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Nature of the spontaneous and field-induced low- 
temperature orientational transitions in erbium orthoferrite 
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M. Y: Lomonmov Moscow State Uniwrsi@ 
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Zh. Eksp. Teor. Fi. 79, 1451-1460 (October 1980) 

A theory is constructed and an experimental investigation is'carried out on the field-induced spin-flip 
transitions in ErFeO, at low temperatures, for two orientations of the external magnetic field: H(la and Hllc, 
where a and c are the crystal axes. The threshold fields of the phase transitions are determined from the 
isotherms of the magnetostriction A(H) along the c axis. The dependence of the threshold fields on the ratio of 
the Er-Er and Er-Fe interactions is explained, from a comparison of the theoretical and experimental results, 
estimates are obtained for the values of these interactions in ErFeO,. It is shown that interaction between 
rareearth ions plays a dominant role in low-temperature spin-flip phenomena in erbium orthofemte. 

PACS numbers: 75.50.Gg, 75.30.K~ 

ErFeO, is the  only or thofer r i t e  in which order ing  of 
the  ra re -ear th  ions at low tempera tures  is accompanied 
by a simultaneous spin-flip (SF) t ransi t ion i n  t h e  sub- 
sys tem FeS+ ions, such that  the  r a r e - e a r t h  and i ron 
sp in  configurations resul t ing f r o m  the  phase t r a n s i -  
t ion  belong to a s ingle  representat ion of the  s y m m e t r y  
group  of the or thoferr i tes ,  i.e., a r e  compatible sp in  
configurations. It h a s  been establ ished experimentally'" 
that  the  low-temperature S F  transi t ion i n  the  subsystem 
of Fe3+ sp ins  at T =TR 5 4 K is a second-order  phase 
t ransi t ion r, - r,,.') We recall tha t  in  t h e  configuration 

I?,, the ant i ferromagnet ism vector  GI1 c, while i n  t h e  
configuration r,, GI1 b; h e r e  c and b are t h e  c r y s t a l  
axes, and I', denotes t h e  appropriate  i r reducible  rep-  
resentat ion of the  s y m m e t r y  group  of or thoferr i tes .  
r,, is a reducible  representat ion,  consis t ing of r, and 
r,; i n  the  configuration I?,,, the vec tor  G lies i n  the  
plane bc. On lowering of t empera ture ,  the angle of 
deviation of t h e  i r o n  sp ins  f r o m  the  c a x i s  i n c r e a s e s  
continuously; extrapolation t o  T =O K gives 9, = 49'. 
T h e  ErS+ ions are, f o r  T <  TR, o r d e r e d  ant i ferromag- 
netically along the c axis (according t o  the  mode C, 
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with a small admixture of modes F, and C,). 

Since the configurations of the rare-earth and iron 
spins that occur a t  T <  T, a r e  compatible, the presence 
of one of them necessarily induces the appearance of 
the other. This means that the observed spontaneous 
phase transition may be determined in various degrees 
both by the Er-Er and by the Er-Fe interactions. 
Investigation of the low-temperature magnetic proper- 
t ies of ErFeO, has been the subject of a large number 
of papers (we mention, in particular, Ref. 3, in which 
a systematic theory of spontaneous reorientation was 
developed); but so  far  it remains an open question 
whether the S F  transition r,-r,, is primarily a con- 
sequence of ordering of the ErS+ ions (the Er-Fe inter- 
action may then be very small), o r  whether the reorien- 
tation of the iron spins occurs because of the strong 
anisotropy of the Er-Fe exchange, while the ordering 
of the Er3+ ions is actually a polarization of the rare-  
earth subsystem by the Er-Fe exchange field. It should 
be noted that zero-field experiments on the tempera- 
ture behavior of the mode C, of the Er3+ spins o r  of the 
angle of rotation of the Fe3+ spins in the bc plane do not 
in principle enable us to separate these interactions 
(see below). The assumption made in Ref. 3 regarding 
the closeness of the values of the Er-Er interactions in 
ErFeO, and in the isomorphic compound ErA103 (the 
temperature of ordering of the Er3+ spins is TEr = 0.6 K), 
and the conclusion that follows from it regarding the 
dominant influence of the Er-Er interaction on the low- 
temperature magnetic properties of erbium orthoferrite, 
a r e  evidently inadmissible. One can involve as a counter- 
example the value of the parameter TEr = 3.8 K in 
ErCrOS4 (closer to ErFeO, with respect to lattice 
parameters than is ErA103). 

