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LETTER TO THE EDITOR

Determination of the critical exponent of the linear
thermal expansion coefficient of nickel by neutron
diffraction

T A Faisstt

Ludwig-Maximilians-Universitit Miinchen, Sektion Physik, Schellingstr. 4,
D-8000 Miinchen 40, Federal Republic of Germany

Received 16 June 1989

Abstract. The linear thermal expansion coefficient a has been measured on a nickel single
crystal with a high-resolution neutron back-scattering diffractometer near the magnetic
phase transition. From a, the critical part of the thermal expansion coefficient @, was
separated and fitted to a power-law equation aF = A*t™*~ + B* within the reduced tem-
perature range ¢t = [(T — T¢)/Tcl = 107% to 1073, The critical exponent and the universal
amplitude ratio are —0.09 and 1.3, respectively. These values are in good agreement with a
measurement on polycrystalline nickel and with the values predicted by the renormalisation
theory for the specific heat of a 3D Heisenberg model.

At the magnetic phase transition of nickel, the lattice expansion shows an anomaly on
heating the crystal from the ferromagnetic to the paramagnetic state. This anomaly was
investigated by a few authors on polycrystalline (Kollie 1977, Major et a/ 1971, Yousuf
et al 1986) and on single-crystal (Soffge et al 1977) nickel samples. The results differ
considerably from each other and two of them (Major et al 1971, Soffge et al 1977) did
not take into account the non-critical contribution to the lattice expansion in their
analysis. Therefore, no reliable vaiues exist for the critical parameters derived from
single crystals and it is necessary to take a new measurement to get more accurate data.

The neutron back-scattering technique was first developed by Alefeld (1966, 1968,
1969) at the Forschungsreaktor Miinchen (FRM)/Garching in the late sixties. Figure 1
shows the principles of the back-scattering method. The most important feature is the
use of two single crystals with lattice planes that are parallel to each other and nearly
perpendicular to the incident neutron beam. All neutrons that satisfy the Bragg equation
are removed from the incident neutrons: the spectrum shows a dip at the corresponding
wavelength behind the first crystal. This dip is analysed by a second crystal, which is
moved sinusoidally against the first by a velocity drive, and the back-scattered intensity
is stored as a function of the velocity in a multichannel analyser. A change Aa in the
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Figure 1. The principles of the neutron back-scattering diffractometer at the FRM (expla-
nation in the text).

lattice constant ay, of the crystal I causes a shift Av of the spectrum. The shift Av is
related to Aa by

Aa/ahkl = AU/Uhkl~ ¢y

Here vy, describes the velocity of the neutrons that corresponds to the (hkl) reflection
of crystal I.

If the lattice is changed by a temperature variation AT the coefficient of linear
thermal expansion « can be determined by

@ = (Aa/au)(1/AT) = (Av/vu)(1/AT). (2)

Figure 2 shows a typical line profile of the back-scattering diffractometer. The two
spectra are recorded successively at different temperatures. It is seen from the diagram
that a change in temperature causes a shift of the spectrum that is proportional to the
change in the lattice constant.

More details of the back-scattering diffractometer aré¢ described by Alefeld (1968)
and Faisst (1988).

Two nickel single crystals with dimensions of about 30 mm X 15 mm X.2.5 mm are
used. Each crystal is cut by spark erosion and etched afterwards. It should be mentioned
that a layer of about 1 mm was removed by the chemical process at each side of the
crystal because the surfaces are destroyed within a depth of 1 mm by spark erosion
(Faisst 1988). The crystals were not annealed because no change in the quality of the
crystals could be observed at temperatures of about 800 °C. On the other hand, the
crystals recrystallise at temperatures above 1100 °C and the onset of twinning occurs.

The linear thermal expansion coefficient o was calculated from the observed shift
Avp of the spectrum using the relation (2). The critical contribution to the thermal
expansion coefficient a is plotted in figure 3. This critical part is obtained by subtracting
a, (in K1) = 9.22 x 107° T (in K) + 8.94 x 107® from the observed value «, i.e. a, =
« — a,. a,isthe paramagnetic non-critical contribution to the expansion near the critical
point, extrapolated from measured data (Kollie 1977), obtained in the paramagnetic
region of nickel far above 7.
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Figure 2. Typical line profile of the back-scattering diffractometer at two different tem-
peratures. This profile corresponds to the (200) reflection. A least-squares fit of a Gaussian
to the data is represented by the full curve. The vertical bars denote the statistical error of
the counting rate. T, differs from T, by an amount of 4.28 K, which results in a shift |, — v,|
of 77.4 mm s~ !, The smallest shifts that can be measured are 0.5mm s~ or 5 X 1077, These
values are valid for nickel single crystals and for 10 h of measurement time.
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The critical part of the linear thermal expansion «, shown in figure 3 was fitted to an
expression of the form

@f =A%+ + B* 3)

where A, ¢, u and B are the amplitude, the reduced temperature (T — T¢)/T¢ (where
Tc is the Curie temperature), the critical exponent and a constant, respectively. The
plus sign refers to above T, the minus sign to below 7.

