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Abstract. K2Ge8O17 shows a structural phase transition nearTc ≈ 269 K. The temperature
dependence of the optical birefringence1n, of the elastic stiffness constantscij and of the
effective electro-optical coefficientsr(eff ) is determined. AtTc the derivative∂ 1n/∂T changes
its sign. Elastic properties are studied by recording the acoustic resonances of a rectangular
parallelepiped. We discuss those features of the method which are important in the investigation
of phase transitions. No signature of elastic softening nearTc is observed in K2Ge8O17. Below
Tc, c44 andc66 increase continuously. The elastic hardening is accompanied by the onset of a
small electro-optical effect. Its existence demonstrates the loss of the centre of symmetry, its
anisotropy is consistent with a triclinic symmetry, and its magnitude suggests a spontaneous
polarization of about 6× 10−4 C m−2 in the low-temperature phase. Although K2Ge8O17 is
reminiscent of a weak ferroelectric material there are some observations which are uncommon
to a paraelectric–ferroelectric phase transition.

1. Introduction

Several germanates show ferroelectric phase transitions but they cannot be regarded as
typical ferroelectric materials. The truth of this statement becomes evident from a simple
comparison of values for the spontaneous polarizationP(s). Its magnitude in a typical
ferroelectric oxide like BaTiO3 or LiNbO3 is P(s) = 0.4 C m−2 [1]. This is significantly
bigger thanP(s) = 4 × 10−2 C m−2 in Pb5Ge3O11 [1] or P(s) = 1 × 10−2 C m−2 in
LiNaGe4O9 [2]. The values forP(s) are considered at about 40 K belowTc. A very
small spontaneous polarization of 3× 10−4 C m−2 is observed in BaZnGeO4 [3] and in
Li 2Ge7O15 (abbreviated as LGO) [4]. Equivalent to a small value ofP(s) is a low Curie–
Weiss constant or a weak polar soft mode. The chemical relationship between K2Ge8O17

(abbreviated as KGO) and LGO is obvious. In addition the temperaturesTc are similar in
the two crystals (269 K in KGO and 283 K in LGO [5]). Therefore one may expect similar
mechanisms to be responsible for the phase transitions in the two crystals. LGO belongs
to the class of so-called weak ferroelectrics. In these materials the critical divergence of
the dielectric susceptibility atTc is accompanied by the softening of some elastic constants
[6]. The simultaneous appearance of dielectric and elastic anomalies indicates the mixing
of optical and acoustical phonons. The structural feature which enables mode coupling is a
nonvanishing component of internal strain [7, 8]. As in KGO forty parameters of this kind
exist [9], mode coupling may happen very easily. Therefore it is important to study dielectric
as well as elastic properties near the phase transition. In the present work we determine
the changes in the elastic behaviour nearTc and we want to clarify whether a centre of
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symmetry still exists belowTc. Its absence is a necessary condition for a ferroelectric phase
and consequently also for the possibility that KGO fits the scheme of weak ferroelectricity.

Among all of the alkali germanates, KGO is the compound with the smallest content
of alkali oxide and it is the only compound without octahedral GeO6/3 building units. In
KGO, GeO4/2 tetrahedra form rings in the (010) plane and chains along theb-axis. The
space group isPnma [10, 11]. Theb-axis shows a pseudotetragonal symmetry which is
reflected also by the optical and elastic properties [9]. Transformation heat and changes
in the slope of the temperature dependence of the birefringence indicate a phase transition
near 280 K [11]. Kizhaevet al [12] observed a B1g mode in the Raman spectrum of
KGO. It softens from 42 cm−1 at 1017 K to 17 cm−1 nearTc. Performing measurements
of the dielectric constants with high accuracy in small temperature steps they detected a
faint but well reproducible increase ofεa and εc at the temperatureTc = 269.6 K. The
weakness of the dielectric anomaly of 10−3 suggests that the trend in germanates towards
weak ferroelectricity culminates in KGO.

The previous investigations of KGO demonstrate a weak influence of the phase
transition on physical properties [11, 12]. Therefore we have selected sensitive experimental
techniques to investigate changes nearTc. In section 2 we report the measurement of optical
birefringence. Its dependence on temperature belowTc is believed to be proportional to
the order parameter. Elastic measurements are presented in section 3. The elastic constants
have been determined by recording the resonances of a rectangular parallelepiped. The
theoretical background of this method of acoustic spectroscopy was developed two decades
ago [13, 14], but its use in experiments dates back only to more recent work [15–19].
The method is believed to be an excellent probe of phase transitions [20] and has already
been applied in this area [21, 22]. We consider its advantages and disadvantages for the
investigation of elastic anomalies in some detail. The loss of the centre of symmetry is
tested in section 4 by means of the linear electro-optical effect. In section 5 the essential
features of the phase transition are summarized.

