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Spontaneous orientational transitions between the main magnetic configurations I', (G ,F,) —
I',(G.F,)-T, (Gy) werediscovered during cooling of orthochromites of the system Dy Er,
CrO; (x = 0.2and 0.3). A study was made of various orientational transitions in a magnetic field
H applied along the a and ¢ axes. The corresponding H-T phase diagrams were constructed. The
H . -Tphase diagram had a bicritical point of convergence of two lines representing second-order
phase transitions I' =", and I',, =T, and a line representing a first-order phase transition
between canted phases I',,=I",,. An allowance for the nature of the anisotropy of the exchange
splitting of the ground doublet of the Dy* * and Er* * ions was made in an analysis of the
mechanisms of the observed phase transitions, and the calculated H .-T and H ,-T phase diagrams

were in agreement with the experiments.

INTRODUCTION

Magnetic properties of dysprosium and erbium orth-
ochromites are very different. At all temperatures below 7'
= 142 K dysprosium orthochromite has a stable magnetic
structure I',(G,F, ) (Refs. 1 and 2). In the case of erbium
orthochromite below T, = 133 K there is a magnetic struc-
ture I',(G F,), but cooling to T, = 9.3 K results in a spin-
reorientation transition to an antiferromagnetic state
I',(G,), known as the Morin transition.** Such a difference
in the behavior of these orthochromites is due to the anisot-
ropy of the R-Cr exchange interaction, particularly the ani-
sotropy of splitting of the ground-state doublet of the Er**
and Dy’ ions because of the R-Cr exchange. This stabilizes
different magnetic structures in these compounds. It would
be of interest to vary the concentrations of the Dy*" and
Er** ions in orthochromites and obtain a composition in
which the competition between the Dy-Cr and Er-Cr aniso-
tropic exchange processes would induce different types of
spontaneous and field-induced spin-reorientation transi-
tions providing an opportunity to check and understand bet-
ter the nature of the mechanisms responsible for the magnet-
ic anisotropy of orthochromites.

EXPERIMENTALRESULTS

We investigated Dy Er, ,CrO; (» =0.2, 0.3) single
crystals grown from a molten solution by isothermal evapo-
ration and we measured the magnetization (using a vibrat-
ing magnetometer) and the magnetostriction (using strain
gauges) at temperatures 1.5-150 K in the field of a supercon-
ducting solenoid ranging up to 60 kOe. Measurements of the
magnetization curves along different crystallographic axes
established that in the case of the investigated crystals there
were two types of spin-reorientational transitions: T, =T,
and I',=T,.

Figure 1 shows the temperature dependence of the
spontaneous magnetization m for the composition with
x = 0.3 found by extrapolation of the magnetization iso-
therms to zero field. We can see that below T, = 127 K the
weak ferromagnetic moment was oriented along the a axis of
an orthorhombic crystal with the I', (G, F, ) magnetic struc-
ture. Cooling resulted in reorientation at T, = 14 K from
the a to the ¢ axis (orientational transition I'»=I,) and
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further cooling to T, = 5.9 K destroyed the weak ferromag-
netism so that the crystal became antiferromagnetic
(Morin-type transition I'y=T",); the latter orientational
transition I'y=I", was abrupt representing a first-order
phase transition. Similar transitions at 7, = 17 K and T,,
= 7.8 K were observed also for the composition with
»x = 0.2. Therefore, cooling of the Dy _Er, _CrO, system
(% = 0.2,0.3) revealed all three types of the magnetic struc-
ture, Iy, I'5, and Iy, compatible with the crystal symmetry.

The application of an external magnetic field H||c in-
duced at temperatures 7 < T,, an orientational transition
I'=Tl,, as demonstrated clearly by the magnetization
curves and those representing the magnetostriction A, which
were typically of the kind shown in Fig. 2. Clearly, in low
fields the magnetization (curve 1) and the magnetostriction
were practically equal to zero and only after passing through
a threshold field H" =0.7 kOe did we find that the m(H)
and A(H) curves exhibited inflections followed by a rapid
rise of the magnetization and magnetostriction, which was
completed in fields of the order of several kilo-oersted. An
allowance for a demagnetizing field had the effect that the
I',=T, transition occurred abruptly in a field correspond-
ing to a lower inflection of the magnetization and magneto-
striction curves.

