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Structural investigations have been carried out on a dysprosium single crystal near the helical 
antiferromagnetism-collinear ferromagnetism and paramagnetism-antiferromagnetism phase 
transition points in magnetic fields up to intensities of 1 kOe. A region of stability of the magneti- 
cally heterogeneous state (ferromagnetism-antiferromagnetism point) on the H-T diagram was 
observed. It is found that the transformation at TN still remains a second order phase transition in 
an external magnetic field. It is shown that TN depends strongly on H, with the values of the 
critical index being anomalously high (w = 2.83). 

Magnetic phase transitions in the rare earth metal dys- 
prosium in zero magnetic field have been rather well studied: 
a paramagnetism-helical antiferromagnetism (P-AF) sec- 
ond-order phase transition occurs at TN z 180 K, while at 
O 90 K there is a helical antiferromagnetism-collinear fer- 
romagnetism (AF-F) first-order phase transition. The AF-F 
transition is accompanied by a reduction in the crystal sym- 
metry from hexagonal to rhombic.' Applying an external 
magnetic field reduces the temperature range within which 
helical antiferromagnetism exists and, apparently, causes 
the appearance of a fan-shaped structure intermediate 
between the AF  and F states, predicted by t h e ~ r y . ~  The H-T  
diagrams of Dy obtained e ~ ~ e r i m e n t a l l y ~ - ~  are incomplete 
and in large part contradictory. In particular, questions of 
the possibility of a direct AF-F transition in a magnetic field, 
of the existence of a magnetically heterogeneous state and of 
the construction of the H-T diagram near TN, etc., remain 
open. 

Using a method for x-ray diffraction in a magnetic field 
developed earlier,7 it was possible to construct the general 
outlines of the H-T diagram of polycrystalline Dy, to study 
the thermodynamic features of the AF-F transition in a mag- 
netic field and to find a number of effects associated with the 
reorientation of ferromagnetic domains. However, the ex- 
perimental technique used (photographic recording of the 
diffraction picture in strong magnetic fields and a large 
"step" in the variation of magnetic field strength H, and a 
relatively low accuracy in stabilizing the temperature) pre- 
vented detailed study of structural effects near the critical 
temperatures TN and 0. The aim of the present work is a 
precision investigation of the crystal structure of Dy in weak 
magnetic fields in the neighborhood of the critical points, on 
the basis of which it is possible to elucidate the details of the 
course of the magnetic phase transitions and to determine 
the H-T phase diagram more accurately. 

The essence of the experiments carried out comes down 
basically to obtaining the temperature (for H = const) and 
field (for T = const) dependences of the parameter c for the 
hexagonal (in the P and AF states) or rhombic (in the F state) 
lattice of Dy in weak magnetic fields, when the magnetic 
field strength vector H is directed along the basal plane 
(001). In the F and AF phases the magnetic moment lies in 
this plane and also, supposedly, in the intermediate fan 
phase.' 

1. METHOD OF INVESTIGATION 
The specimen studied was a Dy single crystal of 

~ 9 9 . 8 %  purity. A specimen in the form of 2 X 2 X 2 mm3 
cube was cut out of a single crystal, bounded by (100), (1 10) 
and (001) crystallographic planes. We note at once when a 
specimen of this shape is in the ferromagnetic state, the de- 
magnetizing field Ho should be fairly large. Unfortunately, 
an accurate calculation of Ho is practically impossible since, 
as well be shown below, the amount of ferromagnetic phase 
in the specimen near the temperature 0 depends on the 
strength of the magnetic field; for T >  0 the value of Ho is, 
naturally, small. 

A special apparatus was developed based on the 
URNT-80 attachement to a DRON-2.0 x-ray diffractome- 
ter, for precision structural investigations 80<T<300 K, 
O<H< 1000 Oe. A brass holder with a specimen was placed 
between the poles of a miniature magnet. The field could be 
controlled to within an accuracy of 5 Oe by changing the 
current through the windings of an electromagnet. Tem- 
peratures were measured with a copper-constantan thermo- 
couple, one junction of which was in immediate contact with 
a section of the specimen made by the (001) plane; a Shch 
68002 voltmeter used as measuring instrument gave a mea- 
suring accuracy of + 0.02 K. The temperatures were stabi- 
lized with an accuracy of at least 0.2 K. 

