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The crystal structure of a-samarium was investigated in the temperature interval 4.2-300 K. It has been 
established that the low-temperature transition at T = 14.5 K, just at T = 106 K, is a second-order phase 
transition. Both phase transitions are due to successive onset of antiferromagnetic order respectively in 
layers with hexagonal symmetry of the environment (TNh = 106 K) and in layers with cubic symmetry of 
the environment (TNc = 14.5 K) in a nine-layer hexagonal compact lattice. At both critical points, the 
jumps of the linear expansion coefficients are highly anisotropic; Aa, <O and Aa,, >O. The singularity of 
the thermal expansion is most strongly pronounced at TNc = 14.5 K. It is concluded from the calculation 
of the temperature dependence of the energy of spontaneous deformation of the crystal lattice in the 
magnetically disordered state that the spontaneous magnetic moment of the cubic sublattice is larger than 
the moment of the hexagonal sublattice. 

PACS numbers: 61.50.Ks, 75.30.Kz, 64.70.Kb, 61.55.Fe 

It w a s  shown in an earlier study1 of the c r y s t a l  s t ruc-  
t u r e  of a -Sm in the interval  77-300 K that  the paramag- 
netism-antiferromagnetism transi t ion that  o c c u r s  at 
T = 106 K is of second o r d e r  f r o m  the thermodynamic 
point of view. A subsequent neutron-diffraction investi- 
gation2 of s ingle-crystal  s a m a r i u m  has  establ ished that 
below 106 K only 2/3 of the a toms  of its rhombohedral 
lattice are ant i ferromagnet ical ly  ordered,  and the posi- 
tions of these a t o m s  correspond to hexagonal close 
packing (h-layers),  while 1/3 of the a toms  in positions 
corresponding to cubic c lose  packing (c-layers) produce 
a magnetically o r d e r e d  state below 14 K. T h e  magnetic 
moments  of the a toms  of both l a y e r s  are d i rec ted  along 
the c axis and form somewhat  different col l inear  anti- 
ferromagnet ic  s t ructure.  Whereas  f o r  the hexagonal 
positions the fe r romagnet ic  l a y e r s  are normal  to the c 
axis, for the cubic positions they are paral le l  to the 
(1011) planes. The  r e s u l t s  of the measurement  of the 
magnetic susceptibility of s a m a r i u m  single c rys ta l s3  
can also b e  adequately interpreted by  represen t ing  th i s  
c rys ta l  as an ant i ferromagnet  with a c axis. 

In th i s  paper  we continue the s t r u c t u r a l  investigation 
of a - S m  into a tempera ture  region that  includes a sec- 
ond phase transition. T h e  measurement  w a s  made  i n  a 
c ryos ta t  where  the sample  tempera ture  w a s  continuously 
var ied  in  the  interval  4.2-300 K b y  a stream of cold he- 
l ium gas. The sample  tempera ture  w a s  measured  with 
differential thermocouples; a Cu - A u +  0.01% Fe w a s  
used in the interval  4.2-40 K, and a copper-constantan 
thermocouple above 40 K. 

The  object of the investigation was, as before,  a poly- 
crystal l ine sample  with a large-grain s t ruc ture ,  pro- 
duced by  recrystal l izat ion annealing. 

T h e  s ingle-crystal  ref lect ions w e r e  recorded on the 
x- ray  diffractometer  c h a r t  f r o m  the (0018) planes (28 
- 104") in  CrK, radiation and f r o m  the (220) planes (28 - 116.4") i n  CuK, radiation. T h i s  made it possible to 
m e a s u r e  the p a r a m e t e r s  of the c r y s t a l  lattice with ac- 
curacy  Aa,/a, = *I. lom5. The  position of the diffraction 
peak w a s  fixed i n  t empera ture  s t e p s  of 1-2 K, and in 
s t e p s  decreased  to 0.2 K in the phase-transition region. 
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FIG. 1. Temperature dependences of the parameters a and c 
and of the axis ratio c/4.5a in a-Sm. 

Figure 1 shows the results of measurements of the 
parameters c and a and of their ration c/4.5a in samari- 
um (in the hexagonal setting). The appearance of mag- 
netic ordering in the h layers (at TNR< 106 K) results, 
when the temperature is decreased, in a continuous de- 
crease of the lattice period along the principal axis, 
and in an increase of the period in the basal plane. The 
rate of change slows down somewhat in the interval 30- 
20 K, and with further decrease of temperature the on- 
se t  of the antiferromagnetic ordering in the c-layers i s  
accompanied by a substantial increase of the slopes of 
the c(T) and a(T) curves, which acquire a pronounced - inflection point at the temperature TNc = 14.5 0.5 K. 
This temperature i s  quite close to that a t  which anom- 
alies appear in the physical properties of samarium, 
viz., the magnetic susceptibility, 3*4 the specific heat,5 
the electric cond~ct iv i ty ,~  the elastic  constant^,^ and the 
thermal expansion.' 

