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Temperature dependence of acoustic properties of [NH4][Mn(HCOO)3] and [NH4][Zn(HCOO)3]

metal-organic frameworks was investigated by high-resolution micro-Brillouin scattering. Clear

anomalies in the Brillouin shift and damping were observed near the transition temperature Tc

upon cooling for the acoustic phonon corresponding to the c11 elastic constant. Analysis of the

acoustic anomalies showed that the order parameter exhibits critical slowing down near Tc with

the relaxation time of similar order of magnitude as for other order-disorder ferroelectrics. VC 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4880815]

Metal-organic frameworks (MOFs) have emerged as a

promising class of compounds for various applications due

to the huge number of organic ligands and metal ions combi-

nations that offer the possibility of a systematic tuning of

their physicochemical properties. Among these materials,

metal-organic frameworks with formate ligands and divalent

cations were shown in recent years to be a novel class of

multiferroic materials with tailored magnetic and ferroelec-

tric properties.1–4 [NH4][Mn(HCOO)3] (NH4MnF) and

[NH4][Zn(HCOO)3] (NH4ZnF) belong to this family of

hybrid organic-inorganic compounds exhibiting multiferroic

properties. They undergo a ferroelectric phase transition at

254 and 191 K for NH4MnF and NH4ZnF, respectively, from

the P6322 to the P63 phase.4 It has been reported that this

transition is associated with ordering of ammonium cations

but detailed mechanism is still not well understood.4

In spite of great scientific and technological interests of

MOFs, elastic properties of MOFs are poorly studied, espe-

cially as a function of temperature. Knowledge of elastic

properties is, however, of great importance since they reflect

the intrinsic interatomic bonding that governs the structure

and stability of solids. In the family of [NH4][M(HCOO)3]

compounds (M¼ divalent cation), Young’s moduli measured

by nanoindentation method were reported only for NH4ZnF

and only at room temperature.5 In the present Letter, we

report the Brillouin scattering studies of NH4MnF and

NH4ZnF in 113–343 and 93–303 K range, respectively, in

order to understand the mechanisms of the phase transitions,

and to find out whether these transitions are related to relaxa-

tion phenomena.

Single crystals were grown by a slow diffusion method

reported elsewhere.4 The Brillouin spectra were obtained with

a 3þ3 pass tandem Sandercock-type Fabry-Perot interferome-

ter combined with an optical microscope. The scattered light

from the sample was collected in the back-scattering geome-

try. A cryostat cell (THMS 600) with a stability of 0.1 K was

used for temperature variation.

Typical Brillouin spectra at selected temperatures corre-

sponding to the acoustic phonons propagating along the x
and z axes are shown in Fig. 1, where x and z correspond to

the a and c hexagonal axes, respectively. A strong peak in

Figs. 1(a) and 1(c) (1(b) and 1(d)) at about 22.4 and

24.5 GHz (30.1 and 32.2 GHz) for NH4MnF and NH4ZnF,

respectively, correspond to the c11 (c33) elastic constant. The

weak peaks in Figs. 1(a) and 1(c) (qIIx) at about 15.3 and

16.3 GHz (6.8 and 7.9 GHz) for NH4MnF and NH4ZnF,

respectively, correspond to the c44 (c66) elastic constant.

Significantly different values of Brillouin shifts �1 for longi-

tudinal acoustic (LA) phonons propagating along the z and x
axes reflect structural anisotropy of the framework. The ratio

c33/c11 is proportional to (�33/�11)2, and based on our data, it

has been estimated as 1.81 and 1.73 for NH4MnF and

NH4ZnF, respectively. This result points to slightly smaller

elastic anisotropy of the Zn compound. It is worth noting

that the decrease in elastic anisotropy for NH4ZnF is corre-

lated with decrease of the c/a ratio of the lattice parameters,

which changes from 1.153 for NH4MnF to 1.118 for

NH4ZnF. Since refractive indices of the studied crystals are

not known, we cannot calculate the respective elastic con-

stants. We may, however, estimate a ratio of elastic constants

cii for NH4MnF and NH4ZnF. The ratio cii
Zn/cii

Mn �
(qZn/qMn)(�1

Zn/�1
Mn)2, where q denotes crystal density.