For the purpose of explaining the mechanisms of 
low-temperature phase transitions and of estimating 
the values of the corresponding interactions, S F  
transitions induced in ErFeO, by an external magnetic 
field were investigated in the present work. The 
threshold fields of these transitions depend primarily 
on the ratio of the Er-Er and Er-Fe interactions. In- 
dependent interest attaches t o  an  investigation, carried 
out in the paper, of phase transitions with H 11 c, when 
the behavior of erbium orthoferrite approximates the 
behavior of an  Ising antiferromagnet under the condi- 
tions for manifestation of the magnetic analog of a 
cooperative Jahn-Teller effect. In fact, the spontan- 
eous phase transition at T =T, i s ,  a s  it were, a syn- 
thesis of an "order-order" transition (a magnetic 
Jahn-Teller transition, with breakdown of the sym- 
metry in the subsystem of ~ e ' +  spins and additional 
splitting of the ground state of the Er3* ions5) and a 
"disorder-order" transition (antiferromagnetic order - 
ing of the Er3+ spins because of their own interaction). 
The H, T phase diagram of such a magnet, when H llc 
(in the idealized model, when H is parallel to the Ising 
axis of the rare-earth ion) will have the specific form 
characteristic of systems described by a many-com- 
ponent order parameter (see below). 

1. THEORY 

The low-temperature spontaneous spin flip in ErFeO, 
has been treated with sufficient completeness by Viteb- 
ski i  and Yablonskii.' We shall be interested primarily 
in the dependence of the values of the threshold fields 
of the field-induced SF  transitions on the ratio of the 
Er-Er  and Er-Fe interactions; for H =0, the formulas 
of the present section a r e  analogous to those obtained 
in Ref. 3. 

We write the total f ree  energy of ErFeO, in the form 

where the quantities G, F ,  Hi, and Hi a re  regarded 
a s  variational parameters. Here FFe is the free 
energy of the subsystem of Fe3+ spins, for which we 
have, in the two-sublattice approximation, the standard 
expressions 

whereas FE, contains the energy of Er-Er  and of 
Er-Fe interactions. It is assumed that the Er-Fe in- 
teraction is determined primarily by antisymmetric 
terms; therefore FEr in (1) is independent of F. The 
quantities Hi and Hi have the meaning of molecular 
fields produced by the Er-Er  interaction. At low tem- 
peratures the subsystem of Fe3+ spins is completely 
saturated, and the dependence of F,, on T may be 
neglected. 

We introduce angles 0 and cp that determine the 
orientation of the vectors G and F (see Fig. 1): B is  the 
angle between F and the c axis in the ac  lane'); cp is 
the angle between G and the ac plane in the plane per- 
pendicular to the vector F. The angle values 8 =0,  cp = O  
correspond to the configuration r4; B =n/2, cp = O  to the 
configuration r,. The configuration r, corresponds to 
the value cp =n/2. After substitution in (2) of G, 
=-G cosecoscp,G,=Gsine coscp, F, =Fsin8,  F, =Fcose  
and the minimization with respect to F, we get 

where K,, = S 2 ( b 3  - b l )  and Kbc = +G'(~'/A + b3) a r e  the 
anisotropy constants of the iron sublattices in the ac 
and the bc planes, respectively, of the crystal; Fo 
=(Fox, 0, FOE), where 

Fo,= (dG/A)  sin 0 cos cp, 

(terms a H 2  in (3) have been discarded). 