The x-ray diffraction was carried out with monochro- 
matized CuK, radiation. The (006) reflection was recorded 
at a diffraction angle 2 8 ~  109.7". Photographs were taken 
under stepwise scanning (stepsize O.OlO, exposure time 4 s). 
The accuracy in measuring the parameter c was at least 

2 x  A. 
In studying the magnetic phase composition it was nec- 

essary to measure the intensity of the partially overlapping 
(006) reflections from the hexagonal (antiferromagnetic) and 
rhombic (ferromagnetic) phases. A method was developed to 
solve this problem, close in essentials to the well known Ra- 
chinger method (see, for example, Ref. 9), but enabling not 
two (the K,, and Ka2 components of the spectral doublet) 
but four (two doublets) lines to be resolved. The accuracy in 
measurements of intensity was no better than 5-10%. 

2. RESULTS OF THE INVESTIGATION 

As has already been mentioned, the main attention in 
the present work was paid to the study of structural effects in 
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FIG. 1. The temperature dependence of the parameter c in the neighbor- 
hood of the temperature @ in fields H = 0 (a) and H = 835 Oe (b); 0 F 
phase, AF phase. 

Dy near the critical points. The results of measurements in 
two temperature ranges, - 80-100 and - 160-190 K, are 
given below; some results on the magnetostriction of Dy 
were also obtained at intermediate temperatures. To avoid 
hysteresis effects in phase transitions in Dy (Ref. lo), all ex- 
periments were carried out under conditions of increasing 
temperatures or magnetic field strength. 

2.1 Phenomena in the neighborhood of the AF-F phase 
transition point 

The results of measurements of the temperature depen- 
dences of the parameter c of dysprosium at H = 0 and 
H = 835 Oe are shown in Fig. 1. A discontinuity in the lat- 
tice parameter A c z  12X A is observed, which is char- 
acteristic of a first order phase transition. The following two 
facts are noteworthy: 

a) the existence of a fairly wide region within which the 
F and AF phases coexist (the splitting of the (006) diffraction 
line into two components (006),, and (006), is an unam- 
biguous sign of the coexistence of phases); 

b) a noticeable shift in transition temperatures (more 
precisely, the region within which the F and AF phases coex- 
ist) in the high temperature direction (dO/dHz3 X 
K . Oe- ' " and some reduction in the jump in the parameter 
c in a magnetic field. 

Photographs at T = 88.3 and 89 K, corresponding to 
the region of the magnetically heterogeneous state of Dy 
enabled the effect of a strong change in the ratio of intensities 
of the diffracted lines (006), and (006),, in a magnetic field 
to be detected; the fraction X of the F phase grows with in- 
creasing H. With a fairly high degree of certainty (correla- 
tion coefficient r z 0.95), the value ofX depends quadratical- 
ly on the field: 

88.3 IC: X=0.176*0,024+ (7.516*0.701) .lo-' H z ,  
(1) 

89 IC: X=0.073*0.019+ (16,230*0.466) .lo-' Hz. 

It can be seen from Eq. (1) that the value of H corresponding 
to a complete transition to the F state grows rapidly with 
increasing temperature ( -  1000 and 1500 Oe respectively at 
88.3 and 89 K). Measurements of the field dependences of 
the parameterc ofdysprosium in the F and AF phases at 88.3 

FIG. 2. The field dependence of the parameter c of dysprosium at 88.3 K, 
0 F phase, AF phase. 

showed that while c,, grows with increasing field, c, de- 
creases (Fig. 2). 

2.2. Phenomena in the neighborhood of the P-AF transition 

The results of measuring the c (T)  relation in different 
fields Hare shown in Fig. 3. All thec(T) curves have a similar 
shape: the parameter c depends weakly on temperature for 
T >  180 K, while at lower temperatures c increases anoma- 
lously with decreasing T. No discontinuities on the c(T) 
curves were found at any fields. A noticeable shift occurs in 
the critical points, which were determined by the appearance 
of kinks (shown by arrows in Fig. 3) on the c(T) curves,' in the 
low temperature direction with increasing magnetic field 
strength. It is noteworthy that independent of the critical 
values of Tand H, the kink is observed at practically one and 
the same value of the parameter c (see the inset of Fig. 3). 

