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The crystal structure of polycrystalline gadolinium was studied by x-ray diffraction in the 
120-370 o K temperature range. The temperature dependences of the lattice constants of the 
crystal, the atomic volume, and the volume and linear expansion coefficients were obtained. 
A negative anomaly of the thermal expansion coefficient was observed at 293o K due to a 
transition of ferromagnetic Gd to the paramagnetic state. With the change of the nature of 
the temperature dependence of the angle between the direction of the magnetic moment and 
the [001] axis a maximum was observed in the temperature dependence curve of the atomic 
volume. 

THE study of the crystal structure of the rare
earth metals is of considerable interest in view of 
the complexity of their magnetic structures and the 
presence of first and second-order phase transi
tions. The present work is devoted to a study of 
the structure of gadolinium, the first of the heavy 
rare-earth metals series. Gadolinium has the 
highest ferromagnetic Curie point of all rare
earth metals (Tc = 293.2 o K) [ 1 J; its magnetic 
structure has until recently not been investigated 
by neutron diffraction because of its large capture 
cross section for thermal neutrons. The magnetic, 
electric, and thermal properties of gadolinium at 
low temperatures have been studied quite ade
quately. [ 2- 12 ] Previously it had been assumed that 
in the temperature range 250-293 o K there can ex
ist in gadolinium a helicoidal antiferromagnetic 
structure which, however, is destroyed even in 
very weak magnetic fields (He,.... 10-15 Oe). [2 J 

This assumption is based on analogy with the other 
rare-earth metals (Tb, Dy, Ho, Er, Tu) in which 
two magnetic phase transitions occur, paramag
netism-antiferromagnetism, and antiferromagnet
ism-ferromagnetism, and also on the anomaly of 
certain physical (including some magnetic) prop
erties at 210-250 o K. In the only work devoted to 
a neutron diffraction investigation of gadolinium 
at low temperatures[13 J it is shown that gadolin
ium is a normal ferromagnet. In the temperature 
range 248-293° K the magnetic moment is parallel 
to the hexagonal ([001]) axis; below this tempera
ture it makes some angle {3 with it. The value of 
the angle {3 reaches a maximum at 195° K ( ..... 75o ), 
and then decreases again to 30 o at 42 o K The re
sults of the neutron diffraction investigation corre-

spond to data on the temperature dependence of the 
constants of the magnetic anisotropy of gadolin
ium. E 14, 15J 

Numerous x-ray investigations of the structure 
of gadolinium at low temperatures[ 16 - 18 ] have been 
carried out with low accuracy. To be sure, the 
anomaly in the temperature dependence of the c 
parameter near the Curie point (which does not 
however coincide with T C obtained from magnetic 
measurements) has been observed in these inves
tigations, but no detailed study of the temperature 
dependence of the crystal parameters was made 
either near Tc or at 210-250 o K. The purpose of 
this work has been a precise study of the crystal 
structure in the temperature range 120-370°K by 
means of x-ray structure analysis. 

The investigated material was 99.7 per cent 
pure polycrystalline gadolinium. The 9 x 13 
x 1. 5 mm samples were cut by electro-erosion, 
ground, and polished. In order to remove internal 
stresses, the following heat treatment was used: 
a fifteen-minute annealing in vacuum at 1050 o C 
and slow cooling of the samples to room tempera
ture. Such a heat treatment of gadolinium did not 
lead to noticeable growth of the grains: a small
grain structure with a mean crystallite size of 
about 10 microns was observed metallographically. 

The study of the crystal structure was carried 
out on an URS-501 x-ray diffractometer, equipped 
with a low-temperature attachment, using a pre
viously described method. [ 19 J To measure the 
parameters of the hexagonal crystal lattice of 
gadolinium, the peaks due to the (203) planes 
(diffraction angle e at room temperature ,.... 70 °) 
and ( 104) planes ( e ,.... 65 o 45') were recorded with 
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FIG. 1. Temperature dependence of the interplanar distances 
of the (104) and (203) planes. 

chromium radiation. The (104) and (203) lines 
were sufficiently intense on the patterns of the 
polycrystalline metal; the Ka1-Ka2 doublets were 
satisfactorily resolved 

Figure 1 shows the temperature dependences of 
d203 and d104. On the d104(T) curve a strong de
crease of the interplanar spacing is observed on 
increasing the temperature to Tc; at T > Tc, d104 
increases with temperature. The interplanar 
spacing d203 depends weakly on the temperature; 
a small maximum is observed on the d203(T) curve 
at "'200°K, and in the paramagnetic region the in
terplanar spacing increases with temperature. I~ 

can thus be seen from Fig. 1 that the thermal ex
pansion of gadolinium is anomalous. 