2. Birefringence

As already mentioned in section 1, different transition temperatures have been reported.
The maximum in the dielectric constants occurs atTc = 269.6 K [12]. Harbrecht, Kushauer
and Weber [11] observed in different experiments and for different samples variations of
the transition temperature between 275 K and 285 K. One reason for the variations can be
a different quality of samples, because single crystals of KGO often show melt inclusions
if the b-axis is the growth direction. To check such influences we determine the optical
birefringence as a function of temperature for two samples. The thickness of sample S1 is
L1 = 0.39 mm and it is cut from a bowl showing inclusions. Sample S2 is optically clear
and it is thicker than sample S1 (L2 = 5.38 mm). The light wave travels along [010] and
the observed difference in refractive indices is1n = n1 − n3. As shown in figure 1,1n

is the same in the two samples. We conclude that figure 1 shows a behaviour which is
representative for KGO. Above 285 K the slope∂ 1n/∂T is constant which permits us to
determine1n(Tc), which is the extrapolated value of1n at the phase transition as shown
in figure 1. BelowTc the quantity1n∗ = 1n − 1n(Tc) is described by

1n∗ = C(b)(T
(b)
c − T )1/2 (1)

with C(b) = 75(±5) × 10−6 K−1/2. T (b)
c = 268.2(±0.9) K is the transition temperature

determined by birefringence measurements. Equation (1) suggests that1n∗ is proportional
to the order parameterQ and that the phase transition is of second order. Obviously there
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Figure 1. The optical birefringence1n = n1 − n3 in the vicinity of the phase transition of
K2Ge8O17. Results are shown for the two samples S1 (open diamonds) and S2 (full squares)
described in the text. Solid lines are fits as explained in the text.

exists an intermediate rangeTc < T < 290 K with a nearly constant birefringence. A
comparison of the KGO lattice constants at 123 K, 293 K, and 523 K [11] shows that
thermal expansion is nearly the same above and belowTc whereas∂ 1n/∂T changes its
sign atTc. We conclude that no significant spontaneous strain is connected with the phase
transition.

Due to the intermediate range, the determination of a unique value forTc is difficult.
Therefore we believe thatT (b)

c = 268.2 K is not necessarily inconsistent withTc = 269.6 K
which is the maximum of the dielectric constant [12]. For both samples, S1 and S2, we
are unable to detect a rotation of the optical indicatrix which apparently contradicts an
earlier observation [11]. We would like to mention that figure 1 is reminiscent of the phase
transition in LGO where the differencen3 − n1 shows qualitatively the same dependence
on temperature [23].

3. Elastic measurements

In our apparatus for acoustic spectroscopy the sample is mounted between two piezoelectric
transducers. The first transducer excites the sample and the second transducer detects
its vibrations while the frequency is scanned [22, 19]. Figure 2 shows a small part of the
spectrum at two temperatures. The shifts of the resonance frequenciesfm are a consequence
of the phase transition occurring between the two temperatures. Obviously, the shifts can
be determined with a high sensitivity. We observe a high accuracy, too. On remounting
the sample in the cryostat and repeating the temperature run, the resonance frequencies
at a specific temperature are reproduced with a relative error of less than 4× 10−4. The
narrowness of the peaks indicates a sample of high quality. In figure 2f1, f2, andf3 are
presented. We analysed more than fifty resonances. This is a sufficient number of data for
determining all nine elastic constants of an orthorhombic crystal in one run and for one
sample.
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Figure 2. A small part of the acoustic spectrum for 274 K (solid line) and 266 K (broken line).
For the sake of comparison the positions of the three resonancesf1, f2 (unmarked peaks), and
f3 are shown for 293 K, too. Notice the comparatively small frequency shifts above the phase
transition occurring at 269 K.