A noticeable kink is observed on the c (H)  isotherm at 
T = 178 K for H z  700 Oe (Fig. 4), while for H > 700 Oe the 
slope of the c(H ) curves is less than for H < 700 Oe. The dif- 

FIG. 3. Thec-H-T diagram of Dy near T,: 1) H = 0; 2) 480 Oe; 3) 580 Oe; 
4) 665 Oe; 5) 745 Oe; 6)  835 Oe; 7) 920 Oe. The inset shows the dependence 
ofc,, (at the P-AF transition point) on the temperature of the phase transi- 
tion. 
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FIG. 4.  The c(H ) isotherms of dysprosium near T,: a) T = 148.3 K; b) 172 
K; c) 178 K; d) 180.5 K; e) 184.2 K. 

ference in the slope of the c(H ) curves at H5700 Oe exceeds 
possible experimental errors ( E ~ X  lo-' A 0e-I). Anama- 
lies are not observed in the c (H)  curves at lower or at higher 
temperatures. The parameter c is practically independent of 
magnetic field strength at T >  TN. The c(H) relation has an 
appreciably nonlinear form for T < TN (see Fig. 4) and can be 
described by a relation of the type 

c=c,+bH+dHZ, 

with the contribution of the quadratic term increasing ap- 
preciably on approaching TN : 

3. DISCUSSION 

The essentially new result obtained from the x-ray dif- 
fraction study of a Dy single crystal in weak magnetic fields 
is the direct confirmation of the existence of a region for the 
magnetically heterogeneous state in the H-T diagram, i.e, 
the coexistence of AF and F structures2' near the tempera- 
ture @. Unlike the closest physical analog-the intermediate 
state of type I superconductors-a region within which the 
AF and F phases coexist is also realized at H = 0, broaden- 
ing evidently as the magnetic field strength increases. 

When phases which differ in specific volume coexist, 
the proportions of the phases in equilibrium along the phase 
equilibrium line (in the present case, along the H,, ( T )  line) 
should be inversely proportional to the ratio of the specific 
volumes ("the leverage rule" (Ref. 1 I)), or to a first approxi- 
mation the lattice parameters. As can be seen in Fig. 5, the 
correlation between the quantities c,/c,, and (1 - X)/X is 
not bad. It is evident that the possible direct observation of 
the coexistence of the AF and F phases in Dy is, in fact, due 
to the large difference between the lattice parameters of 
these phases and the relatively low temperature of the phase 
transition. 

No features were found on the c(T) and c(H ) curves ob- 

FIG. 5. The dependence of cF/cAF on ( I  - X ) / X  at 88.3 K .  

tained near the temperature @ which could be connected 
with the appearance of a fan structure. This means that there 
is a direct AF-F transformation in the temperature and field 
regions studied. It should, in general, be noted that a variant 
of the phase diagram could evidently be constructed ade- 
quately describing the behavior of the physical properties of 
Dy, in which the hypothetical region where the fan shaped 
magnetic structure exists is absent. 

Investigation of the structure of Dy in weak magnetic 
fields near TN showed that the form of the c(T) relation does 
not change qualitatively when a magnetic field is turned on; 
in all cases there was no discontinuity in the lattice param- 
eter on the c(T) curves, the behavior of the curves leads to the 
appearance of A-anomalies in the thermal expansion coeffi- 
cient all (Fig. 6), the "sign" of which, in conformity with the 
Ehrenfest equation for the case of uniaxial stress, 

(C, is the specific heat at constant pressure, Vis the specific 
volume, a,, is the uniaxial stress, directed along the c axis), 
agrees with the nature of the shift in TN under the action of 
uniaxial stress applied along the (001) axis [dT,/da,, <O 
(Ref. 12)]. All this means that the P-AF transformation in 
weak magnetic fields, as for H = 0, is a second-order phase 
transition. 