If the data were fitted above and below T separately, the predicted scalinglaw u™ =
u* (Kadanoff et al 1967, Fisher 1974) and the requirement B~ = B* are not fulfilled (see
table1). Thisrequirementis veryimportant in analysing critical data because for negative
exponents expression (3) describes a cusp-like behaviour with finite values for B* and
B~ at T¢, which is the case for nickel. A difference in these values of the constants
denotes a jump at the Curie temperature that should not appear at a continuous phase
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Table 2. The Curie temperature T, critical exponent u, amplitudes A, universal amplitude
ratio A*/A~ and constants B*, B~ of the critical part of the linear thermal expansion
coefficient of nickel. The theoretical values given in the last line are calculated with a &-
expansion (¢ = 4 — d) for the specific heat of a 3p Heisenberg model

Reference Kollie (1977)  Yousuferal (1986)  This work Theory

Sample . Polycrystal Polycrystal Single crystal

Method of measurement  Dilatometer X-ray powder Neutron back-scattering
diffractometer diffractometer

T (K) 628.3 629.325 625.0

U o=pu* -0.093 -0.101 —-0.094 -0.100*

A7 (1076K™h —6.87 not given -5.50

AT (107°K™h -7.91 not given -7.20

ATJAT 1.15 0.67 1.31 1.40°, 1.24°

B (107°K™h 6.87 not given 6.00

B* (107°K™) 6.73 not given 6.40

t= [T~ To)l/Tc(107%)

T<Tc 32-1.4 not given 87-4.5

1= |(T - T/ T(107)

T>Tc 26-0.8 not given 52-2.5

® Fisher (1974).
® Brezin et al (1974), first order g-expansion.
¢ Bervillier (1976), second order e-expansion.

transition. Ahlers and Kornblit (1975) have pointed out in their reanalysis of specific
heat data for different Heisenberg magnets that it is important to use the theoretically
predicted constraint of equal critical exponents above and below T as well as the
requirement that B~ = B* to obtain the best values for the parametersin a least-squares
fit. If we carry out the least-squares fit with the above-mentioned constraints, the results
are in good agreement with the theoretical predictions for a 3D Heisenberg model (see
tables 1 and 2).

Here we should emphasise that no theoretical calculations exist for the critical
exponent u and the universal amplitude ratio A*/A~ of the thermal expansion coef-
ficient. Therefore, we take the usual assumption that the critical parameters of the heat
capacity and of the thermal expansion coefficient describing the transition should be the
same (Soffge et al 1977, Callen and Callen 1965).

Intable 2, different measurements are compared with the theory. It can be seen that
all three sets of authors have found nearly the same value for the critical exponent 4~ =
u* = —0.1, which agrees well with the calculations by Fisher (1974). For the universal
amplitude ratio A*/A~, we have obtained a value that is between the first- and second-
order approximationin (e = 4 — d), where d is the dimension of the system). The value
found by Kollie (1977) is about ten per cent smaller than our value but is still in the range
covered by the theory, whereas the value given by Yousuf e al (1986) is too small. The
comparison between our results and the results of Kollie (1977) shows that the absolute
values of the amplitudes and the constants are in satisfactory agreement.

The investigation of the linear thermal expansion of nickel gives the same values of
the ciritical exponent and the amplitude ratio as expected for the heat capacity by the
renormalisation theory. The assumption of the same temperature behaviour of thermal
expansion and specific heat near the critical point therefore seems justified. To obtain
reasonable results, the fit procedure has to be carried out with the considerations of the
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scaling law and the continuity of the transition for a negative exponent. All the critical
parameters are close to those predicted by renormalisation theory for a 3p Heisenberg
model.

I would like to thank Professor Dr K Stierstadt for a critical reading of this Letter. This
work was supported by the Bundesministerium fiir Forschung und Technologie, Federal
Republic of Germany.
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