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The magnetization and magnetostriction of single crystals of dysprosium orthoferrite have been 
measured over the temperature range 4.2-60 oK, in magnetic fields up to kOe. Various types of 
reorientational transition, induced by an external magnetic field, have been observed at temperatures 
below the Morin point. On application of a field along the c axis of the crystal, there was observed 
a reorientation of the spins in the plane ab perpendicular to the field direction. A peculiarity of the 
transitions under the action of an external field along the a and b axes is that the reorientation 
occurs under the influence of the molecular field of the rare-earth ions, amplified by the external 
field. The experimental and theoretical phase diagrams H (T) agree qualitatively with each other. 

INTRODUCTION 

Despite the large amount of research devoted to the 
investigation of spin reorientation in rare-earth ortho­
ferrites (RFe03), there has so far been little study of 
the reorientational transition from a weakly ferromag­
netic to an antiferromagnetic state (a transition of the 
Morin type), which is observed for example in dyspros­
ium orthoferrite. It is known that at high temperatures 
dysprosium orthoferrite is weakly ferromagnetic, the 
spins of the iron ions being oriented along the a axis of 
the rhombic crystal (the magnetic structure GxFx). On 
lowering of the temperature to ~40 K, the spins of the 
iron ions are reoriented to the b axis (GxF z - Gy), 
and the crystal becomes antiferromagnetic(l,21• On 
further lowering of temperature, there occurs at about 
4 K an antiferromagnetic ordering of the spins of the 
dysprosium ions, in the mode AyGx; the spin configura­
tion of the iron ions is unchanged[31• 

Although the exchange interaction of the rare-earth 
and iron ions does not exert appreciable influence on 
the ordering of the dysprosium ions, it determines to a 
Significant degree the magnetic behavior of dysprosium 
orthoferrite at higher temperatures. The presence of 
exchange interaction can, in particular, lead to the oc­
currence in dysprosium orthoferrite of unusual reor­
ientational transitions induced by an external magnetic 
field. It should be mentioned that the effect of a mag­
netic field on a reorientational transition of the Morin 
type in orthoferrites has hitherto received practically 
no attention. 

THEORY 

We shall consider the effect of a magnetic field on a 
phase transition of the Morin type in a rare-earth 
orthoferrite (dysprosium orthoferrite). It is convenient 
to present the results of an investigation of the effect of 
a magnetic field on phase transitions in the form of 
magnetic phase diagrams. We shall first investigate the 
problem of phase diagrams theoretically. 

Phase diagrams can be calculated if one knows the 
free energy of the crystal, which we shall calculate on 
the basis of the following model. The magnetic proper­
ties of the crystal are described by two magnetic sub­
systems: the weakly ferromagnetic iron sublattice, 
characterized by the antiferromagnetism vector 1 and 
the magnetization m, and the paramagnetic system of 
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rare-earth ions; these subsystems are coupled to each 
other by exchange interaction. 

The free energy of the Fe3• ions can be expressed in 
terms of 1 and m in the usual way, by using considera­
tions of magnetic symmetry '(see, for example,(l,41). To 
calculate the free energy of the paramagnetic subsys­
tem it is necessary to know the spectrum and basic 
characteristics of the rare-earth ions (RI) in the 
crystalline field (the g tensor, the exchange parameters, 
etc.). The RI occupy four c sites in the crystal lattice 
and have two nonequivalent positions. For them, the 
local symmetry is described by point group Cs (a re­
flection plane parallel to the plane ab). In such a low­
symmetry environment, the original multiplet under­
goes the maximum allowable splitting. Thus the multi­
plet 6H 15/ 2, corresponding to the ground state of the 
free Dy3. ion, splits into doublets. According to optical 
measurements[21, Dy3. in DyFe03 has the following en­
ergy levels: Eo = 0; El = 52.5 cm-\ E2 = 147 ± 1 cm-\ 
E3 = 225 ± 2 cm-\ etc. Hereafter we shall limit our­
selves to the case of low temperatures, where it is suf­
ficient to consider only the lowest doublet (T < 77 K 
for DyFe03). 

In the presence of an external magnetic field Hand 
of exchange interaction of the RI with the iron ions, the 
energy of the levels of this doublet can be described in 
the form 

E.=%-lg(H+h)lcr, (1) 

where a = ±1, and where g is a tensor defined in the 
usual way in terms of the wave functions of the 
doublet[31, in accordance with the local symmetry of the 

RI environment; it has(th;=f~rg: 0 ) 

g= ±g." g .. 0 . (2) 
o 0 g" 

The signs ± correspond to the two nonequivalent posi­
tions of the RI. 