An expression for the free energy FEr is most simply 

FIG. 1. Orientation of the vectors G and F. 
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obtained by means of a variational principle. We take 
into account that in ErFeO, a t  low temperatures, only 
the ground doublet of the Er3+ ion is occupied, and that 
it can be described by an effective spin S = 5 with an 
anisotropic g factor. The model f ree  energy of the 
system of ~ r ~ +  ions, located in the exchange field 
H;, exerted by the ~ e ' +  ions and also in a n  external 
magnetic field H, and interacting with each other, can 
be written, by use of a variational theorem of Bogolyu- 
b ~ v , ~  in the form (per ErFeO, molecule) 

where the signs f distinguish two nonequivalent posi- 
tions of the rare-earth ions in the orthoferrite structure. 
The corresponding splittings (more accurately, half- 
splittings) of the ground doublet of the Er3+ ions, 

A* = 1 g* (Hmt+H,*+H) I 

and the quantities 

M*-- -  " l n ( ~ h f  ~ h $ ) ,  
OH,' 2 

which have the meaning of magnetic moments of the 
Er3+ ions in the nonequivalent positions, a r e  functions 
of the variational parameters 8, q ,  H i ,  and H i .  The 
form of the tensors g* and of the dependences of the 
fields Hie  on the orientation of the vector G is given, 
for example, in the paper of Zvezdin, Mateveev, and 
Popovs; is the Er-Er interaction tensor. The split- 
tings (5) a r e  measured in degrees Kelvin (K), the com- 
ponents of the g tensor in [ ~ / k ~ e ]  ( IK/~o~] = &g). 

By minimizing the sum of the expressions (3) and (4) 
(the total free energy of ErFeO,) with respect to 8, q, 
H i ,  and H i ,  one can find the equilibrium values of the 
variational parameters and the corresponding equilibrium 
states of system. As has already been mentioned in 
Ref. 3, in erbium orthoferrite it is apparently possible, 
in f i rs t  approximation, to take into account only the 
interactions between the Sf and S; components of the 
effective spin. In any case, experiments indicates ab- 
sence of any temperature variation of the splitting of 
the ground doublet of the Er3+ ion in the configuration 
r2 (spin in the ab plane) all  the way to T =TR. Below, 
we shall take this fact into account and shall use a s  
variational parameters not the vectors H i  but the sig- 
nal-component quantities Hi, =Hi. In this approxima- 
tion, the tensor h: obviously has only one nonvanishing 
component X,, = A. 

We turn to the investigation of concrete cases. 

A. External field H parallel to the a axis of the crystal, 
and H = O  

Since at low temperatures the easiest plane of 
anisotropy in ErFeO, is the bc plane (G in the bc plane, 
F ( 1  a), and since a field H lla does not divert the vector 
G from it, we may set  cos0 = O  in (3) and (4). Then the 
molecular field Hie has the forms Hte=(a, cosp,  f 4 coscp, 
i ~ s i n c p ) ,  where a, a r e  certain constants. Since H;e, 
= -Hiex, i t  follows from symmetry considerations that3) 
Hf, = - H i  = HR, and in accordance with (5) 

A+=A-FA-[ ( A ,  sin cp+g.JIn)'+A,' cost cp+2aH cos cp+blP]", (7) 

where 

a r e  the splittings of the ground doublet of the Er3+ ion, 
in the configurations r, and r, respectively, because 
of the Er-Er interaction; b =&, +$,; a = (& +&)HFer 
+(gzxgxy +gyygyr)HFey;H~e i =H+Fe(; and gij =g;j. The ex- 
pression for the free energy simplifies to 
F(cp ,  H,; H,  T )  =-Kb. cos"-Fa cos cp-T In ch(AIT)  -'lrhM'+MHR. 

The quantity (s 1 

in (8) is a function only of the two variational param- 
e te r s  q and HR; Fo = I FoI = ~ G / A .  

From the extremization conditions 9; = O  and 9;,=0, 
two solutions a r e  found: 1) s inq =HR = O  (r,); 2) s inq  
+ 0 ,  HR # 0 (r,)4); in the second case, the equilibrium 
values of s inq and HR for given H and T a r e  determined 
by the system of equations 

H - - N = -  R- Achgf sin cp, 
1 - W f  ( 9 4  

Al' 2Kbo-f (-- A:)  - ( ~ r a f ) ~ ,  
1-hg'f (9b) 

where 
1 A 

f - f ( cp ,Hn;H,T)= - th -  
A T 

(A =A(q, HR;H) from (7), g,,=g). 

