2 that V,, is negative since the more intense lines (Am = +1) are at lower
velocities.

The temperature dependence of the quadrupole splitting A is shown in Fig. 3a.
where both SPT are evident. At the first-order transition, T, =381 K, an abrupt
jump in A of roughly 0.1 mm/s is observed. Near T, =417 K, on the other hand
A varies continuously, as expected for a second-order transition, and A remains
constant in the highest symmetry phase I. A similar, but less pronounced
discontinuity in A near 380 K has previously been observed in powder samples by
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Temperature dependence of various Mossbauer parameters in phase I, II, and [II. Data points are
from different runs with increasing and decreasing temperature. For clarity, not all measured points
are shown. (a) Quadrupole splitting A. The solid line is intended to guide the eye. (b) Relative effective
mean-square displacement (—In A in arbitrary units). The straight lines represent least-squares fits
through the data points. (¢) Center shift 8. The straight line corresponds to the slope of & in phase I
and is intended to guide the eye.

Teillet et al. [13]. However, no indication of a second-order transition is seen in
their data. The temperature dependence of A is consistent with the fact that the
crystal symmetry is lowered by decreasing the temperature from phase I to IT and
from phase II to III (Fig. 3a). The values for A are unusually large for high-spin
Fe* [1, 14], whereas the values for the center shift 8 are typical for this electronic
configuration (Fig. 3c). Recently, Teillet et al. [14] have used a polarizable point
charge model to calculate the EFG in RbFeF, at room temperature. According to
these authors, the large EFG is most likely due to the non-bridging fluorine ions
in the FeF, layers. No attempt was made in this work to interpret the measured
temperature dependence of A with this model.

The total area A of the absorption lines in thin absorbers is proportional to
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the recoilless fraction f. In the harmonic approximation we may write [15-17]

A x f=exp (—k%(x3), (2)
or
—In A =c¢,+ k*{x?), (3)

where (x°) is the mean-square displacement (msd) of the “Fe nucleus along the
wave vector k of the vy-rays, and ¢, is a numerical constant which must be
determined experimentally. In the classical high-temperature limit (T > 6,,/2) the
Debye model yields

<x2> - 3f12T/(m*k3912)). (4)

Here 6, is the Debye temperature, and my is the effective mass of *'Fe.

Figure 3b shows the temperature dependence of —In A (relative msd in
arbitrary units). At the first-order transition a distinct discontinuity in —In A is
observed. This anomaly may be understood qualitatively in terms of a simple
model. In the low-temperature phase III the Fe’" ion is in a potential A, and the
corresponding effective msd is given by (xi). = ¢+ a T (high-temperature
approximation). However, at T, the shape of the potential changes abruptly due
to the sudden reorientation of the FeF, octahedra. As a result, in phase II the
thermal motion of the iron atom is determined by a different potential B with
(x3)s = cy+ayT. Using equation (3), the absolute change of (xz) at T, is:

A{xz)=Ac +AaT,,, (5)

where Ac =c¢|;— ¢y and Aa = a;;— ayy; are determined by the straight lines in Fig.
3b. We find A(x2)=1.6x10 * A2, For harmonic potentials, Ac in equation (5) is
zero [15,16]. In our case Ac is negative, indicating deviations from a harmonic
potential (low-temperature anharmonicity) [16,17], at least in the lower-
symmetry phase III. Note that just below T, a slight deviation of the effective
msd from a straight line is observed (Fig. 3b). This is likely to be due to
anharmonicity effects [ 16] which probably play an important role in triggering the
first-order transition. However, no such effect is seen in phase II above T, . One
can clearly distinguish the three phases by their different slopes in —In A as shown

in Fig. 3b. The corresponding Debye temperatures 6, as obtained from equation
(4) are:

0, =276+5K, D_-210+3K, 0W=246+3K,

where it is assumed that my is the mass of *’Fe. Note that these valucs for 6, are
significantly lower than 6, =495+50 K, deduced from thermal-shift measure-
ments in phase III [S]. For a detailed discussion of this problem we refer to Ref.
17.