The extended nature of the transition, demonstrated in
Figs. 2a and 2b, was clearly associated with the presence of
an intermediate state which appeared as a result of a first-
order phase transition. The width of the transition on the
field scale was less for a sample used to investigate the mag-
netization. This sample was a plate of 3.6 2.7x0.8 mm
dimensions with the long side parallel to the field (demag-
netization factor N, =2). The magnetostriction was investi-
gated employing a more complex sample (N, ~4.6); the
range of existence of the intermediate state was wider. We
determined the temperature dependences of the fields corre-
sponding to the onset and completion of a reorientational
transition (H,-T phase diagram) for a sample with N, = 4.6
(Fig. 3) and identified the region of the intermediate state.
Clearly, the field corresponding to the onset of the phase
transition vanished at the point 7T',,, whereas the field corre-
sponding to the completion of the transition remained finite
and similar in value to the demagnetizing field. We also in-
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FIG. 1. Temperature dependences of the spontaneous magnetization
along the a and ¢ axes obtained for a Dy, , Er,,,CrO, single crystal: 1) m ,;
2) m,. The continuous curve calculated in the one-doublet approximation
and the points are the experimental values.

cluded in Fig. 3 (on the right) the H,-T phase diagram for a
spin-reorientational transition I',,=T", induced by a field
H||c at temperatures 7> T, = 14 K. The threshold field for
this transition was deduced from an inflection of the magne-
tization curves corresponding to completion of the process
of spin reorientation (curve 3 in Fig. 2a). A similar phase
diagram was also obtained for the sample with » = 0.2.
The greatest diversity of the orientational transitions
was exhibited by Dy, Er, _, CrO; in fields HJja. The field
dependence of the magnetostriction was then more complex
(Fig. 4). At temperatures 7 < T, = 5.9 K the composition
with » = 0.3 exhibited in fields Hj|a a positive magnetostric-
tion corresponding to smooth rotation of the spins in the bc
plane as a result of an orientational transition I, 2T",, com-
pleted when the field reached H'" ~20-30 kOe. The magne-
tostriction isotherms were most complex in the temperature
range Ty, =5.9K < T< T, = 6.4K (T, is the temperature
corresponding to the bicritical point) where in the range of
low fields of the order of several kilo-oersted there was an
abrupt change of the magnetostriction to the negative range
followed by an increase with the field up to H'""~20 kOe,
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FIG. 2. Isotherms of the magnetization (a) and the magnetostriction (b)
inH|e:1),5) T=42K;2) 10.6K;3) 25.6K;4) T=15K.
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FIG. 3. Phase (H,-T) diagram for the composition with x = 0.3. The
continuous curves are calculated; the circles and the dashed line are the
experimental results; the dotted line represents the position of T'y,.

when the spin reorientation was completed. We shall show
below that the negative jump of the magnetostriction was
due to rotation of the spins in a field H||a from the ac plane to
the bc plane (I',2T,,), and the subsequent rise was due to
further reorientation of the spins toward the ¢ axis creating
the I',(G, F, ) magnetic structure. At temperatures above
6.4 K the magnetostriction was negative and corresponded
to the I',, 2 ', orientational transition. The H .- T phase dia-
gram is shown in Fig. 5. The magnetostriction curves and the
phase diagram for the composition with = 0.2 obtained in
fields H|ja were qualitatively the same as those shown in
Figs. 4 and 5 for the composition with » = 0.3.

THEORY AND DISCUSSION OF RESULTS

In describing the phase transitions observed in the Dy ,,
Er, _ . CrO,system at low temperatures (7 < 50 K) it is suf-
ficient to consider only the ground-state doublets of the
Er’* and Dy’ * ions separated from excited states by inter-
vals ~50 K for ErCrO, (Ref. 5) and =75 K according to
the data for Dy* * in DyFeO, (Ref. 6). We shall represent
the energy levels of the ground-state doublet in the form”*

EQ? =AEY (H,G)+Ax'(H, G), (1)

where/ = + distinguishes two inequivalent positions of the
rare-earthionsand AE Y is the shift (of the Van Vleck type)
of the center of gravity of the ground-state doublet due to
mixing of excited states as a result of the R-Cr exchange