The regions of stability of the configurations r, and 
r,, in the H, T phase diagram a r e  separated by a line of 
second-order phase transition. On it, the temperature 
dependence of the threshold field is given by the equa- 
tion 

At= 
2 L - f '  (- - A~')  =(F~-af'lH, (11) 

where f '  =no, 0; H, T). It is simpler, however, to ob- 
tain in explicit form the inverse relation T =T(H). In 
fact, equation (11) reduces to  a quadratic equation in f ' ,  
with coefficients independent of T. On expressing f' 
from (11) a s  a function f' = f '(H), we get f ' ( ~ )  =AO, 0; 
H,T) ,  o r  

where A,(H) =(A; +2aH +b@)ln. We shall not give the 
cumbersome formulas, containing radicals, for f' 
= f '(H); for concrete values of the parameters of the 
theory (see below), the second-order phase-transition 
lines r,-r, a r e  plotted by use of (12) in Fig. 4. 

When H =0, (11) reduces to an equation that deter- 
mines the temperature T of spontaneous phase transi- 
tion r,-r,: 

When T> T,, the left member of this equation (the 
effective anisotropy) is positive, and the configuration 
r2 is stable. On decrease of temperature, the value of 
f" increases, and with it the second (negative) t e rm in 
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the effective anisotropy. Upon satisfaction of the con- 
dition (13) a t  the point T = T, , a phase transition occurs. 
It is obvious that T, = A,/arctanhA jo [see (12)]; f, is a 
constant, dependent only on the parameters A,, A,, 
K,,, and X of the theory, which is determined by equa- 
tion (13). 

As is seen from (9b), in the configuration I?, at 
H = O  the quantity f = f (cp,H,; 0, T) =fo =const. This fact 
means the following: 

1) f, = f (q ,  H,; 0,O) =A,' (A, is  the splitting of the 
ground doublet of the ~ r ' +  ion in the configuration 
r, a t  T = O  and H =O); 

2) in accordance with (9a), H, a M a  sincp; 

3) A = ~ ( q ,  HR; 0) =[(A, s in  cp +gH)' +A; c ~ s ~ c p ] ' ~ ~  
= (h; sin2q +A: ~ o s ~ c p ) ' ~ ~  = ~(cp) ,  where A, =A,/(l - A&) 
= const; 

4) one can find the relation T =  T(p) [and the corres- 
ponding relations sin@), M (T), and H,(??] by n~eans  
of the formula T =~(cp)/arctanh[~(cp)/A~]. 

It follows from the formulas given about that experi- 
ments on investigation of the temperature behavior of 
the splitting of the ground doublet and of the angle of ro- 
tation of the Fe3+ spins in the bc plane (or of the mode 
C, =2M of the rare-earth spins) can give values of t k  
parameters T,, A,, A,, and sincp, (cp, = cp(T =O)), and of 
the quantity h,. These data a r e  insufficient for separa- 
tion of the Er-Er and Er-Fe interactions. For esti- 
mation of these interactions, it is necessary to know the 
anisotropy of the Fe3+ ion in the bc plane. Then from 
equation (13), which can be written in the form 

the parameter A, would be determined. But the rela- 
tion between Xg2 and AI is determined by the value of 
the parameter 6,. Unfortunately the constant K,, is 
unknown; furthermore, it can be estimated only in an  
indirect way for orthoferrites in which spontaneous 
spin-orientation transitions a r e  observed in the bc (or 
ab) plane. Thus it is necessary to  determine the con- 
stant K*, from known values of A, and @, rather than 
the other way around. At the same time, the values of 
the threshold fields of the field-induced phase transi- 
tions depend on the ratio of the values of the parameters 
A, and hgZ [as is illustrated (see below) by curves 1 
and 2 in Fig. 41. Measurement of the threshold fields 
enables us to estimate the Er-Er  and Er-Fe interac- 
tions in ErFeO,. 

