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Abtract. The temperature dependences of the elastic eonamk of the antiferromagnetic lnm 
alloys FemMna and C!n&lnrr have been investigated behveen 4.2 K and 800 K. Anomalies 
in the temperame behaviour of the sound velocities have been found in the vicinity of the 
magnetic phase transition indicating a strong magnetoelastic coupling in these antiferromagnetic 
Invar systems. The Landau theory has been adapted to the particularities of the systems under 
study for a phenomenological interpretation of the experimental data. Comparing our results with 
data obtained on ferromagnetic Invar alloys. we conclude that OUT phenomenological model is 
able to describe consistently the elastic anomalies in ferromagnetic and antiferromagnetic Invar 
systems. 

1. Introduction 

Since its discovery in 1897 [l] the Invar effect has been used in nnmerous applications. For 
example the anomalous behaviour of the thermal expansion coefficient of Invar systems in 
the vicinity of their magnetic phase transition has been very useful for achieving dimensional 
stability in precision instruments [Z]. However, the physical origin of the large magneto- 
volume effects in the Invar alloys has only recently been explained in terms of the electronic 
band structure of 3d transition metals and alloys [3,4,5]. A quantitative comparison of the 
theory with experimental data is nevertheless extremely difficult due to the impracticability 
of including in a microscopic theory all the relevant parameters influencing the actual 
physical properties. 

Strong magnetovolume effects responsible for the Invar anomalies are observed 
in ferromagnetic as well as in antiferromagnetic 3d transition metal alloys when the 
electrodatom ratio reaches certain critical values, i.e. e/a = 8.6 and e/a = 7.6 [6]. 
Whereas the temperature behaviours of the elastic constants of the ferromagnetic Invar alloys 
have been studied quite extensively [7,8.9, ~10, 11, 121, their antiferromagnetic counterparts 
have received much less attention. Both Lenkkeri [13] and Renaud 191 investigated an Fe- 
Mn alloy with a composition of approximately F e a M w ,  and they both found a positive 
magnetic contribution to the longitudinal elastic constants. This is in contrast to experimental 
results for ferromagnetic Invar alloys where a substantial softening of all elastic constans 
below the normal Debye behaviour has been observed. 

At first sight these results on Invar effects in ferromagnets and antiferromagnets seemed 
to defy unified explanation. Recently, however, the range of elastic meawements has been 
extended to higher and lower temperatures in a sample of similar composition, FeaMn4o 
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1141, and it has been found that the discrepancy was due to a previous invalid extrapolation 
of the high-temperature data. 

Invar anomalies of the thermal expansion also occur in the Co-Mn alloy system. For a 
composition between about 30 and 55 at.% Mn these alloys crystallize in a disordered 
facecentred cubic smchue [15]. The magnetic structure changes from ferromagnetic 
to antiferromagnetic with increasing manganese concentration at approximately 35 at.% 
Mn. Close to this critical concentration mixed magnetic behaviour is observed [15]. 
Both ferromagnetic and antiferromagnetic CoMn alloys show magnetovolume anomalies, 
although these are smaller than in the classical ferromagnetic Invar substance Fe65Ni35. 
We have started an investigation of the elastic behaviour of CoMn alloys because of the 
possibility of studying the effects on the elastic constants of the transition from ferromagnetic 
to antiferromagnetic order in a binary alloy system. 

In this work we have investigated the elastic behaviour of an antiferromagnetic single 
crystal of CoaMn54 between 4.2 K and 800 K. The experimental results are compared 
with measurements of the elastic constants of antiferromagnetic F w M w  which have been 
published previously [14]. 

In order to obtain a phenomenological interpretation of the experimental data, the Landau 
theory of second-order phase transitions has been applied to the systems under study. The 
symmetry of these systems leads to some conclusions concerning the size of magnetoelastic 
effects, which are confirmed by experimental observations in Invar samples. The parameters 
of this Landau approach may serve as a basis for a more quantitative understanding of the 
microscopic basis of the Invar effect. 

In the next section the experimental set-up is described and the results obtained for 
CoGMn54 are shown. They are compared to the temperature dependence of the elastic 
constants of F w M w .  In section 3 Landau's theory of second-order phase transitions is 
adapted to the case of Invar systems. In section 4 the theory is compared to the experimental 
data on ferromagnetic and antiferromagnetic Invar alloys. 