FIG. 4. Isotherm of the magnetostriction of Dy, ,Er,,,CrO,inHlja: 1) T
= 1.5K;2)54K;3)59K;4) 7.1K;5) 6.1 K.
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FIG. 5. Phase (H,-T) diagram of Dy, ,Er,,CrO,. The points are the
experimental values, whereas the continuous and dashed curves are calcu-
lated (the continuous curves correspond to a second-order phase transi-
tion and the dashed line corresponds to a first-order transition); Q is the
bicritical point.

interaction and the interaction with an external field. With-
out specifying the explicit form of AE Y, we shall allow for it
by renormalization of the thermodynamic potential of Cr
subsystem. The quantities A}, governing the half-splitting of
the ground-state doublets of the Dy** and Er** ions are

Ap =1 " HAANG.xp, M, (2)

(-—\Eri)zz (HxxH.v_*_Az’Gziuxy[{y)z
F (1 H, A Gt w1+ (L AAGEAG)?, (3)

where A, A,, A, = [(A])* + (A7)?]'?, and A? represent
the half-splitting of the doublets due to the R-Cr interaction
in the I',(G,), T'|(G,), and I',(G,) phases; the effective
magnetic moments are p,; = 1 p8.y/2, Where g 5 is the g
tensor of the doublet. The difference between Aj and Ag; is
due to the fact that the Dy* * ion is of the Ising type,*i.e., it
becomes magnetized only parallel or antiparallel to a specif-
ic axis lying in the ab plane and oriented at an angle
a, = +tan~'(u)/u)) relative to the a axis. For simpli-
city, Eq. (3) is derived ignoring the R-R interaction, which
is not of fundamental importance in the effects under consi-
deration.
According to Ref. 2, in the case of DyCrO,, we have

A."=0.84 K, p."=4.13ps, (4a)
whereas the results of Ref. 3 give for ErCrO,
A=%445 K, A=48 R, \,=32 K, p,,=5.65p5,
M= (M’ T 0®) "=2.95 115, W= (paxAs + 1A ) [A = 1.0t
(4b)

The thermodynamic potential of the system per one for-
mula unit can be represented in the form’*

1878 Sov. Phys. JETP 67 (9), September 1988

Apy'

7 )-l- (1—x)ln( 2ch

=],

(5)

T
(I)=t§c,——2— [uln(2ch

where

1 1
%=<bm+2—2 [xAESf’,«+(1—x)AEE*i°Z]=—gKa;G;

+ _;- Ko'Gyr—mOH,G e, H,G — % v '~ (HG)?)

(6)

is the thermodynamic potential of the Cr subsystem renor-
malized by the Van Vleck corrections: K2
=K +xK0, + (1 —3)KE,,, where m%, are the
weak ferromagnetic moments, and y, is the transverse sus-
ceptibility of the Cr subsystem. The majority of the observed
properties of the Dy _Er,  CrO, system can be described
simply by adopting the high-temperature approximation
(Ag €T) for @, where

O=0,—"/.x. [H*— (HG)?] —m,H.G,—m,H,G,
F1,K G2 K G 2 Ko GG HAD (G), (N

where the term ®,, is independent of G,

m=m,"+(1—%) p..AJ T,
me=mS+xu AT+ (1—%) AT,
Kee=K..'—% (A0 YT+ (1—%) (A2—A2)/T,
Ku=Ku'+(1—%) (AI=A/T, K. =2AA3T,

AD(G)={=(A.")'G." + (1—=) [(AS—A)G.?
_(AUZ_AXZ)Gyzlz}MZTJ;. (8)

In the subsequent analysis, allowing for the smallness of
A? in the case of Dy** (=0.84 K) and for the relatively
weak anisotropy of the exchange splitting in the case of Er* *
(|A,.7 — Al|<A?) [see Eq. (4)], we shall ignore the term
A®(G) in Eq. (7), but retain the term K, G2 G ; which is
sufficiently large and determines the nature of the process of
spin reorientation in the ab plane.

We shall first analyze the spontaneous orientational
transitions (H = 0). The I'5(G, ) 2T, (G, ) reorientation at
Tr = 14 K occurs when the sign of K. is reversed see Eq.
(7)] as a result of competition between the exchange split-
ting anisotropy of the doublets and the anisotropy energy
K, stabilizing the T', phase. It follows from the condition
K, (Tg) =0 and from Eq. (4) that K% = —0.432 K
(% =0.3).Since K$ >0 (Ref. 9), the negative value of K9,
is clearly due to the large Van Vleck contribution, as in the
case of DyCrO, (Ref. 2).