B. External fieM H parallel to the c axis of the crystal 

In this case it is necessary to use the general ex- 
pression for the f ree  energy [see (3) and (4)] and to 
perform a minimization with respect to the four param- 
e ters  8, cp, H i ,  and Hi. From the extremum condi- 
tions we get 

A, (Hn++ Hn-) cos 0 COS q=- -- A$. 
2hg[2K,-'/,A: (f+f f-) I 2g2K2f '  ( E d  

where f *=  l / h * t a n h h L / ~ ,  A*=[(&:)' +G sin20 ~ o s ~ c p ] " ~ ,  
A: =&A, sincp +gH;+h, case coscp +gH; A, is the splitting 
of the ground doublet in the configuration I?, by the 
Er-Fe exchange, C, =M+- M-, F, =M++M-. Even 
without detailed analysis of the complicated equations 

' 

(15) it is  evident that a field Hllc leads to the appear- 
ance and growth of the mode F, and diminution of the 
mode C, in the rare-earth subsystem, thereby induc- 
ing, through the Er-Fe interaction, a spatial SF  tran- 
sition r,-r,,-r,, in the subsystem of Fe3+ spins (when 
T <  T,).') Here is realized a special case of the phen- 
omenon of enhancement of the external field.'' when SF  
transitions occur actually not in the external field but 
in the Er-Fe molecular field.') In particular, far from 
T, (for T- 0) substantial changes in the state of the 
system should take place for H-A,/g, when the effect 
of the field on the values of the F, and C, modes of the 
antiferromagnetically ordered rare-earth subsystem is 
greatest. 

In ErFeO, the value of A, is very small.9 According 
to (15c, d), this means that cos8= 0 and that for T <  T,, 
the SR transition r,,-r,,-r,, is close to the transi- 
tion r,,-r, (that is ,  a field Hllc induces a S F  transition 
inverse to the spontaneous transition). Nevertheless, 
even in the approximation cos6 = O  exact solutions 
(p ,  H i ,  Hi )  of equations (15) in their stability region on 
the H, T phase diagram can be found only by numerical 
methods. It is interesting that simplification of the 
model by the assumption A, = O  makes it possible to 
carry  out the investigation in analytical form. Having 
our experimental results  in mind, we shall give a theo- 
retical H, T phase diagram when Hllc for the case A? 
>A,. It is shown in Fig. 2. We note the following fea- 
tures  of this diagram, 1) Near T, (T,< T <  T,), tfie 
field-induced SF  transition r,,-I?,, is  a second-order 
phase transition; 2) At low temperatures (T< T,), it 
is a first-order phase transition7); 3) In the inter- 
mediate range T, < T <  T,, the reorientation r,,-r,, 
occurs by two phase transitions of f irst  and second 
order (r,,- r,,- r,,). On the diagram there is a 
critical point 0 of termination of the line of phase % 

transitions of the first  order. In a rea l  crystal, in the 
region bounded by the lines of loss of stability OA and 
OB the existence of an intermediate state i s  possible. 

FIG. 2. a, theoretical H, T phase diagram when H II c.  Solid 
line, phase transition of second order; dotted, phase transition of 
first order; dashed-dotted, lines of loss of stability. b, sche- 
matic dependence of the angle cP on the magnetic field when T 
= T*. 
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2. EXPERIMENT AND DISCUSSION OF RESULTS 

On a single crystal of erbium orthoferrite, grown 
by the method of zone melting, isotherms of the mag- 
netostriction along the c axis of the crystal were mea- 
sured for orientations of the external magnetic field 
along the a and c axes, over the temperature range 
2.17-4.2 K, in fields up to 60 kOe. The measurements 
were made by the strain-gauge method, by means of 
special strain gauges that had a small galvanomagnetic 
effect a t  low temperatures. 