The ease and the accuracy of the experimental procedure is ‘paid for’ by the large
amount of numerical calculation needed for analysing the spectrum [16, 20]. Besides this
technical problem, the method shows a more intrinsic disadvantage, too. In most resonance
frequencies the contribution of the elastic constantsc44, c55, and c66 is dominant and they
can be determined with high accuracy. This is not the case with the other coefficients.
Another problem is the assignment of modes if they are close together. This may easily
become the case in the course of a phase transition because different modes show a different
dependence on temperature. As a consequence crossing of modes and frequency shifts due
to a repulsion of coupled resonances can be observed. Furthermore the disappearance of a
resonance due to the temperature dependence of its oscillator strength is possible. For these
reasons it is important to inspect the variation of each resonance frequency carefully in the
course of a phase transition.

Table 1. Elastic constantscij (unit: GPa) of K2Ge8O17 at 293 K. Uncertainties are given in
parentheses.

c11 = 65.9(0.7) c12 = 26(1) c44 = 4.8(0.1)

c22 = 87.3(1.0) c13 = 9(1) c55 = 20.6(0.1)

c33 = 56.2(0.4) c23 = 19(1) c66 = 12.8(0.1)

We proceed in the following way. At ambient temperature the resonance data are verified
by measuring the velocity of ultrasonic waves. In this way ambiguity in the assignment
of some modes is removed. The result is the set of elastic constants shown in table 1.
The elastic constants and all other tensor quantities used in the present paper are referred
to a system of Cartesian coordinates with its axes parallel to the orthorhombic axes of the
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Figure 3. The resonance frequency of two selected modes versus temperature.

Figure 4. The resonance frequency of two selected modes versus temperature. Notice the
constant slope of mode ‘C’.

crystal. The basic features of the elastic behaviour nearTc are demonstrated in figures 3
and 4. Figure 3 exhibitsfm(T ) for two different modes. Near room temperature∂fm/∂T

is very small. On decreasing the temperature, the dependence onT is stronger for mode
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‘A’ than for mode ‘B’. The behaviour of mode ‘A’ is characterized by

∂f A
m

∂T
< 0 with


∂2f A

m

∂T 2
> 0 for T > Tc

∂2f A
m

∂T 2
< 0 for T < Tc.

For mode ‘B’ we observe

∂f B
m

∂T
> 0 for T > Tc

∂f B
m

∂T
< 0 for T < Tc.

About 70% and 30% of all resonances show a dependence on temperature like mode
‘A’ and mode ‘B’, respectively. There is one exception, and that is the curve denoted by
‘C’ in figure 4. It is characterized by a linear dependence onT over the whole range of
temperatures under investigation. The crossing of ‘C’ and ‘A1’ in figure 4 is a nice example
of repulsion due to mode coupling.

Figure 5. The temperature dependence of some elastic constants aboveTc.

AboveTc the changes of the resonance frequencies are rather small. This permits us to
determine the changes of the elastic constants by considering the linear relationships

1fm =
∑
i,j

∂fm

∂cij

1cij .

Here1fm = fm(T ) − fm(293 K) and1cij = cij (T ) − cij (293 K) are the increments
of fm and cij in the temperature rangeTc 6 T 6 293 K. The derivatives∂fm/∂cij are
calculated by use of the elastic constants given in table 1. The numerical values show that
∂c55/∂T is responsible for the constant value of∂f C

m /∂T . Thus the phase transition has
no impact of onc55. Furthermore the strong changes of mode ‘A’ resonance frequencies
are caused by∂c44/∂T and ∂c66/∂T . The influence of the phase transition on modes ‘B’
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occurs only in the close vicinity ofTc. In these modes mainly the elastic constantscij

with i, j 6 3 are involved. A comparison of the derivatives∂f A
m /∂c44 and∂f A

m /∂c66 with
∂f B

m /∂cij (i, j 6 3) shows that the latter quantities are usually smaller by a factor of ten.
This renders an exact determination of∂cij /∂T with i, j 6 3 more difficult than of∂c44/∂T

and∂c66/∂T . The problem is aggravated by two approximately linear dependences which
can be described by the increments

1c∗ = 1c11 − β∗ 1c12 and 1c∗∗ = 1c33 − β∗∗ 1c23.

To obtain the best result we proceed in the following way. There are a sufficient number
of resonances (14) with a negligible contribution of1c44, 1c55 and 1c66 and with
nearly equal values forβ∗ and β∗∗, respectively. Selecting these resonances, the changes
1c∗, 1c∗∗, 1c22, and1c13 can be determined with a higher accuracy than all changes1cij

even if they are deduced from a large number of modes (50). Results forT > Tc are
presented in figure 5. They show that

∂c11

∂T
= ∂c12

∂T
= ∂c13

∂T
= 0. (2)

ApproachingTc from room temperature,c22 becomes harder and onlyc∗∗ decreases
slightly. The analysis with all of the elastic constants and with all of the modes shows that
this decrease is caused by a hardening ofc23 rather than by a softening ofc33.