We shall treat the exchange interaction in the molec­
ular-fidd approximation (whiCh in the present situation 
has a high degree of accuracy). In the same way as 
ear!ler[41, using the magnetic symmetry of the ortho­
ferrites, we shall define the anisotropic molecular field 
h that acts on the RI in the following form: 

( 
I.. 0 0) (0 0 I., ) h± = ±I., 1.2 0 m + 0 0 ±I.. J""I..±m+1.2±1. 

o 0 I., ", ±I.. 0 

(3) 
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We shall neglect dipole and exchange interactions be­
tween the RI; they are important only at low tempera­
tures (~1 to 5 K). 

If these assumptions are made, the free energy of 
the crystal (per RFe03 molecule) can be described in 
the form 

(4) 

(5 ) 

T !l.± 
f.±=-Tln2chy' (6) 

We shall neglect anisotropic terms of the type R1mi /2 
and b2m~/2 in view of their smallness (m is com­
parable with a1li and a2l~). The Zeeman splitting ~± 
of the doublet in the external and exchange field is 

(7 ) 

where summation over repeated indices is understood, 
and where (3 is the Bohr magneton. 

On minimizing the free energy (4) with respect to m 
at given 1, under the supplementary conditions (ml) = 0 
and l2 = 1 - m2 "" 1, we get 

m=A-'[H,-(H,I)Xl], (8) 

where Ht = H + HD + HR; HD is the Dzyaloshinskil 
field, with components (d1Iz, 0, d2lx); 

{W (W 1 
H.=----=-(A,+M.++A,-M.-) (8a) 

am gm 2 

is the field exerted on the Fe 3+ ions by the RI; and MR 
is the magnetization of the RI. The values of M'R can 
be obtained by differentiation of the expression (6) with 
respect to H, 

M± = (-.l)' (th~) gij±g .. ±(H+h±). (9) 
l 2 T !l.± ' 

the HI susceptibility is 

(
A' ± ± 

± - p) g'l g .. 
JU. - T -T--' (10) 

In order not to complicate the presentation with de­
tails and with cumbersome formulas, and remembering 
that the orientational transitions under study occur in 
relatively quite strong magnetic fields, when the ex­
change field gives a smaller contribution than the ex­
ternal field to the Zeeman splitting of the doublet, we 
shall hereafter consider that ~ is a function only of 
the external field. On substituting (8) in (4) and taking 
into account terms of no higher order than the second 
in m, we get 

F=- 2~ [H,'-(H,I)'J+ii:,l.'+ii:,I,'. (11) 

In this form, the free energy is a function of 1 (or of the 
angles e and cp, which are defined in the usual way: 1 z 
= l cos e, Lx = 1 sin e cos cp, l Y = 1 sin e sin cp). The 
expression (11) coincides in form with the free energy 
of a compensated, completely saturated antiferromagnet 
in a magnetic field, whose role in our case is played by 
Ht. the total effective field that acts on the Fe s+ ions. It 
is obvious that, depending on the orientation of the field 
Ht and on the character of the anisotropy, just as in the 
case of a compensated antiferromagnet, in the field Ht 
there can occur orientational transitions of the type of 
flipping of the magnetic sublattices (spin-flop). The 
external field here plays a double role. In addition to 
its direct influence on the iron sublattices, it induces 
RI magnetization and thus induces ("amplifies") the 
molecular field exerted on the Fe 3+ ions by the RI. At 
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low temperatures, the "induced" molecular field may 
greatly exceed the external field, so that the flipping 
actually occurs in the internal molecular field. The in­
duced molecular field depends strongly on temperature, 
and this leads to peculiar H-T phase diagrams for the 
system. 

We shall consider concrete special cases. 

1. Ho II b. According to (9) we have (~)x = ±Mx, 
(M~)y = My, (~)z = 0; substituting these values in 
(8a), we get HRx = 0, HRy = A2My, HRz = O. Thus 

H,=(dl" Ho+HR, dl,). (12 ) 

The free energy (11) is 

F=-j!!~(l '+1 ') 2A ,. (13 ) 
+K"I,'+K,.I.'+ . .. , 

where Kbc and Kba are the anisotropy energies that 
"restrain" the vector 1 against rotation into the planes 
bc and ba of the crystal. We have omitted terms of 
higher order in 1 (Kbc == a2 - d~/2A, Kba == al 
- dU2A). Since at a temperature below the Morin point 
the stable state is Ix = Iz = 0, obviously Kbc > 0, 
Kba> O. 