Graphic differentiation of the c(T) and a(T) curves 
yielded the temperature dependences of the coefficients 
of linear expansion: a, = cmldc/dT and cu, = a"da/dT. 
The complete picture of the behavior of the thermal ex- 
pansion of samarium in the interval 4.2-300 K i s  shown 
in Fig. 2. The "jumps" of the coefficient of the thermal 
expansion is about 2.5 times larger for both the positive 
and negative on the a,(T) and a,(T) curves anomalies at 
TNc = 14.5 K than at TNR = 106 K. 

From the aggregate of the observed attributes, name- 
ly the constancy of the crystal symmetry, the jumps of 
the lattice parameters, the hysteresis of the transition 
temperature, both in accord with the results  of our 
present structure investigations and in accord with the 
magnetic-measurement data,4 and finally from the form 
of the anomalies on the a(T) curves, i t  can be  concluded 
that the magnetic transition at TN,= 14.5, just as the 
f i rs t  transition a t  TNR = 106 K, is of second order from 
the thermodynamic point of view. 

The extremal character of the behavior of the temper- 
ature dependence of the atomic volume (Vat = 3112a2c/18) 
in the magnetically ordered state (Fig. 3) suggested the 

FIG. 2. Temperature de- 
pendences of the coeffi- 
cients of linear expansion 
of a-Sm (a,, and a, ). 

presence of negative "jumps" of the coefficient of ther- 
mal expansion (a, = V,,"dV,,/dT) at the anomaly tem- 
peratures TNR and T,,. This, in accordance with the re- 
lation deduced in the theory of second-order phase tran- 
sitions@ 

to obtain from the known "jumps" of the specific heat 
Ac, and TNR and TNc (Ref. 5) and from our measured 
values of V,, and ha,) the estimates dTN,/dp = -0.6 deg/ 
kbar and dTNc/dp = -0.4 deg/kbar. The baric dependence 
of the temperatures of the samarium anomalies have not 
hitherto been investigated experimentally. 

The temperature dependence of the samarium lattice 
parameters makes i t  possible to trace the temperature 
dependence of the energy of the spontaneous deformation 
of the crystal lattice, due to the action of the exchange 
forces in antiferromagnetic ordering. In fact, if the 
spontaneous deformations of the a and c axes a re  de- 
fined in the extrapolation the a(T) and c(T) curves from 
the paramagnetic region as A, = a,,/a,,, - 1 and A,, 
= c,,/c,,, - 1, and if the elastic modulus & is assumed 
isotropic and i t s  value in the antiferromagnetic phase 
is taken from the measurement data7 for  polycrystal- 

FIG. 3. Temperature dependence of the atomic volume and of 
the coefficient of the bulk thermal expansion of a-Sm. 
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cording to their estimate the magnetic moments of the 
cubic and hexagonal positions are respectively 0.47 and 
0.25 clg. 

It should be noted in conclusion that the temperature 

FIG, 4. Temperature de- dependence of the E ( T )  curve gives grounds f o r  assum- 

pendence of the magne- ing that the spontaneous magnetizations of the hexagonal 
toelastic energy in a-Sm. and cubic sublattice of the rhombohedra1 samarium have 

strongly differing temperature dependences. 

The authors thank B. G. Lazarev, V. S. Kogan, V. A. 
Finkel', and V. F. Klepikov for  a discussion of the 
present results. 

line samarium, then the spontaneous magnetoelastic 
energy E  = 1/2&(2Xf + X: and i ts  temperature dependence 
take the form shown in Fig. 4. The calculated energies 
at T  > I 4  K are referred to one atom of the hexagonal 
Jayer and at T  < 14 K to one atom of the cubic layer. 
This representation of the exchange energy s t a r t s  with 
the assumption that the magnetic moments of the cubic- 
sublattice atoms do not interact with the moments of the 
hexagonal sublattice. This i s  indicated, in particular, 
by the result of the neutron-diffraction investigations,' 
which points to invariance of the intensities of the re- 
flections from the magnetic structure of the h layer 

when the samarium samples are cooled below 14 K. 

It can be seen from Fig. 4  that in the fully ordered 
state (T = 5 K) the energy for  the cubic positions is -3.4 
times larger than for the hexagonal ones, and one can 
expect therefore their spontaneous magnetic moments 
to be -1.85 times larger. A similar conclusion i s  
reached also by McEwen et aL3 who analyzed the mag- 
netic properties of samarium in the ordered state. Ac- 
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