Figure 6. Elastic constantsc44 andc66 versus temperature.

We are not able to establish any elastic softening nearTc. Thus the small values ofc44

andc13 observed at room temperature (see table 1) are not precursors of the phase transition.
Below Tc least-squares fits on the basis of an orthorhombic symmetry yield acceptable

results only forckk with k = 4, 5, 6. The constant value for∂c55/∂T has already been
mentioned above. As shown in figure 6,c44 andc66 change continuously atTc. Below Tc

their dependence on temperature is described by

cij = c0
ij + C(el)(T

(el)
c − T )1/2 (3)
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where c0
ij is the value at 293 K. The transition temperature isT (el)

c = 269(±1) K. As
demonstrated in figure 6 and also in figure 3 by mode ‘A’,δc44/δT 6= 0 andδc66/δT 6= 0 is
already observed below 285 K. Thus, the two elastic constants show a similar intermediate
range to the birefringence in figure 1. In both cases the intermediate range is most probably
caused by fluctuations of the order parameter.

4. Electro-optic measurements

The onset of ferroelectricity is inevitably connected with the loss of the centre of symmetry.
This can be tested very sensitively by measuring the linear electro-optical effect which
describes the impact of an electric field on the relative dielectric impermeability tensoraij

via

1aij = rijkEk. (4)

Measurements are performed on three samples of different dimensions but with the same
orientation. All edges are parallel to the crystallographic axes. We chose the transversal
configuration with the electric fieldE perpendicular to the wavevector. The light source is
a He–Ne laser. Using alternating fields and a lock-in detection system, the induced changes
in the optical birefringence are recorded with high sensitivity. We do not determine the
absolute sign of the electro-optical effects.

Table 2. The linear electro-optical effect in K2Ge8O17. The temperature dependence of
the coefficientsrijk is described by equation (5). The fitting parameters areC(r) (unit:

10−14 mV−1 K−1/2) andT
(r)
c (unit: K). T

(b)
c is determined by measuring optical birefringence.

Numbers with and without an asterisk denote data taken on warming and on cooling, respectively.
Rows marked by the same number belong to measurements with the same orientation of the
electric fieldE and of the wavevectork. S3, S4, and S5 represent three different samples.

No E k riii − rjji Sample Cr T
(r)
c T

(b)
c

1a [100] [010] r111 − r331 S3 0.184(6) 264.5(3)
1b∗ S3 0.210(25) 268.4(3)

2 [100] [001] r111 − r221 S4 −0.229(7) 266.3(3)

3 [010] [100] r222 − r332 S3 0.012(2) 263.6(9)

4 [001] [100] r333 − r223 S3 0.211(9) 264.3(4)

5a [010] [001] r222 − r112 S4 0.318(9) 266.5(4)
5b∗ S5 0.206(8) 267.8(8)

6a∗ [001] [010] r333 − r113 S5 −0.285(9) 266.8(3) 268.2(5)
6b∗ S5 −0.369(24) 267.9(9) 268.2(5)
6c∗ S5 −0.646(22) 268.7(4) 268.2(4)
6d S5 −0.642(55) 266.7(6) 268.2(4)

A typical result is presented in figure 7. It is obtained by decreasing the temperature
step by step and determining the electric-field-induced birefringence at constantT . Below
Tc a small linear electro-optical coefficient of about 10−15 m V−1 is observed (squares in
figure 7). This is significantly smaller than the effect inα-quartz (r111 = 4× 10−13 m V−1)
or in KDP (r123 = 10−11 m V−1). In a second run the sample is cooled step by step under
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Figure 7. The electro-optical coefficientr333 − r223 of KGO for cooling runs with different
static fieldsEdc. �: Edc = 0; N: Edc > 0; H: Edc < 0. Solid lines show fits made using
equation (5).