2. Experimental and results 

Single crystals of the samples investigated have been grown from high-purity elements by 
a modified Bridgman-Stockbarger technique. The crystals were of a cylindrical shape with 
a diameter of 8 mm and a length of 7 nun. These dimensions are large enough €or the 
determination of sound velocity from the transit time of ultrasonic pulses across the sample. 

The characteristics of the samples are compared in table 1 to those of some ferromagnetic 
Invar alloys which were investigated previously [ll, 12.1. The compositions were determined 
by microprobe analysis to be FemMm and Co&n54, within an experimental accuracy of 
1 at.%. The lattice parameter was measured by x-ray diffraction. The N6el temperatures 
of the samples were determined from temperature-dependent measurements of the electrical 
resistivity R of a small piece cut from the sample; they were identified as the respective 
temperature of an anomaly of the derivative (I/Ro)(dR/dT). The Debye temperature 0, 
was determined from the measured elastic constants after 1161. 

The crystals were oriented on a three-arc goniometer to &0.5" using x-ray Laue back- 
reflection photography. Samples for the ultrasonic experiment were cut and polished with 
two faces normal to the [110] direction. Both faces were flat to surface irregularities of 
about 3 pm and parallel to better than low3 rad. 

Ultrasonic wave velocity measurements were made on the three independent acoustic 
modes propagating along the [110] direction. 10 MHz ultrasonic pulses were generated and 
detected by X-cut and AC-Cut quartz transducers bonded to the samples using Apiezon N or 
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Table 1. Room t e m p ”  values of characteristic data for the hvo antiferromagnetic alloys 
F e e a h  and C046bfQ4 investigated in this work compared to those of the ferromagnetic lnvar 
alloys Fe&= and Fe6sNigs taken from [27]. 

F W W O  C046Mm4 FqsPtx FessNi3s 

Density (kg 7820 7870 11620 a121 
Lattice constant (nm) 0.3614 0.3626 0.3719 0.3593 
Elastic constants @Pa) : 
c11 170 158 115 136 
CL2 98 a i  63 92 
C44 141 130 94 9a 
C‘ = I (Cll - Cl*) 36 38 26 22 
Bs =\(CII + 2 C d  123 107 80 107 
TN W 
Tc (K) - - 363 500 
Debye t e m p e m  8~ (K) 514 487 348 430 

467 425 - - 

UHU-Plus for the low-temperature measurements and KrautMmer U j M  high-temperature 
coupling paste above room temperature. The transit times of the ultrasonic pulses were 
determined using the pulse-echo overlap technique [17], which is capable of a resolution of 
velocity changes to 1 part in lo5. The absolute accuracy of the measured elastic constants 
is approximately 3%. 

The temperature dependence of the velocities of the three independent sound waves 
along the [110] drection was measured between 4.2 K and a maximum temperature of 
800 K at which the bonding between sample and transducer started to dissolve. The 
maximum temperature was well above the respective N&l temperamres of both samples, 
so an extrapolation of the non-magnetic background behaviour of the sound velocities was 
possible. Temperatureinduced changes of sample dimension and density were taken into 
account using thermal expansion data on alloys of similar concentration taken from [ 18,191. 

The results of the temperature-dependent measurements on both the FemMm and the 
CoGMnH alloy are shown in figures 1 to 3. Each figure depicts one of the elastic constants 
CIJ determined from the sound velocity of an independent mode propagating along the 
[110] direction determined as CIJ = puz. Then C, = ~ ( C I I  + Clz + 2C4) corresponds to 
the longitudinal mode, and the wansverse modes polarized in the [OOl] and [ liO] directions 
supply two other combinations- C, and C’ (= $(Cl1 - Cl*)), respectively. The N&l 
points of the samples are indicated by the mows. 

In the paramagnetic range all the elastic stiffnesses decrease approximately linearly 
with increasing temperature. This is the normal temperature behaviour observed in many 
different classes of substances which can be successfully described in the quasiharmonic 
approximation of lattice dynamics using the Debye model [ZO]. The magnetic contribution 
to the elastic constants is obtained by subtracting the measured data from the normal 
contribution deduced from an extrapolation of the high-temperature behaviour. The function 
describing the lattice contribution in the Debye model is given by 

C(T) = C(T = 0)  - 3 K b F  (1) 

with 
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The Debye temperature &I has been estimated by linear extrapolation of the high-temperature 
behaviour of the elastic constants to 0 K and using these values to compute S, according to 
[16]. Using this value of 6% the function given above has been fitted to the high-temperature 
p a t  of the data (T > 600 K). The results of this procedure are displayed as continuous 
lines in the figures. The magnetic contribution to the elastic stiffnesses is the difference 
between the continuous line and the points obtained experimentally. 