No noticeable indication of the SPT was found in the center shift 8 (Fig. 3c¢),
especially at the first-order transition where an anomalous behavior is expected.
There i1s only a slight continuous change in 8 going from phase I to I11. This may
be understood as follows. The center shift & i1s the sum of two different contribu-
tions [5, 17]:

8 :SIS*(U2>/2C. (6)

The isomer shift 8,5 1s usually larger than the second term and is in general only
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weakly temperature dependent. The second-order Doppler shift —(v?)/2c is a
relativistic effect which is due to the thermal motion of the *’Fe nucleus in the
lattice. It is proportional to the mean-square velocity (msv) (v?) of the *'Fe
nucleus. A calculation of (v?) involves a summation over the entire vibration
spectrum of the lattice. In a general harmonic model [15, 17], this summation is
weighted by factors w,, where ), is the angular frequency of the jth normal mode.
For (x?), on the other hand, the corresponding weighting factor in the summation
is w; ' [15, 17]. Hence (x?) is more sensitive to low frequency modes than is (v?).
The SPT are associated with the condensation of soft phonon modes (cf. Section
IT) whose frequencies w,(q) tend to go to zero at T, [11]. Therefore one would
expect a stronger effect in —In A (msd) than in & (msv), in agreement with our
observations. Notice that at the magnetic transition, Ty = 136.6 K, a magnetically
induced anomaly in & is observed [5].

The temperature dependence of the experimental line area ratio R = Ag/A[
(uncorrected for self-absorption) is shown in Fig. 4. This quantity clearly reflects
the increasing tilting of the FeF4 octahedra with respect to the c-axis [cf. equation
(1)] as the temperature is lowered from phase I to phase III. In the high-
temperature tetragonal phase (untilted structure) Ag/A; remains constant and is
roughly 3 (6, =0), taking self-absorption corrections into account. At the first-
order transition, Ag/A; varies more rapidly than at T, where a smooth change
in Ag/A is observed that is characteristic for a second-order transition. How-
ever, no discontinuity in Ag/A; is detectable at T .

It is known that at a second-order phase transition (T,), the order parameter
®(T) vanishes continuously as

(I)(T) x (1 - T/TC)B7 TS Tcs (7)

where 3 is the critical exponent of the order parameter. Here @ is proportional to
the tilting angle ¢ of the FeF¢ octahedra in phase II. Assuming that ¢ = 6., where
6, is the angle between the principal axis of the EFG tensor V,, and the c-axis,

o.aafF . ]
0.42

o

x> 0.40

0.38

1 L |
036 300 340 380 420 460

TEMPERATURE (K)
Figure 4

Temperature dependence of the experimental area ratio Ag/A,, uncorrected for self-absorption (@
increasing temperature, O decreasing temperature). The solid line is intended to guide the eye.
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we may use equation (7) to estimate B. A best fit of the experimental data to this
power law in the reduced temperature range, 5.5x10 *<1—-T/T, <3.5x10 °,
yields: T, =417.15+0.20 K and 8 =0.36 £ 0.08. The fit is rather poor due to the
large experimental errors of 6, (see Fig. 4), and thus this value of g should only
be considered as a rough estimate. The present value of 8 =0.36 +0.08 secems to
exhibit a deviation from mean-field behavior (8 = 0.5) indicating that fluctuations
of the order parameter are important near T, . For comparison, a value of =<1 is
typical for a three-dimensional system with short-range interactions, in contrast 1o
a two-dimensional system where a value close to =4 (2D Ising model) is
expected [S].

No hysteresis effects were observed at either transition in increasing and
decreasing the temperature (Fig. 3), except for a slight systematic deviation in the
area ratio Ap/A, (Fig. 4). Hysteresis effects are usually seen at first-order
transitions. The transition temperatures agree with those obtained by the Oxford
group [6] as listed in Table 1. Finally, at both SPT a broadening of the quadrupole
lines is observed that is most likely due to sample and temperature in-
homogeneities.

IV. Conclusions

We have used the Maossbauer technique to investigate the structural phase
transitions in RbFeF,. Our findings are essentially in accordance with the previous
results of Hidaka et al. [6]. We conclude that the transitions at T, =381 K and
T.. =417 K are “weak” first-order and second-order in character, respectively.
Our results are also consistent with the simple model proposed by the Oxford
group [6]. According to this model, the SPT may be interpreted in terms of simple
rotations of FeF, octahedra around the crystallographic a and b axes. In particu-
lar, at T, a distinct jump in the quadrupole splitting and a discontinuity in the
cffective mean-square displacement are observed that are most likely induced by
a sudden reorientation and slight deformation of the FeF, octahedra. At T_, on
the other hand, all measured quantities vary continuously with temperature as
expected for a second-order phase transition.

The present estimate of the critical exponent £ =0.36+0.08 scems to
indicate a deviation from *‘classical” Landau behavior. The accuracy of (.
however, is insufficient at present to draw any definite conclusions about the
nature of the second-order transition. More experimental work is still required to
get a better understanding of these structural phase transitions.,
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