The nature of the I', = T, transition is governed by the
sign of the coefficient in front of G? which occurs in the
expression for AP in the system (8); this term is positive but
very small. Hence it follows that the I', 2 I, reorientation
occurs smoothly via an intermediate canted phase I',,, but
this happens in a very narrow temperature interval
(AT=0.2 K), which is manifested experimentally (Fig. 1)
as an abrupt change in the spontaneous weak ferromagnetic
moments m, and m, at T=T,.

The I'y(G, ) =T (G,) transition in the ab plane, which
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occurs because of the anisotropy of the exchange splitting of
the Er** doublet in the phases I', and T, is a clear first-
order phase transition and it occurs when K, (T,,) =0.
The formal reason for this nature of the reorientation pro-
cess is the relatively large positive value of the fourth-order
anisotropy constant K ., , which suppresses the canted phase
I",.. The physical reason is the special nature of the behavior
of the splitting of the Er** doublet. Since A, — A, <A, , it
follows from Eq. (3) that in the case of smooth reorientation
the splitting of the doublets of the Er** ions occupying one
of the inequivalent positions with
g=arctg(G,/G.) =arctg(A./A,) =45°

passes through zero, which is not favored by energy consid-
erations so that an abrupt ®I1 I, =T, phase transition takes
place.

We shall first consider the field-induced orientational
transitions.

Hl|ja. Both T',,(G,G,)=T,(G,) and T,(G,G,)
=T,(G,) transitions occur smoothly in the relevant ac
(T'>Ty)and bc (T<Ty) planes, and their fields are given
by the expressions
0
Anz = 07 XJ.H:z+mcH¢—Ku1 9
06? 0m0, ¢=0
*0
362 0=0, 9=n/2

where 6 and @ are the angles governing the orientation of the
vector G = (sin 6 cos g, sin 8 sin @, cos §).

In the direct vicinity of the Morin point within the in-
terval T, < T < T, there is a characteristic first-order tran-
sition between the phases I' |, and I',, in the course of which
the antiferromagnetic vector is reoriented abruptly from the
be to the ac plane. If we find the orientation of the vector G
for these phases

Fau==T:

Ip=T: =0, mH.=K.—Kas, (]0)

I =0, cos 0=m.H./(Ki.—x, H.),
Iyt g=n/2, cos 0=m.H./(Koe—Kas), (11)

and equate the corresponding thermodynamic potentials ob-
tained for the field of the I',, = I',, transition,'®'"' we obtain

Yo H2=K,. (12)

This a spin-flop transition (but not in a plane as is usual-
ly observed, but in space), i.e., it is due to the difference
between the susceptibility of the Cr system along the a axis in
the I',, and I, phases and not due to the interaction of the
weakly ferromagnetic moment m, with the external field.

Figure 5 shows the experimental and theoretical H,-T

phase diagrams of Dy, Er, _, CrO; (x = 0.3). Calculations
of the theoretical temperature dependences of the threshold
fields were carried out using Egs. (9), (10), and (12), but
allowing for the demagnetizing field characterized by N,
= 5. At low temperatures and in high fields, when the ap-
proximation of Eq. (7) is no longer valid, we obtain equa-
tions of the (10) type for the field of the I', =T, transition
when m, and K,. — K, depend on the field:

me=m+%x A To(H.)+(1—%) WAL/ T (H.),
I(ac_I{al'»=I{acU'_I(abo'—_‘M (Azo) 2/-TO( Hm)

+(1=%) (A=A T (H),  (13)
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where
T0=ADy/th (ADy/T), T1=AEr/th (AEr/T)1
Aoy=plH AN, Apt=ptH 25 HA+A

At high temperatures 7 (T> Ay ) the system (13) reduces
to the system (10).

It follows from the condition for the best match
between the theoretical and experimental H -T phase dia-
grams and from a comparison of the calculated and experi-
mental temperature dependences of the weakly ferromagne-
tic moments (Fig. 1) that the main parameters of the
magnetic interactions are as follows:'

A=45 K, A=55K, A,=25K,

Ku'=093 K, K.'=—067 K, m,=0.18us m,°=0.13ps.

