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The low-temperature x-ray diffraction method was used to investigate the crystal structure of
dysprosium in the temperature range 77—300°K. It was found that at 178° K there was a nega-
tive A-anomaly of the thermal expansion coefficients, associated with a phase transition of the
second kind from helicoidal antiferromagnetism to paramagnetism. At 85°K, a discontinuity in
the values of the crystal lattice periods and atomic volume, as well as orthorhombic distor-
tions in the hexagonal lattice, were observed, due to a first-order phase transition from anti-

ferromagnetism to ferromagnetism.

DYSPROSIUM, like gadolinium and terbium inves-
tigated earlier,’"» 2! is one of the heavy rare-earth
metals; at room temperature, it has-the hep lattice.
The magnetic, electrical, and thermal properties of
dysprosium at low temperatures have been investi-
gated quite thoroughly.”] From the anomalies of
the temperature dependences of a number of physi-
cal properties and from the results of neutron-
diffraction investigations,[“ it has been established
that dysprosium is ferromagnetic below 85°K (T):
the magnetic moments are ordered collinearly; at
85—178.5° K, a helicoidal antiferromagnetic order-
ing is observed, with the helicoidal axis along the
sixfold symmetry axis [001] and the angle between
magnetic moments in neighboring planes (8) almost
linearly increasing with temperature from 26.5 to
43.2°; above 178.5°K (Ty), dysprosium is para-
magnetic.

In several papers, it has been shown that an in-
crease in pressure shifts Ty toward low tempera-
tures (dTy/dp ~ —0.6 deg K/kbar'®)), while the
ferromagnetic—antiferromagnetic transition tem-
perature depends nonmonotonically on pressure
(dTg/dp = +1.4 deg K/kbar at p <7 kbar; dT¢/dp
= —0.8 deg K/kbar at p > 7 kbar[e]). The results
of x-ray diffraction investigations of dysprosium at
low temperatures”’ 81 indicate an anomalous in-
crease in the period ¢ on cooling (at 85-178° K)
and the presence of discontinuities in the values of
the lattice constants at T¢g (85°K) (however, the
change in the atomic volume at this point is zero,
within the limits of the experimental error[“);
orthorhombic distortions in the basal planes have
of the hexagonal lattice have been found at tem-
peratures below 85°K. The purpose of the present

investigation was to study with precision the crys-
tal structure of dysprosium at 77—300° K (in the
ferro-, antiferro-, and paramagnetic states) using
the x-ray diffraction method.

We investigated polycrystalline dysprosium of
99.2% purity. The low-temperature x-ray diffrac-
tion method did not differ basically from that de-
scribed earlier.t!: % ?)

We used the K, radiation of chromium incident
at large angles to obtain the diffraction peaks of
the (104) and (203) planes of the hcp lattice of dys-
prosium. Below 85 °K the diffraction peaks split
into two components, which indicated an ortho-
rhombic distortion of the crystal lattice. As men-
tioned in [2], the orthorhombic indexing of the
components of the peaks and the subsequent cal-
culation of the lattice parameters did not yield un-
ambiguous results; to decide on a particular index-
ing scheme, it was necessary to compare the re-
sults obtained with the data of macroscopic meas-
urements. In the present study, we were able to
obtain good correlation between the x-ray diffrac-
tion data and the results of dilatometric measure-
ments carried out on dysprosium single crys-
tals,[m] which supported our selection of the in-
dexing scheme [(h07)} — (hhi), + (02h1)y, 6(hhi),
> 9(02h1),].Y

From the temperature dependences of the inter-
planar distances, d(T), we calculated the values of
the crystal lattice periods of dysprosium; the ap-
propriate curves a(T), b(T), and ¢(T) are shown

DThe subscripts ““h’’ and ‘‘0’’ refer to the hexagonal and
orthorhombic lattices, respectively; 6 is the diffraction angle.
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in Figs. 1 and 2. The same figures include the
temperature dependences of the thermal expansion
coefficients along the principal directions «y4(T),
ap(T), and «y(T), obtained by graphical differen-
tiation of the curves a(T), b(T), and c(T).

All the curves in Figs. 1 and 2 are complex; we
can identify three regions, depending on the type
of magnetic ordering:

178°K < T < 300° K —paramagnetic state, There
are no anomalies in the temperature dependence of
the hexagonal lattice periods;

85°K < T < 178°K —antiferromagnetic helicoidal
ordering. There is an anomalous expansion of the
hexagonal crystal lattice along the principal axis
[001] on cooling (o, < 0). Over this whole range of
temperatures, the values of a5 and «, decrease
and a negative A-anomaly appears at 178° K (Ty);

77°K < T <85°K —ferromagnetic collinear or-
dering. When the temperature is lowered,to 85°K
(Tc), the value of the period a decreases suddenly,
while the periods b and ¢ suddenly increase. The
degree of the orthorhombic distortion in the basal
planes of the crystal lattice of dysprosium is quite
large [A(b/a) = (b/a)ggo g —V 3 =0.0118]; ap >0,
g and o, < 0.
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It is evident that all the quantities characterizing
the linear expansion of dysprosium (the lattice pe-
riods and the linear expansion coefficients) exhibit
a strong anisotropy. Therefore, it is desirable to
consider, as in the case of gadolinium and ter-
bium,[ L2) the temperature dependences of the
atomic volume [vg¢ = 1/4(a.bc)] and of the volume
expansion coefficient (o = vé% dvgat/dT = ag + ap
+ a¢) (Fig. 3). The v4¢(T) curve has a discontinuity
at Tc (Avat/vat = 0.2%), a flat maximum at
~ 145°K, and a sharp minimum at TpyN. The volume
expansion coefficient «y, is negative in the ferro-
magnetic region; between 85 and 178 °K, the value
of ay decreases, passing through zero at 145°K;
at 178° K, a negative A-anomaly is observed; in the
paramagnetic region oy > 0.