In the vicinity of the N k l  temperature all elastic constants are influenced by the onset 
of magnetic order. F%oMn, and CoaMnH behave in a similar way showing a reduction of 
CL and C' and a change of slope to a higher value for CU. In accordance with the thermal 
expansion data which reveal a smaller hvar effect for antiferromagnetic CoMn alloys than 
for FeMn [3], the magnetic influence on the elastic behaviour is smaller in the CO alloy. 

The results are also in accord with the previous measurements on alloys of composition 
Fe,joMW [9, 131. However, these investigations were conducted only from room 
temperature up to 600 K where the antiferromagnetic transition has already affected the 
elastic constants. Extrapolation of normal Debye behaviour from this region led to a smaller 
background elastic constant, so those authors reported a positive magnetic contribution to 
the longitudinal mode. Inspection of figure 1 clearly indicates that a more reliable estimate 
of the background behaviour requires measurements at higher temperatures. Extrapolation 
of the data taken at temperatures above TN + 150 K shows that the magnetic contribution 
to the longitudinal elastic constant CL is always negative in accord with observations made 
on ferromagnetic hvar alloys [12]. 

e 

0 
F 
g 220 - 
G 

0 200 400 600 800 
Temperature (K) 

Figure 1. Temperature dependence of the elastic constant CL = i(Cll + Clt + Xu) 
corresponding to ule longitudinal mode propagating along [I101 for FwMu0 and CodaMnsd. 
The arrows mark the respective Neel temperatures. The continuous lines represent he normal 
quaslhamonic behaviour as deduced from the high lemperahue limit of CL . 

The transverse elastic constants C' and C, show a behaviour markedly different to that 
of ferromagnetic Invar alloys. In the ferromagnetic crystals large anomalies are observed 
for C' as well as for CU starting at the Curie point TC and showing a similar temperature 
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Figure 2. Temperahlre dependence of the elastic constant C' = $(Cu - CIZ) corresponding 
to the [liO]-pola~i~ed transverse mode propagating along [I101 for FwMn40 and Co&fns+ 
The mows mark the respective N&l temperatweS. The continuous lines represent the normal 
quasiharmonic behaviour as deduced from the high-temperanue limit of C'. 

dependence. The magnetic conhibution to the elastic constants is negative for both modes 
and increases nearly linearly with decreasing temperature. In the antiferromagnetic samples 
there are only small elastic anomalies at TN. The magnetic contribution to C, is positive 
(see figure 3) and only results in a change of slope at TN. The magnetic part of C' is 
negative, and in FmMnm there is even a small downward jump at T,. The significance of 
these differences between ferromagnetic and antiferromagnetic Invar alloys will be discussed 
in section 4. 

3. Theory 

Recent theories of the Invar effect explain the magnetovolume anomalies in terms of an 
instabiitity of the magnetic moment of 3d transition metals [3]. The conclusions are based 
on band-structure calculations using the fixed-spin-moment procedure [4, 51. Up to now, 
however, it was not possible to perform these calculations for systems which were studied 
experimentally taking into account the marked effects of alloy disorder. 

In order to obtain a theoretical interpretation of our experiments in spite of these 
difficulties, we have adapted the phenomenological Landau theory of phase transitions to 
the alloys under study. The parameters of this expansion determined from experiment 
could serve as a suitable starting point for comparing experimental data to more refined 
microscopic theories. 

In Landau's theory the free-energy density of the system is expanded in terms of the 
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Figure 3. Temperahlre dependence of the elastic wnstant CM companding io the IWII- 
polarized transverse mode propagating along [I101 for Fe&hs and Co6Mnsd. The m w s  
mark the respdve N&l iempe"s. The continuous Lines represen1 L e  normal quasiharmonic 
behaviour as deduced f" the high-tempaature limit of CM. 

three-component order parameter Q 

where Qf. is the symmetry-adapted square of the order parameter components and the E r  
are the symmetry-adapted components of the strain tensor corresponding to an irreducible 
representation r of the cubic point group m3m: 

The symbols A, E, and T characterize the irreducible representations Alg, E,, and Tzg. 
In ferromagnetic systems the order parameter Q can be identified with the magnetization 
vector M. In antiferromagnetic systems Q corresponds to the antiferromagnetic vector L 
which is a linear combination of the components of the sublattice magnetization vectors 
P11 .  