The temperature dependences of the lattice 
parameters of gadolinium (Figs. 2 and 3) were 
calculated from the d104(T) and d203(T) curves. 
The values of the true linear expansion coefficients 
a 1 = a-1 da/dT and a 11 = c-1dc/dT (the inserts of 
Figs. 2 and 3) were obtained by graphical integra
tion of the curves a(T) and c(T). The temperature 
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FIG. 2. Temperature dependence of the parameter a and of 
the linear expansion coefficient a l· 
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FIG. 3. Temperature dependence of the parameter c and of 
the linear expansion coefficient a 11· 

dependences of the lattice constants and of the 
thermal expansion of gadolinium are rather com
plex: c decreases with increasing temperature up 
to Tc and then increases; a increases with in
creasing temperature but very weakly, and a small 
maximum is observed at about 220° K; in the para
magnetic region a hardly increases with increas
ing temperature. Near the temperature of the fer
romagnetic transition the a 1(T) and a11(T) curves 
exhibit A.-point type anomalies whose "sign" is 
negative. A negative A.-point anomaly of the linear 
expansion coefficient along the [001] axis was 
noted in [T, 121, but according to the results of these 
papers the A. anomaly on the a 1 (T) curve is posi
tive, although the quantity ~a 1 is, as is well 
known, at the limit of the accuracy of the measure
ments. The contradiction between our data and the 
results of the dilatometric measurements[T., 121 

may be related both to the inappreciable change of 
the parameter a near Tc (see Fig. 2), which 
makes it difficult to determine the linear expan
sion coefficient reliably, and also to the possible 
difference in the purity of the investigated metal. 
We note also that in determining Tc from the 
minimum on the a 1(T) and a11(T) curves a rather 
large anisotropy of the ferromagnetic Curie point 
is observed ("' 10 o K) which exceeds the possible 
measurement errors. The anisotropy of the Curie 
temperature was indicated in the work of K. P. 
Belov and his co-workers, [ 21 however from results 
of magnetic measurements ~ T c = 1. 5o K. 

In view of the fact that the linear thermal ex
pansion characteristics of gadolinium (a, c, a 1, 
a 11 ) exhibit very strong anisotropy, it is convenient 
to consider the temperature dependence of quanti
ties characterizing the volume expansion: the vol
ume per atom (Vat = a2c ..f3/4) and the volume ex
pansion coefficient (ay = V~ldVat/dT = 2a1 +all)· 
The corresponding graphs are presented in Fig. 4. 
On the V at(T) curve a maximum is observed at 
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FIG. 4. Temperature dependence of the atomic volume and 
of the volume expansion coefficient. 

..... 200 o K and a sharp minimum at the Curie point 
(293°K), whereas on the ay(T) curve no special 
features are observed at 200 o K (the decreasing 
av passes at this point through zero), and a 
clearly pronounced negative A anomaly occurs at 
293°K, 

Studies of the crystal structure of gadolinium 
indicate that it is strongly dependent on the changes 
in the magnetic structure. At the Curie point the 
negative character of the A anomaly of the thermal 
expansion coefficients (ay, a 1 , and a 11 ) is, in ac
cordance with L. D. Landau's theory of second
order phase transitions, in agreement with the ex
perimentally obtained[ 211 negative value of the de
rivative dTc/dp = -1.2 x 10-3 deg/atm. The tem
perature of the A anomaly of the volume expansion 
coefficient (293 o K) coincides within the limits of 
the accuracy of the measurements with the most 
recent values of T c from the results of magnetic 
measurements. 1H 1• 111 The complex nature of the 
dependence of V at(T) in the ferromagnetic region 
is related to the complex nature of the tempera
ture dependence of the angle [3 between the direc
tion of the magnetic moment and the hexagonal 
axis. At temperatures below ..... 200 o K when d[3 jdt 
> 0 the thermal expansion is positive (ay > 0); at 
temperatures above ..... 200° K when d[3/dt < 0 the 
thermal expansion is negative. The temperature 
"drift" of the angle [3 leads to very cemplex de
pendences a(T), c(T), d203(T), and d104(T) for 
T < Tc. The fact that at ..... 200 o K, when the deriv
ative d[3/dT changes sign and a maximum is ob
served on·the curve of the temperature dependence 
of the atomic volume, there is no anomaly on the 
ay(T) curve means that no phase transition occurs 
at this temperature. 

0 The nature of the anisotropy of T c along the a and c axes 
is so far not altogether clear. 

A macroscopic result of the change in the direc
tion of the magnetic moment relative to the [001] 
axis is the extremal character of the temperature 
dependence of the magnetization (a). Experimen
tally the maximum on the a (T) curve at 200 o K 
was observed in the work of Belov and his co
workers. [ 21 Inasmuch as to a first approximation 
the "anomalous" part of the thermal expansion 
(i.e., the thermal expansion V(T) with the value of 
V obtained by extrapolation from the paramagnetic 
region subtracted) is proportional to a 2 , [ 221 a max
imum should be observed on the V(T) curve 
(Fig. 4). 
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