The field Ho + HR weakens the stability of the state 
lx = lz = O. The critical field at which the mode Gy (Lx 
= L z = 0) loss its stability is obviously determined by 
the equation 

(Ho+HR) cr'=2A min (K", K b.) , 

or 

(Ho+HR)cr' = {2AK,,; K,,<K, •. 
- 2AK,.; K,.<K" 

On USing the relations (8a), (9), and (10), we get 

H _ [2A min (K,,, K,.) ]". 
o CI - 1 +A,X.: (T) 

(14) 

(15) 

(16 ) 

(17) 

Possible variants of the phase diagrams for this case 
are shown in Fig. 1. 

The physical mechanism of flipping of the iron sub­
lattices is determined by competition of the anisotropy 
energy and the total magnetic energy Xl(H + HR)2/2. 

2. Ho II a. According to (9), we have 

A ' !l. ,+ ' 
M -=M += (2:..) th- g" g .. H 

, , 2 T t:>. ' 
± _ (1..)' g .. '+g,.' . 

x .. - 2 T ' 

M ±= (-.l)'th~ ±g •• (g .. +g •• ) if 
• 2 T !l. ' 

±=± (1-)' g •• (g .. +g •• ) . x.. 2 T ' 

M.±=O, H.,=A,M,+A,ilf" Hh.=HR.=O. 

FIG. I. Theoretical phase 
diagrams for the case H II b, for 
various ratios of the aniso­
tropy cons tan ts in the planes 
ab and bc. 
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(19) 
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Substituting (18), (19), and (20) in (11), we get 
1 d' 

F=-2:A[H.+(HR).+dl;]·(1-1;)- 2A 1;(1-1.')+ii,I.'+ii21,'. (21) 

We shall investigate the stability of the model Gy 
(Ix = lz = 0). Formal analysis of (21), carried out under 
the condition that for T < TM and Ho = 0 the mode Gy 
is stable, shows that in a magnetic field there occurs a 
smooth rotation of the antiferromagnetism vector 1 
into the plane bc, with corresponding appearance of a 
magnetic moment along the x axis, 

(22) 

The fact that the reorientation of 1 occurs in the 
plane bc follows directly from the form of the free en­
ergy (21). In fact, on deflection of the vector 1 in the 
plane ab the magnetic energy increases by the amount 
(H + HR)2zi /2A, whereas deflection of 1 in the plane 
bc leads to decrease of the energy. The field at which 
the reorientation is completed is determined by the re­
lation 

(H.~~HR)cr=2KbJm. 

or, by use of (18), (19), and (20), 
H _ 2KbJm. 

OCII-1+1..1~+J..,"M:" 

The phase diagram is shown in Fig. 2. 

3. Ho II c. According to (9) we have 

M.=M,=O, M,= ~g~th~H ' = (1...)2g,.', 
2 T '. Xu 2 T' 

H1«=HR,=0, HR,='A,M;. 

Substituting these values in (11), we get 
1 d' 

F=- 2A [(H.+HR+dl.)j(1-1.')]- 2A 1.'(1-1;)+ii,I;+ii21,'. 

(23) 

(24) 

(25) 

(26) 

It is easy to demonstrate that in this case the reorienta­
tion of the antiferromagnetism vector occurs in the 
plane ab, 

1,=0, 1.=m,(H,+HR )/2K.. (27) 

and that the critical field is determined by the relation 

H,cr=2Kablm.(1+'A,Xu) . (28) 

The phase diagram is shown in Fig. 3. 

EXPERIMENTAL RESULTS 

We have studied transitions from the antiferromag­
netic to the weakly ferromagnetic state, in monocrystals 
of dysprosium orthoferrite, induced by an external mag­
netic field applied along various crystallographic direc­
tions. The investigations were made on monocrystals 
grown by the method of crucibleless zone fusion with 
optical heating[51• Figure 4 shows magnetization curves 
taken along the c axis of the rhombic crystal over the 

fI 

'~, ;:.: z (lzl~) 
T .. T .. 