the action of a static electric field. At constant temperatures the dc field is switched off only
for the time which is needed to measure the electro-optical effect with alternating fields.
Now the coefficientsr333− r223 are bigger than in the first run. They change sign in a third
temperature run with the opposite direction of the dc field. The influence of the dc field
is easily explained by the existence of a spontaneous polarization with a component along
the crystallographicc-axis. On cooling the sample without an external dc field, domains
with both orientations ofP(s) are created belowTc. By the action of a dc field it becomes
homogeneously polarized. In the vicinity of the transition temperature the effective electro-
optical coefficient is described by

r(eff ) = C(r)(T
(r)
c − T )1/2 (5)

where r(eff ) represents the difference of two coefficientsrijk and contains piezoelectric
contributions. The experiment shown in figure 7 was repeated for different orientations.
It turned out that in all measurements equation (5) works well fromT (r)

c to about
T (r)

c − T = 20 K. At low temperaturesr(eff )(T ) differed significantly from the temperature
dependence given by equation (5). Nevertheless equation (5) represents an appropriate
relation for use in comparing the magnitude of the effect and the transition temperature
observed in different measurements. The results of least-squares fits are summarized in
table 2. All of the values were obtained from runs in which the sample was cooled under
the action of a static electric field. The data were recorded on cooling or on warming.

First we discuss the order of magnitude observed forr(eff ). Assuming a spontaneous
polarizationP(s) as the origin of the linear electro-optical effect, equation (4) can be written
as

1aij = ε0MijmnχnkP(s)mEk (6)

whereχij is the relative static susceptibility. From Miller’s rule [24] the coefficientMijkl

of the quadratic electro-optical effect varies smoothly in different materials. Inspecting
the experimental data reported for 26 different crystals we obtain the average value
M̄ = 0.21(±0.07) m4 C−2. Using average values also forrijk (see table 2) andχij [12]
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for KGO we are able to estimateP(s) as shown by a comparison of equation (6) with
equation (4). The result is

P(s) = 6 × 10−4 C m−2. (7)

This is of the same order of magnitude as observed for the germanate Li2Ge7O15 [4].
The observed value forr222 − r332 (table 2) is so small that it may be due to a

misorientation of the sample.r222− r332 = 0 is consistent with a mirror plane perpendicular
to theb-axis which again is consistent with the observed anomaly of the dielectric constants
[12]. However, this interpretation is made inadmissible by the comparatively large values
for r222 − r112 (table 2) obtained for two different samples. Taking into account that for all
configurations in table 2 the linear electro-optical effect exists, we conclude that there is a
triclinic symmetry belowTc.

Table 2 demonstrates several unusual features of the electro-optical effect. Its magnitude
and the temperatureT (r)

c depend on experimental conditions. Measurements Nos 5a and 5b
show differentC(r) for two different samples. In generalT (r)

c is smaller for measurements
on cooling than on warming which is inconsistent with the continuous onset of the effect
below Tc. The position of the light beam in the sample varies in experiments 6a, 6b, and
6c. Obviously the sample is inhomogeneous with respect to the electro-optical effect. The
variation ofC(r) is no experimental mistake as demonstrated by the combined measurements
6c/6d and 1a /1b. In both cases the laser position in the sample was the same and the values
for C(r) agreed within the experimental accuracy in the two temperature runs. In all No 6
measurements, optical birefringence was determined simultaneously with the electro-optical
effect. As the values forT (b)

c coincide in all of the runs, the variation of the transition
temperature is restricted to the electro-optical effect. This suggests the following simple
explanation for the observed variations. Due to the low symmetry the domain structure
below Tc is rather complex. In addition the linear electro-optical effect is small. Thus an
unusually strong influence of crystal imperfections on the measurements is possible.

5. Conclusion

The temperature dependence of1n∗ (equation (1)),1c44 and1c66 (equation (3)), andr(eff )

(equation (5)) suggests that these quantities are coupled to the order parameterQ belowTc.
The nature ofQ cannot be clarified decisively by the present experiments. However, we
are able to exclude the possibility that a spontaneous strain is the intrinsic order parameter.
The existence of a small electro-optical effect belowTc is consistent with the assumption of
a weak ferroelectric phase. In this case the order parameter is the spontaneous polarization
P(s), but in contrast to the case of a common ferroelectric phase,P(s) should change its sign at
low temperatures [25]. In LGO the typical feature of a change of sign has been demonstrated
for different properties depending onP(s) [26]. We have checked the possibility of such
a behaviour in KGO by measuringr333 − r223 and r111 − r331 for an extended temperature
range. In both cases we do indeed observe a strong decrease of the effect at low temperatures
but no change in the sign. Thus KGO follows the general scheme of a weak ferroelectric
material but it is an untypical example.
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