Assuming the same refractive indices for the studied com-

pounds, the ratio is about 1.32, 1.27, 1.26, and 1.49 for the

c11, c33, c44, and c66 elastic constants, respectively. This

comparison shows that all elastic constants are significantly

higher for NH4ZnF, i.e., the stiffness of the structure

increases when Mn2þ is replaced by smaller Zn2þ cation.

This behavior is significantly different from that reported for

the dimethylammonium Zn and Mn formates, i.e., for these

compounds very similar Young’s moduli were reported but

the moduli increased for the Co and Ni analogues.6 It has

been argued that there is a correlation between elastic modu-

lus and ligand field stabilization energy (LFSE), i.e., me-

chanical stability increases with greater LFSE.6 Our result

shows that this conclusion is not valid in the ammonium
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compounds studied here, since they differ significantly in the

mechanical stability in spite of zero LFSE.

The plots of frequency versus temperature for LA modes

traveling along the z axis show no anomaly for NH4MnF and

very weak, smooth growth near Tc for NH4ZnF (see Fig. 2).

The transverse acoustic (TA) modes show nearly linear tem-

perature dependence down to Tc followed by significant

growth below Tc. Very similar shapes of the acoustic anoma-

lies near Tc are also observed for the TA modes traveling

along the x axis (see Fig. 3). Such anomalies of the TA

modes are characteristic for the biquadratic coupling

between the order parameter g and corresponding strain

components e of the type e2g2. Fig. 3 also shows that fre-

quency of the LA mode traveling along the x axis exhibits

very weak downward step near Tc for NH4ZnF. The observa-

tion of downward step indicates that this LA mode couples

with square of the order parameter. This step-like anomaly

starts at about 190 K and the minimum frequency occurs at

about 187 K. This mode also exhibit distinct anomaly in the

temperature dependence of full width at half maximum

(FWHM) with maximum at about 188 K. More pronounced

downward step and FWHM anomaly for the discussed LA

mode is observed for NH4MnF while other acoustic phonons

do not show any anomalies in FWHM. In this case, the step

starts at about 249 K and the minimum frequency is at 238 K

while FWHM is maximum at about 241 K. As can be

noticed, the observed softening at 190 K for NH4ZnF agrees

well with Tc¼ 191 K but for NH4MnF this downward step

starts at about 5 K lower temperature than Tc. This difference

can be most likely attributed to some temperature gradient in

the sample and presence of some defects. Another interesting

observation is that the downward step is not very sharp, espe-

cially for the NH4MnF compound, for which it extends over

11 K. Moreover, the maximum value of FWHM is located

almost in the middle of the step. Such behavior suggests that

the observed step-like frequency changes are associated with

an order-disorder transition at Tc.

Let us now discuss the acoustic properties in the frame-

work of Landau theory. The driving order parameter of the

P6322 to P63 phase transition in the studied compounds is

associated with the critical wave vector K2 of the paraelec-

tric phase.7 The transition is induced by freezing of the g1

component of the order parameter and the corresponding

free energy expansion takes the form:

F ¼ a1ðe1þe2Þg1
2þ a3e3g1

2þ a4ðe4
2þe5

2Þg1
2

þ a5½ðe1�e2Þ2þe6
2Þg1

2; (1)

where a1, a3, a4, and a5 denote coupling constants. Detailed

analysis presented by Carpenter et al. showed that in the

static approximation, the c33 elastic constant should exhibit

step-like frequency change, the c44 and c66 elastic constants

should increase above Tc by 2a4g1
2 and 2a5g1

2, and c11¼ c22

should have two contributions: step-like decrease and

increase proportional to 2a5g1
2.7 As mentioned above, the

observed acoustic anomalies are consistent with the expected

changes but they also suggest additional contribution due to

dynamic effects.

It is well-known that the fluctuation of electric polariza-

tion DP shows a characteristic anisotropy near Tc owing to

the long range electrostatic dipole-dipole interaction.8,9 The

longitudinal component of DP is suppressed by the appear-

ance of the depolarization field, while the transverse one is

not. As a result, if a phonon propagates along the direction

FIG. 1. Representative Brillouin

spectra of NH4MnF ((a) and (b))

and NH4ZnF ((c) and (d)) at

selected temperatures corre-

sponding to the acoustic pho-

nons propagating along the x-

and z-axis.