FIG. 2 FIG. 3 

FIG. 2. Theoretical phase diagram for HII,a. 
FIG. 3. Theoretical phase diagram for the case Hllc. 
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FIG. 4. Isotherms of the magnetization of DyFe03 along the c axis, 
with external field Hllc, for various temperatures ("K): 1,4.2; 2,6.7; 
3, 10.9; 4, 14.9; 5, 19.7; 6, 27.7; 7,34.7; 8, 40.3; 9, 41.7. 

FIG. 5. Temperature dependence 
of thermal expansion along the c axis. 

1-1 

1.1 

8.6 

o 103011050 
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wide temperature interval 4.2 to 100 K. As is evident 
from Fig. 4, at low temperatures, where the crystal is 
antiferromagnetic, application of a sufficiently large 
magnetic field along the c axis causes an abrupt transi­
tion to a weakly ferromagnetic state (Gy - Gx F z). The 
value of the threshold field that produces this transition 
decreases with increase of temperature and vanishes at 
the Morin point, above which the crystal is a weak ferro­
magnet with magnetic moment along the c axis of the 
crystal (Gx F z). 

Because of the strong influence of a magnetic field on 
the transition temperature, we determined the Morin 
point from the temperature dependence of the thermal 
expansion (Fig. 5), whose behavior exhibited a signifi­
nificant anomaly at the instant of transition. The value 
thus obtained, TM"" 41 K, somewhat exceeds the value 
determined earlier(7,Bl, when the Morin point was found 
from magnetic measurements. 

From Fig. 5 it is seen that upon spontaneous transi­
tion from the antiferromagnetic to the weakly ferromag­
netic state, the length of the crystal along the c axis 
decreases discontinuously ((t..l/Z)c = -1 ·10-5). An 
analogous deformation of the crystal can obviously be 
produced also by application of a magnetic field below 
the Morin point along the c axis of the crystal, since 
in. this case we also observed the transition Gy - GxFz. 
Flgure 6a shows data on the change of longitudinal mag­
netostriction in a field applied along the c axis of the 
crystal at various temperatures. Above the Morin 
point, the magnetostriction occurs only because of the 
paramagnetism of the dysprosium ions, since 1800 rota­
tion of the spins of the iron ions in the field does not 
cause magnetostriction. At temperatures below the 
Morin point, in addition to the magnetostriction of the 
rare-earth ions there is magnetostriction due to rota­
tion of the spins of the iron ions from the b axis to the 
a axis of the crystal under the influence of a magnetic 
field directed along the c axis of the crystal. 

An unusual feature of this reorientational transition 
in dysprosium orthoferrite is that the rotation of the 
spins under the influence of a magnetic field parallel to 
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FIG. 6. Isotherms of the longitudinal magnetostriction along various 

crystallographic directions in DyFe03, for various temperatures (oK): 
a, H IIc (I, 6.1; 2, 7.5; 3, 8.7; 4, 12.9; 5, 17; 6, 21.7; 7, 25.6; 8, 30.5; 
9,34; 10,42). b, Hila (1,6.1; 2, 8.2; 3,10.9;4,15.6; 5,19.7; 6, 23.7; 
7,29.7; 8,36.1; 9,42.4; 10,48). c, H lib (1,6.1; 2, 8.9; 3, 15.0; 4,23.1; 
5,34.6; 6, 35.0; 7, 36.2; 8,38; 9,40.5; 10,42). 

the c axis occurs here in the plane ab perpendicular 
to the direction of the magnetic field. The temperature 
dependences of the threshold field that produces the 
transition from the antiferromagnetic to the weakly 
ferromagnetic state, as determined from the magnetiza,­
tion curves and from the magnetostriction curves, 
agree well with each other. The phase diagram obtained 
experimentally (Fig. 7) shows an increase of the thresh­
old field with increasing distance from the Morin point. 
Near the Morin point, the dependence of Hth on T is 
practically linear; this is apparently due to the linear 
dependence of the anisotropy constant on temperature 
in this temperature range. According to[6] 

Hth= -2K(T)/m(T). 

Assuming that near TM 

K(T) =K(T-T>r)/T 

we obtain from the phase diagram (Fig. 7) the value 

K=3.3.1O' erg/cm3. 

(29) 

The shift of TM under the influence of a magnetic 
field applied along the c axis is of amount .<l TM/ .<lHth 
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FIG. 8 

FIG. 7. Temperature dependence of the threshold field along the c 
axis that produces the transition Gy ..... GxFz. 

FIG. 8. Experimental phase diagrams for DyFe03 in an external 
magnetic field (I, Hila; 2, Hllb). 