The results of our investigation of the crystal
structure is dysprosium at low temperatures indi-
cate that this structure is affected by changes in
the magnetic structure. The negative A-anomaly of
the thermal coefficients (ay, o, ay) at TN (178°K)
indicates that the transition from the helicoidal
antiferromagnetic to the paramagnetic state is a
phase transition of the second kind. The ‘‘sign’’ and
magnitude of Aay, agree, in accordance with the
well-known equation of Landau’s theory of phase
transitions of the second kind® '

. ACp dTN

Av—— »
¢ Tyv dp

with the value of Acp, reported in [12], and with the
value of dTy/dp given in (%3, The transition from
the ferromagnetic to the antiferromagnetic state at
85°K (T¢) has all the characteristics of a phase
transition of the first kind: the atomic volume has
a discontinuity (Fig. 3) and the crystal lattice sym-
metry changes. An estimate of the heat of transi-
tion in accordance with the Clapeyron—Clausius
equation (using the volume discontinuity at 85°K
found in the present study and the published value
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of dTC/dP[“) gives about 0.1 kcal/mole, which is
comparable with the heat of polymorphic transi-
tions.

It is worth noting the maximum in the v4¢(T)
curve at ~ 145°K (Fig. 3), which corresponds to
the beginning of the distortion of the helicoidal
antiferromagnetic structure!®) and to the appear-
ance of anomalies of a number of physical prop-
erties.'® %) The same effect has been found for
gadolinium at ~ 200° K and for terbium at
~ 210°K ') in the ferromagnetic region. The
cause of the anomalous temperature dependence
of the atomic volume of rare-earth metals is not
yet clear. It is possible that the appearance of
maxima in the v,44(T) curves, like changes in the
magnetic structure and magnetic properties, is a
consequence of changes in the Fermi surface top-
ology, causing the appearance of singularities in
the thermodynamic properties.“”

1y. V. Vorob’ev, Yu. N. Smirnov, and V. A.
Finkel’, JETP 49, 1774 (1965), Soviet Phys. JETP
22, 1212 (1966).

2y. A. Finkel’, Yu, N. Smirnov, and V. V. Voro-
b’ev, JETP 51, 32 [1966], Soviet Phys. JETP 24, 21
(1967).

SK. P. Belov, R. Z. Levitin, and S. A. Nikitin,
UFN 82, 449 (1964), Soviet Phys. Uspekhi 7, 179
(1964); K. P. Belov, M. A. Belyanchikova, R. Z.
Levitin, and S. A. Nikitin, Redkozemel’nye ferro-
i antiferromagnetiki (Rare-earth Ferro- and
Antiferromagnets), Nauka, 1965.
4M. K. Wilkinson, W. C. Koehler, E. O. Wollan,

and V. V. VOROB’EV

and J. W. Cable, J. Appl. Phys. Suppl. 31, 48S
(1961); W. C. Koehler, J. Appl. Phys. 36, 1078
(1965).

SP. Landry and R. Stevenson Can. J. Phys. 41,
1273 (1963); P. C. Soners and S. Jura, Science 145,
575 (1964); D. Bloch and P. Pauthenet, Proc. In-
tern. Conf. Magnetism held in Nottingham, 1964 —
publ. by Institute of Physics and Physical Society,
1965, p. 255; D. B. McWhan and A. L. Stevens,
Phys. Rev. 139, A628 (1965).

§ L. B. Robinson, S. I. Tan, and K. F. Sterrett,
Phys. Rev. 141, 548 (1966).

TJ. R. Banister, S. Legvold, and F. H. Spedding,
Phys. Rev. 94, 1140 (1954).

8 F. J. Darnell and E. P. Moore, J. Appl. Phys.
34, 1337 (1963); F. J. Darnell, Phys. Rev. 130,
1825 (1963); 132, 128 (1963).

9 Yu. N. Smirnov and V. A. Finkel’, JETP 47,
84 (1964), Soviet Phys. JETP 20, 58 (1965); 49,
1077 (1965), Soviet Phys. JETP 22, 750 (1966).

0A. E. Clark, R. M. Bozorth, and B. F. deSavage,
Phys. Letters 5, 100 (1963); Phys. Rev. 138, A216
(1965).

111, D. Landau and E. M. Lifshitz, Statistiches-
kaya fizika (Statistical Physics), Nauka, 1964.

2 M. Griffel, R. E. Skochdopole, and F. H. Sped-
ding, J. Chem. Phys. 25, 75 (1956).

131, M. Lifshitz, JETP 38, 1569 (1960), Soviet
Phys. JETP 11, 1130 (1960); I. M. Lifshitz and
M. I. Kaganov, UFN 78, 411 (1962), Soviet Phys.
Uspekhi 5, 878 (1963).

Translated by A. Tybulewicz
92