FIG. 2. Temperature dependence of frequency shift for LA ((a) and (c)) and

TA phonons ((b) and (d)) propagating along the z axis. Blue and red color

correspond to cooling and heating run, respectively.
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parallel to polarization, Brillouin spectra usually do not

show any anomaly in FWHM because of the suppressed fluc-

tuation. If a phonon propagates perpendicular to polarization,

strong anomaly is predicted to be observed.10,11 In the family

of [NH4][M(HCOO)3] compounds, spontaneous polarization

appears along the z axis.4,12 Thus, the observed lack of any

anomaly for the LA mode propagating along the z axis seems

to be consistent with the depolarization field effect. It is

worth noting, however, that some anomalous broadening of

the LA mode propagating along the x axis is also observed

above Tc. This additional broadening, not observed for the

LA mode propagating along z axis, cannot be explained by

the depolarization field effect since there is no Ps in the para-

electric phase. We suppose that this contribution comes from

a local piezoelectric coupling inside precursor polar clusters

with local point symmetry C6. For the ferroelectric point

group 6, the relevant piezoelectric constants are d31¼ d32

and d33. When d33 constant is much smaller than d31¼ d32,

the phonon traveling along the z axis may show no anomaly.

The observed acoustic anomaly can be analyzed to

obtain information on the relaxation time sLA by the LA pho-

non in the ferroelectric phase. Assuming that the single

relaxation time is appropriate, it can be determined from the

relation13

1

2ps
¼ �2

1 � �2
0

C0 � C1
: (2)

Here, �1 (C1) is the observed Brillouin shift (FWHM) and

�0 (C0) is the Brillouin shift (FWHM) not affected by the

transition. The FWHM observed far above Tc (0.4 GHz) was

taken as C0. In order to evaluate �0, data in the 250–278 K

range were fitted by a linear function. The plot of 1/s
obtained from the experimental data for the c11 mode of

NH4MnF with the help of Eq. (2) is shown in Fig. 4. As it

can be seen, 1/s is approximately a linear function of temper-

ature. Such behavior is known as a critical slowing down,

where 1/sLA can be described by the formula14

1

sLA
¼ Tc� T

Tc

1

s1

: (3)

The best fit to the experimental data with Eq. (3) yields

s1¼ 0.46 ps. The relaxation time in the ferroelectric phase of

FIG. 3. Temperature dependence of frequency shift for LA ((a) and (e)) and TA phonons ((b), (c), (f), and (g)) propagating along the x axis. (d) and (h) show

temperature dependence of FWHM for LA phonons propagating along the x axis. Blue and red colors correspond to cooling and heating run, respectively.

Inset in (a) shows details of the acoustic anomaly and the solid line corresponds to the fit of the experimental data in the 250–278 K range to a linear function.

FIG. 4. Temperature dependence of inverse relaxation time 1/s estimated

from temperature dependence of the LA phonon of NH4MnF propagating

along the x axis.
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NH4MnF is of similar order of magnitude as the relaxation

times observed for typical order-disorder ferroelectrics, for

instance, KH2PO4 with s1¼ 0.12 ps.15

In an order-disorder phase transition, a softening of an

elastic constant, in respect to the static value, will be

observed at sufficiently low frequency x, so that xs� 1,

whereas for slow relaxation times and high frequency

(xs� 1) an elastic constant should not exhibit any soften-

ing.16 The plausible explanation of significantly weaker

anomalies for the LA mode propagating along the x axis for

NH4ZnF when compared to NH4MnF is slower relaxation of

the polarization in the former case and/or weaker smaller

coupling constant between the LA mode and the polarization

fluctuation. Since in the ammonium and amine templated

metal formate frameworks the organic cation was shown to

be the main source of electric polarization,17 the observed

behavior can be most likely attributed to a tighter binding of

the NH4
þ cations in the Zn-formate framework than in the

Mn-formate framework.

In conclusion, our results indicate that the stiffness of

the structure increases when Mn2þ is replaced by smaller

Zn2þ cation. They also confirm the ferroelectric nature of the

structural phase transition in ammonium metal formates and

reveal critical slowing down of the order parameter near Tc

for NH4MnF.
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