A. Hlla. Isotherms of the magnetostriction Xc,(H) for 
this case a r e  shown in Fig. 3. When T <  4 K, there is 
a break on them that we attribute to the field-induced 
S F  transition I',-r,. The break field H,, (the tresh- 
old field of the S F  transition) increases with lowering 
of temperature and reaches 20 kOe at T = 2.17 K. The 
additional strain of the crystal caused by rotation of 
the Fe3+ spins in the bc plane is -3 - a t  T = 2.17 K. 
The temperature dependence of the threshold field, ob- 
tained from the X,,(H) curves, is shown in Fig. 4 (ex- 
perimental points). The e r r o r  in the determination of 
the threshold field was i0.5 kOe. Plotted in the same 
figure a r e  theoretical curves, from formula (12), of 
the threshold field for the two extreme cases x$=O 
(Curve 1) and A, - 0 (Curve 2), for the parameter 
values A,=2.26 K, A,=4.42 K,' a=0.15 K/kOe, b 
=0.014 ~/kOe' .  The first  case corresponds in (12) to 
fl(H) =A,'(A~ - A: - F~A,,H)/(A: -A: - aH), the second 
to - f ' ( ~ )  =f, =A,' =const. The parameters a and b 
(together with 4) determine the magnetic moment and 
susceptibility of the Er3+ ion along the a axis of the 
crystal  resulting from splitting of the ground doublet 
[in particular, M,E'(H, T) = c~f] and can be found from the 
experimental values of M,E'(H, T) and X,t ' (~ ,  T). The 
values of a and b given above were obtained by pro- 
cessing of the experimental data of Refs. 11 and 12; 
incidentally an estimate was obtained for the Van 
Vleck susceptibility of Er3+ along the a axis: x,, 
= 5-10'' G/gOe. 

As seen from Fig. 4, the dependence of the threshold 
fields of the S F  transition l?,,-r, on the ratio of the 
values of the Er-Er and Er-Fe interactions shows up 
most clearly a t  the lowest temperatures. It is char- 
acteristic that when A, 2 A$, the values of these fields 
vary little with the ratio of the parameters A, and @; 
in particular, the curve corresponding to A, =@ 
(Curve 3 in Fig. 4) is  very close to Curve 1. The 

FIG. 3. Isotherms of the magnetostriction of an ErFe4 . 
crystal for H Ila and h I1 c. 

T, K 

FIG. 4. H, T phase diagram of ErFe03 when H ll a. The 
numerals mark the theoretical curves: 1, h 2  = 0; 4 0 ;  3, 
Ai=hg; 4, 4 = 1 . 3  K and ~ 2 = 3 . 4  K. The symbols A are 
the experimental points. 

theoretical threshold-field curve that agrees best with 
the experimental points corresponds to  A$ =3,4 K; 
that i s ,  the Er-Er  interaction dominates. By using 
(14), we can now obtain the anisotropy constant of the 
~ e "  ions in the bc plane; K,, = 0.2 K (for comparison, 
the constant K, in yttrium orthogerrite a s  0.18 K13). 

B. HJJ c. Characteristic isotherms of the magneto- 
striction A,,(H) for this case a r e  shown in Fig. 5. In the 
temperature range 2.17 < T <  3.4 K, application of an 
external magnetic field causes an  abrupt r i se  of the 
strain,  with a split maximum at H - 4 kOe (Curve 1). 
When T>3.4  K, the split maximum of the strain dis- 
appears, and the value of the maximum decreases with 
r i se  of temperature (Curve 2). For T> 4 K, there is 
no anomaly on the isotherms x,,(H) (Curve 3). We note 
also that a positive blip on the magnetostriction iso- 
therms is observed at precisely those fields where the 
magnetization of ErFeO, along the c axis is  changing 
most rapidly.') 

It is obvious that a t  low temperatures, a substantial 
contribution to the magnetostriction should be made by 
the strongly magnetized rare-earth ions.g) In our 
case,  the contribution of the Era+ ions to Xc,(H) can be 
written in the form 

if we suppose that the rare-earth magnetostriction is 

FIG. 5. Isotherms of the longitudinal magnetostriction of an 
ErFe4 crystal for H I1 c, h I1 c. 