= 12 deg/kOe. Far from TM, in the low-temperature 
region, Hth( T) departs from a linear dependence, and 
there develops a rapid rise with lowering of tempera­
ture (Hth = 7 x 103- 0e at 4.2 K). 

As was pointed out above, the magnetic behavior of 
dysprosium orthoferrite is Significantly influenced by 
exchange interaction of the rare-earth and iron ions. 
Above the Morin point, the presence of positive exchange 
interaction leads to a hyperbolic rise of the spontaneous 
magnetic moment along the c axis of the rhombic 
crystal with lowering of temperature. 

The total spontaneous magnetic moment of the ortho­
ferrite in this case can be described in the form(l] 

(30) 

where uFe is the weakly ferromagnetic moment of the 
iron ions, and where Ho is the exchange field that 
polarizes the paramagnetic rare-earth ions with suscep­
tibility XR. For dysprosium orthoferrite, the value 
found by extrapolation to high temperatures is uFe 
= 1.5 G cm 3/g, which is close to the value for yttrium 
orthoferrite (the yttrium ions are nonmagnetic). The 
exchange field exerted by the iron ions on the dyspros­
ium ions, above TM, then had the value Ho = 5 '103 Oe; 
this somewhat exceeds that obtained in the paper of 
White[9], because there a too low value of uFe was 
taken. 

Below the Morin point, the exchange field also acts 
along the c axis of the crystal; this promotes antiferro­
magnetic ordering of the dysprosium ions, of type Cz , 
which however is not observed because of the small 
value of the gz factor. Exchange interaction between 
the rare-earth and iron ions can also lead, in turn, to 
an action of the rare-earth ions on the spins of the iron 
ions. The effect of this interaction should show up 
especially strongly along the a and b axes of the crystal, 
where the susceptibility of the Dy3+ ions is large. 

As was considered in Sec. 1, the exchange field ex­
erted by the rare-earth ions produces a potentiality for 
occurrence of a spin reorientation (Gy - GxF z or 
Gy - GzFx) on application of a magnetic field along the 
a and b axes of the crystal. This type of reorientation, 
induced by an external magnetic field, is difficult to de­
tect from magnetization curves, because the spontaneous 
magnetic moment is small and may appear along the c 
axiS, perpendicular to the measurement direction. For 
exposure of a possible reorientational transition in a . 
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field, we carried out measurements of the longitudinal 
magnetostriction along the a and b axes of the crystal 
(Fig. 6b and c). It is evident that below TM, in a suf­
ficiently large field parallel to the a and b axes, there 
occurs an additional magnetostriction, apparently 
caused by reorientation of the spins of the iron ions, 
since the dysprosium ions at these temperatures are in 
a paramagnetic state. The value of the field at which a 
break in the magnetostriction curve is observed was 
taken as the threshold field that produces the transition 
at the given temperature. 

The value of the threshold fields determined from 
the isotherms of longitudinal magnetostriction along the 
a axis decrease, with lowering of the temperature, in 
proportion to the distance from the Morin point. The 
experimental phase diagram for this case is shown in 
Fig. 8. In analogous fashion, an experimental phase 
diagram was constructed on the basis of values of the 
threshold fields determined from the isotherms of longi­
tudinal magnetostriction along the b axis (Fig. 8). It is 
evident that in the case of a field H II b the dependence 
of the threshold field on temperature has a more com­
plicated character. Comparison of the experimental 
phase diagrams with the theoretical curves shows good 
qualitative agreement. As is evident from Fig. 8, the 
threshold field along the a axis is larger than along the 
b axis; this is obviously due to the large value of the 
g-factor along the b axis, since, according to (16), the 
value of the threshold field is inversely proportional to 
the value of the susceptibility along the corresponding 
axes of the crystal. 

It should be noted that reorientational transitions of 
this type, induced by an external magnetic field, have 
been observed here for the first time in orthoferrites. 
A specific peculiarity of the transitions in the case 
H II a and H II b is that the reorientation occurs under 
the influence of the molecular field of the rare-earth 
ions, amplified by the action of the external field. A 
distincti ve trait of the transition in a field parallel to 
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the c axis is that the reorientation of the spins occurs 
in a plane perpendicular to the direction of the external 
field; this also has not been observed previously in 
orthoferrites. 

In closing, we express our gratitude to A. Ya. 
Chervonenkis for kindly making available the mono­
crystals of dysprosium orthoferrite. 
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