The first three terms on the right-hand side of (2) describe. the magnetic part of the 
freeenergy density, the next term is the elastic energy density and the last term represents 
the lowest-order magnetoelastic coupling responsible for the Invar anomalies. A bilinear 
coupling of the strain and order parameter is forbidden by symmetry. 
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Following the usual procedure of Landau's theory the free-energy density is minimized 
with respect to strain and order parameter and the following conclusions can be drawn [21]. 

(i) At the phase transition a spontaneous strain develops according to 

eSP - &QF. (3) - c p  

For r = AI, the spontaneous strain corresponds to the spontaneous volume magneto- 
striction. The large value of this quantity observed in Invar alloys points towards a large 
value Of the coupling parameter gA. Depending on the symmetry of the order parameter a 
non-zero value of one of the other coupling constants would lead to a symmetry-breaking 
strain at the phase transition which has never been observed in Invar alloys. Therefore we 
assume that there is no significant contribution of this coupling mechanism to the transverse 
elastic constants. To explain the observed anomalies of the transverse elastic constants a 
higher-order coupling between order parameter and strain has to be taken into account [22] 
which gives no contribution to a spontaneous strain. The magnitude of this higher-order 
coupling may be different for different Invar systems without affecting the Invar behaviour. 
This could account for the differences in the behaviour of the transverse modes between 
ferromagnetic and antiferromagnetic Invar systems. 

(ii) The spontaneous magnetization developing below TC is modified by the 
magnetoelastic coupling. Assuming gE, gT < gA we have: 

where f is a linear combination of the magnetic parameters bl and b2 and depends on the 
symmetry of the order parameter. EA corresponds to the volume strain AV/V. The change 
of the temperature dependence of Qz induced by a non-zero value of gA may be absorbed 
in the transition temperature because TC is defined as the temperature where Q2 goes to 
zero. Thus one obtains a volume-dependent, and therefore also pressure-dependent, phase 
transition temperature Tc: 

and therefore 

a is defined on the usual assumption of Landau's theory that a = cr(T - Tc). 
(ii) The magnetoelastic coupling leads to a jump of the corresponding elastic constant 

at the transition point. For a coupling to the volume strain one obtains for the bulk modulus 

where f is the same combination as in (4). A large value of the coupling constant gA typical 
of Invar alloys (see above) leads to a large jump of the bulk modulus. For the shear constants 
CE = C' and CU no jump should be observed due to the small values of gE and gr required 
to conserve symmetry. The small jump of C' observed in F" does not contradict this 
argument because the symmetry of the order parameter in this system corresponds to the 
irreducible representation Tzg. In this case the spontaneous strain induced by a non-zero 
value of gE is zero because the symmetry-adapted square of the order parameter components 
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Qg is zero for an order parameter of symmeny Tzg. Combining equations (4). (5). and (6) 
we obtain 

Accordingly the coupling parameter g~ may be computed from the experimental values of 
the temperature dependence of the order parameter, the pressure dependence of the transition 
temperature, and the jump of the bulk modulus. 

From the parameters of Landau’s theory determined from experiment using equations 
(4), (5). and (6) the spontaneous strain responsible for the hvar anomaly of thermal 
expansion may also be computed using (3). If the experimental temperature dependence 
of the spontaneous strain below TC is known, this procedure provides a consistency check 
of the experimental data in the framework of Landau’s theory. 

4. Discussion 

A comparison of our experimental results on antiferromagnetic Invar alloys with already 
published results on ferromagnetic Invars [I21 leads to different conclusions about the 
behaviours of the longitudinal and transverse modes. 

The effects of temperature on the longitudinal elastic constants and of the bulk modulus 
are similar in both cases. Starting at temperatures high above the temperature of the magnetic 
transition the elastic constants begin to drop below the extrapolated normal Debye behaviour 
already 100-200 K above TN. In all cases this softening resembles a jump to lower values 
which is broadened by fluctuations. The magnitude of this jump is much larger in the 
ferromagnetic alloys in accord with the larger Invar anomaly of the thermal expansion 
observed in these systems. 