(14)

The values of K2, and K 2, were determined in terms of
A, (i=x, y, z) using the conditions K,,(7T,) =0 and
K, (Tg) = 0. The quantities u, ,, and zi,, and the center of
gravity of the splitting of the doublet Ag, = 12,A;, =4.15
K were taken from the published data® [see Eq. (4b)], the
susceptibility was taken to be y, =2.5X 1077 cm*/g, and
the differences A, — A, and A, — A, were varied. It is clear
from Figs. 1 and 5 that on the whole a satisfactory descrip-
tion could be provided of the H,-T diagram and of the tem-
perature dependences m,, ,(T). A characteristic feature of
the H, -T diagram was the bicritical point Q, where two sec-
ond-order phase transition lines and a first-order phase tran-
sition line converged. Such a point had been observed earlier
for DyFe, _, Al,O, (Ref. 12) and discussed in Refs. 11 and
13 for DyFeO;; judging by the data of Ref. 4, it should ap-
pear also in the H,-T phase diagram of pure ErCrO,.

H||c. If T> Ty, thenin this geometry a smooth reorien-
tation I',, =T, takes place in a field found from the condi-
tion

9D

392 ¢=0,0=n/2

= 01 XJ.H:z+msz= —Kac. ( 15)

At temperatures T < T, in a field H||c there is a first-
order transition I' |, 2 T,. The abrupt change in the angle ¢,
governing the orientation G in the ab plane, is shown by an
analysis to be close to 90°, which is a consequence of the
suppression of the canted phase I'|, mentioned above. On
the assumption of a 90° abrupt change in the angle ¢, we can
use the condition of equality of the corresponding values of
the thermodynamic potential of Eq. (4) to deduce the fol-
lowing equation:

H,=p.,”*{Tarch[ch(A,/T) e *(1+&*) " ]—A.}, (16)
where
_ Ka'/2+m,’H,
 (1—w)T
At temperatures TS T, it follows from Eq. (16) that on
approach to T— T, the threshold field becomes
H{"~—K.(T)/[2m.(T) >0,

_ sh(u..H./T) <1
ch(A,/T)

whereas in the limit 7— 0 we obtain (for x = 0.3)

H"=[ (1—x) (A,—A.) —Ka’[2][ (1=%) pextm,* ] ~0.9 kOe .
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Figure 3 shows the temperature dependence H, (T cal-
culated allowing for the demagnetizing field and for the exis-
tence of a region of an intermediate state, using the param-
eters given above which describe well the independent
experimental data obtained at low temperatures. In view of
the fact that the sample was of irregular shape, the demag-

netization factor N, was deduced from the condition of the
best match between the upper limit of the intermediate state

H"=H'" + N,AM, and the experimental result, where
H'" is the threshold field found from Eq. (16) and AM, is
the abrupt change in the magnetization on transition to the
I', phase. The discrepancy between the theory and experi-
ment relatively high (7> 30 K) temperature is clearly due
to the influence of the excited states of the Er** and Dy**
ions on the anisotropy energy.

CONCLUSIONS

We shall now summarize the main results of the investi-
gation. Cooling of Dy, Er, _CrO; (x = 0.2, 0.3) crystals
in the absence of an external magnetic field induced consecu-
tively all three main spin configurations: I',(G,), I',(G,),
and I', (G, ), which had not been observed before for orth-
ochromites. An investigation was made of the various orien-
tational transitions induced by a magnetic field H||c and the
corresponding H-T phase diagrams were obtained. In partic-
ular, for Hj|a near the Morin point Ty, we observed in addi-
tion to the usual reorientation in the ac and bc planes, also a
first-order transition (of the spatial spin-flop type) between
canted phases I' |, and I',,. The H -T phase diagram had a
bicritical point corresponding to convergence of two second-
order phase transition lines (I',,=,and I';,=T,) and one
first-order phase transition line (I, =T,,).

The H,-T and H,-T phase diagrams found by calcula-
tion agreed with the experimental results. The parameters of
the main magnetic interactions in the system were deter-
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mined. It was established that the nature of the I'y=T,
abrupt Morin transition, involving a first-order phase transi-
tion (both in ErCrO; and Dy, Er, _ ,Cr0O,), wasrelated toa
special feature of the splitting of the ground-state doublet of
Er** on rotation of G in the ab plane, namely its reduction at
@ =45°for one of the inequivalent positions of the Er** ions.

DIn the calculation of m, (T) at T~ T, we allowed (using the molecular
field theory) for a reduction in the magnetic moment of the Cr** sublat-
tices or the modulus of the antiferromagnetic vector G.
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