736 Sov. Phys. JETP 52(4), Oct. 1980 



FIG. 6. Contributions to the magnetostriction from the ~r~ 
and from the Fe3' ions when H II c: a,  low temperatures; b, 
near TR. Dotted, hcc ' (El); dashed-dotted, hccFe (If); solid 
line, hmFe V n + A  (a. 

of single-ion character .  F r o m  the  point of view of 
microscopic theory,  the  s y m m e t r i c  formula (16) is 
seemingly not completely r igorous  (we sha l l  not d i scuss  
th i s  question); but qualitatively it cor rec t ly  re f lec t s  the  
fact  that  during t h e  metamagnet ic  t ransi t ion C,- F ,  in  
the  subsystem of ErS+ spins,  at the  instant when one of 
t h e  sublat t ices  ( M - )  is completely demagnetized (the ex- 
t e r n a l  field equal to  the molecular) ,  the s t r a i n  of the 
c rys ta l  must  differ significantly f r o m  the  s t r a i n s  that 
are neares t  to each o ther  in the sa tura ted  states (F, = O  
and C,- 0). If the parameter  A< 0,  then at M -  = O  t h e r e  
will be  observed on  the  A:(H) curve  a positive blip 
AX: -h(M+(O, T)). T h e  Fe3+ ions are responsible  fo r  
a negative jump of t h e  s t r a i n  during a S F  t rans i t ion  of 
f i r s t  o rder  (T< 3.4 K) o r  a break  on  the  X P ~ H )  curve  
during a S F  transi t ion of second o r d e r  ( T >  3.4 K). 
F igure  6 shows schematical ly  how the unusual charac-  
ter of the  magnestr ic t ion i so therms  Acc(H) is due t o  a 
difference of t h e  contributions f rom the E r g +  and f r o m  
the ~ e ~ +  ions. This  interpretat ion of t h e  experimental  
r e s u l t s  fo r  HJJC a g r e e s  qualitatively with the  theoret ical  
H, T phase diagram (Fig. 2).. More  detailed information 
about the  H, T phase diagram (the presence  of c r i t i ca l  
points, of a n  intermediate  state, etc.) can  b e  provided 
by experimental  methods that  permi t  d i rec t  t rac ing  of 
the  orientation of t h e  i ron  sp ins  (for example,  the 
NMR method2). 

In conclusion, we give still another  es t imate ,  which 
shows that  in fields HI1 c of t h e  o r d e r  of magnitude of 
t h e  threshold f ie lds ,  it is correct in  fo rmulas  (15) to 
dis regard  t h e  d i rec t  interact ion of the ex te rna l  field 
with the  ~ e ' +  spins. We have FJ~,,/A,/~c, - F,,/M: - lo", since Hth -h,,/g-hl/g. 

"In ErFeO, a t  higher temperatures (T- 100 K) there is still 
another SR transition rz - rZ4 - r4, which is not considered 
in this paper. 

2 ) ~ h i s  paper investigates the behavior of ErFeO, for orienta- 

tations of the external magnetic field along the crystal axes 
a and c.  In these cases, the weakly ferromagnetic F lies 
in the ac plane. 

3 ) ~ h i s  fact can of course be established directly by minimiza- 
tion of the general expression for the free energy of ErFeO,. 

4 ) ~ h e  solution cos cp = 0, H, ; c O  that is possible when H =  0 is 
not realized in ErFeO,. 

5)~epending on the parameters of the theory (when Ad >>Ai), 
the sequence rlz - rlz,- r14 is also possible. In both cases, 
the final configuration in very large fields will be the con- 
figuration r4. 

' ) ~ i r e c t  interaction of H with the iron sublattice is negligibly 
small and is disregarded in (15). Appropriate estimates for 
ErFeO, a r e  given in the next section. 

7 ) ~ h i s  does not contradict the presence on the H, T phase dia- 
gram, for T < T2, of a line of phase transtion of second order, 
which is a line of direct transition from the metastable phase 
riZ4, and which can manifest itself only on hysteresis curves 
during decrease of the external field (Fig. 2b). 

8 ) ~ u r  experimental curves Mc= M,H) for T < T, have the form 
that is usual for the metamagnetic transition C,-F, (see, 
for example, Ref. 1) and a re  not given here. 

')For example, the l'b3+ ions in TbA103 give noticeable mag- 
neto~triction.'~ 
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