Concerning the transverse modes, there are distinct differences between the 
ferromagnetically and the antiferromagnetically ordered alloys. In the ferromagnetic Invars 
the transverse elastic constants C’ and Ca which are independent of each other behave in 
a similar way. Both start softening at the Curie point and the deviation from the normal 
temperature dependence increases linearly with decreasing temperature. This behaviour is in 
good accord with predictions of Landau’s theory for a second-order magnetoelastic coupling 
[22]. In the antiferromagnets a jump to a lower value is observed at Ti for C’ whereas 
CU exhibits no such discontinuity at TN but its value increases in the magnetically ordered 
phase (figures 2 and 3). This kind of temperature dependence has also been observed in 
MnNi [23], another antiferromagnetic Invar system. 

The differences observed for the transverse modes in the ferromagnetic and 
antiferromagnetic Invar alloys prove that the magnetic anomalies of the transverse elastic 
constants are not connected directly with the Invar effect. They are the results of higher- 
order magnetoelastic coupling and their characteristics depend on the specific magnetic 
smcture of the sample. 

By contrast the temperature behaviours of the bulk moduli in the ferro- and 
antiferromagnetic Invar alloys are very similar. The softening in the two kinds of system is 
govemed by the coupling described in (2) which is also responsible for the Invar anomalies 
of the thermal expansion. From the experimental data the coupling parameter g A  has 
been determined by the procedure described at the end of the last section. The results 
are displayed in table 2 where the parameters obtained far our antiferromagnetic sample 
F e a M m  are compared to those of ferromagnetic Invars. For our Co&Mnfi4 sample no 
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experimental data are. available yet on the pressure dependence of the N6el temperature and 
on the temperature dependence of the order parameter. 

Table 2. Magnetic parameters of ferromagnetic and antifemmagnetic Invar days as determined 
from experiment. The magnetoelastic coupling constant gn was calculated according to (7) 
using the given values of the pressure dependence of the m i t i o n  temperame dTcldp. the 
temperahlre dependence of Ihe order parameter dQ’/dT and the jump of the b a  modulus at 
the magnetic transition ABs.  

FemMm F e d h  Fe*?Ni?? 

dQ’ldT ((A mz kg-‘)’ K-’) 49.4 [281 57.4 [241 74.5 [291 
dTcldp (K GPa-I) -25.0 (301 -57.0 [3] -40.0 131 

gA (MPa k 2  (Az 0.055 0.185 0.114 
ABs (GPa) -8.4 -IlO[Zz] -54 [9] 

It is obvious that all the coupling parameters have the same order of magnitude but 
the g,,-values of the ferromagnetic alloys are larger that of FeaMm.  This is in accord 
with the observation that the thermal expansion anomalies are also larger in ferromagnetic 
Invars. From the parameters given in table 2 the spontaneous strain below the transition 
temperature was computed using (3) and compared to experimental data for Fe,SF’tzfi [24] 
and Fe65Ni35 [U]. The satisfactory agreement between the data indicates that the observed 
behaviours of various magnetic and elastic properties can be described consistently in the 
framework of Landau’s theory. 

The value of gA which describes the magnetoelastic coupling might be a suitable 
parameter to use in comparisions with to more refined theories of the Invar effect, especially 
as there have already been attempts to link band-structure calculations to a Landau expansion 
of the free energy [26]. 

5. Conclusion 

The temperature dependences of the elastic constam of the antiferromagnetic Invar alloys 
F-Mm and Co6Mn54 which have been analysed on the basis of the Landau theory 
show distinct similarities to the behaviour observed in the ferromagnetic Invar alloys. In 
both types of Invar alloy the bulk modulus and the elastic constants related to it show 
a decrease in the magnetically ordered state which has already started some hundreds of 
degrees above the ordering temperature. This softening of the bulk modulus is identified as 
a common feature of ferromagnetic and antiferromagnetic Invar alloys that can be explained 
consistently in the context of the Landau theory by the appearance of a spontaneous volume 
strain. In contrast, the shear elastic constants of FWMna and C06Mn54 display temperature 
dependences which can only be described assuming a non-linear coupling between strain and 
order parameter. As a consequence the shear elastic anomalies observed in ferromagnetic 
and antiferromagnetic Invar alloys are not a common property of the Invar state but are 
determined by the peculiarities of the exchange and magnetoelastic interactions in the 
magnetically ordered state of the material. 
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