When studying Dy it was possible to observed a second- 
order AF-P phase transition with magnetic field. The 
change in shape of the c(H ) isotherm at T = 178 K (see Fig. 4) 
indicates the existence of a jump in the magnetostriction co- 
efficient dil /dH, the second derivative of the thermodynam- 
ic potentials." The fact that the second order AF-P phase 
transition occurs for a value of the parameter c which is 
practically constant along the critical line (see Fig. 3) means, 
apparently, that the critical values of the parameters of the 
helical magnetic structures along the critical line of the 
phase transition also remain constant. The noticeable 

a,, . K-' 
r a 

7 b 

FIG. 6 .  The temperature dependences of the linear expansion coefficient 
a, of dysprosium near T,  for H = 0 (a) and H = 920 Oe (b). 
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growth in the parameter c with decreasing T in  the region 4. The strong shift of TN in a magnetic field is described 
T< T,(H) is evidence of a faster reduction in helix angle as by a power law with critical index w = 2.83 + 0.01. The val- - 

H i s  increased.' ue of the crystal lattic parameter c is constant along the criti- 
A fairly strong shift in the temperature of the second cal line of the second order phase transition. 

order phase transition was found near T N  (see the H-Tphase 
the start of the F-AF transitions 

diagram in Fig. 3), which can be well described (rz0.98)  he existence of such a state could be indirectly judged on the basis of - -  - 
the equation results of magnetic and galvanomagnetic  measurement^'^ 

The value of the critical index obtained experimentally 
(o = 2.83) is larger than follows from the hypothesis appro- 
priate to an antiferromagnet (w = 2, Ref. 13). The value of o 
obtained for Dy is closest to the experimental value of the 
critical index of the rare earth ferromagnet Gd (w = 2.53, 
Ref. 14). 

CONCLUSIONS 

1. Structural investigations have been carried out on a 
dysprosium single crystal at T-80-200 K and field 
strengths up to 1 kOe. 

2. It has been shown that the first-order helical antifer- 
romagnetism-collinear ferromagnetism phase transition is 
spread out in temperature ( A 0  -- 4 K). A magnetic field con- 
siderably affects the ratio of volumes of the ferro- and anti- 
ferromagnetic phases in the magnetically heterogeneous 
state. 

3. The paramagnetism-helical antiferromagnetism 
transformation is a second-order phase transition both at 
H = 0 and in an external magnetic field. 

'V. A. Finkel', The Structure of Rare Earth Metals [in Russian], Metal- 
lurgia, Moscow (1978). 
'J. M. Robinson and P. Erdos, Phys. Rev. B2, 2642 (1970). 
'S. A. Nikitin, A. S. Andreenko, and V. A. Pronin, Fiz. Tverd. Tela 
(Leningrad) 21,2808 (1979) [Sov. Phys. Solid State 21, 1616 (1979)l. 

4M. Akhavan, H. A. Blackstead, and P. L. Donoho, Phys. Rev. B8,4258 
(1973). 
'R. Herz and H. Kronmiiller, J. Magn. and Magn. Mater. 9,273 (1978). 
6A. C. Hudgins and A. C. Pavlovic, J. Appl. Phys. 36, 3628 (1965). 
'V. A. Finkel' and V. S. Belovol, Zh. Eksp. Teor. Fiz. 57, 774 (1969); 60, 

'N. A: lzyumov, v.'E. Naish, and R. P. Ozerov, Neutrons and Solids, 
Vol. 2, Neutron Diffraction of Magnetic Materials [In Russian] Atomiz- 
dat, Moscow (1981). 

9A. Guinier, X-ray Diffraction, W. H. Freeman and Co., San Francisco 
(1963). 

"I. S. Petrenko and V. A. Finkel', Zh. Tekh. Fiz. 53, 1124 (1983) [Sov. 
Phys. Tech. Phys. 28, 680 (1983)l. 

llL. D. Landau and E. M. Lifshitz, Statistical Physics, 2 Vols. 3rd ed. 
Pergamon Press, Oxford (1980). 

lZH. Bartolin and D. Bloch., C. R. Acad. Sci. Ser. B 269, 496 (1969). 
13A. Z. Patashinskii and V. L. Pokrovskii, Fluctuation Theory of Phase 

Transitions [in Russian] Nauka, Moscow (1982). 
14Kh. K. Aliev, I. K. Kamilov, and A. M. Omarov, Fiz. Tverd. Tela 

(Leningrad) 26, 840 (1984) [Sov. Phys. Solid State 26, 508 (1984)l. 

Translated by R. Berman 

1059 Sov. Phys. JETP 61 (5). May 1985 Vorob'ev et a/. 1059 


