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Aninvestigation was made of the magnetic behavior of the Ising rare-earth Ho>* ions in HoCrO,
and Ho, o; Y 0; CrO; single crystals. Spontaneous and magnetic-field-induced orientational
I's(G F,)=T,(G,F,) transitions were observed in the dilute holmium orthochromite.
Theoretical and experimental H,-T and H,-T phase diagrams were plotted and these were used
todetermine the main parameters of the system: the exchange splitting of the Ho*+ doublet (2A
= 15 4+ 0.5K), the weak ferromagnetic moments, and the anisotropy constants of the Cr
subsystem. Anomalies in the field dependences of the magnetic and magnetoelastic properties
were observed for the investigated compositions. These anomalies appeared in the course of
unusual orientational (I', » I'y) transitions in a field H||b and were due to crossing (approach) of
the lower energy levels of the Ho>* ions. A good agreement was obtained between the

experimental and theoretical H,—T phase diagrams.

1. INTRODUCTION

Holmium orthochromite (HoCrO,) and other rare-
earth orthochromites (RCrO,;) and orthoferrites (RFeO;)
crystallize in an orthorhombically distorted perovskite
structure (space group D }$-Pbnm).! An important role in
the formation of magnetic properties of rare-earth orthoch-
romites and orthoferrites is played by the nature of the
ground state of the rare-earth ion (R>™) in the crystal field
and by its exchange interaction with the d subsystem (see,
for example, Refs. 2 and 3). The ground multiplet of the
Ho?* ion (°I; ), which is described by the point group C;, is
split into singlets by the crystal field in an orthochromite or
an orthoferrite. The results of magnetic measurements on
HoCrO; (Ref. 4) and HoFeO; (Ref. 5), and the results of
optical investigations of HoFeO, (Ref. 6) have demonstrat-
ed that the ground state of the Ho** ion in these compounds
is a quasidoublet (two closely spaced singlets), separated
from the excited states by an interval ~80 cm ~', and the
wave functions of this quasidoublet belong to two different
irreducible representations of the group C;. In this case the
splitting of the quasidoublet is>’

20*=2[ A+ (AeG,+m,*H)?]" ¢))

where 2A, and 2A,, represent the splitting in the crystal an
exchange fields, respectively; H is the external magnetic
field; mg is the saturation value of the magnetic moment
lying in the ab plane of a crystal at an angle + a to thea axis.
The + signs refer to two crystallographically inequivalent
positions of the R®** ion; G is the antiferromagnetic vector of
the d subsystem (|G | = 1). Since the splitting of the ground
quasidoublet of the Ho®>* ion in HoCrO, by the crystal field
(24,) is considerably less than its splitting in the exchange
field (A, =2+ 1K, A,, =7.4+0.1 K),* it follows that
ignoring A, we can regard Ho®* with a high accuracy as an
Ising ion with the magnetization axis along m¢.

An important feature of the ground state of the Ho>*
ion is the strongly anisotropic nature of its splitting in the
exchange field of the d subsystem. We can see from Eq. (1)
that the exchange splitting occurs only when the antiferro-
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magnetic vector G is tilted out of the ab plane of the crystal
and reaches its maximum value in the I',(G,F,) phase,
whereas in the I',(G,F,) and I, (G, ) phases the main qua-
sidoublet is practically degenerate (F is the weak-ferromag-
netism vector). Clearly, this is the reason why the I', (G ,F )
phase appears in HoCrO, directly below Ty = 140 K (Ref.
4) in spite of the fact that the anisotropy energy of the Cr
subsystem stabilizes the I',( G, F,) phase (as it does happen
in YCrO,—see Refs. 8 and 9). It should be pointed out that
in the case of HoFeQ,, in which the exchange splitting of the
quasidoublet of the Ho>* ion is less than in HoCrO; [A,,
(HoFeO,) = 4.9 + 0.3 K is given in Ref. 10], the phase
which appears directly below Ty = 640 K is I',(G.F,) and
it is stabilized by the anisotropy energy of the Fe subsystem;
cooling to 7= 60 K results in reorientation to the I', (G F)
phase. The mechanism of this phase transition is related to
the improvement in the energy of the I',(G,F,) phase be-
cause of lifting of the degeneracy of the ground state of the
Ho>* ion*? (this is the magnetic analog of the Jahn-Teller
effect'!). '

Another interesting situation associated with the cross-
ing (approach) of the lower energy levels of the Ho’>* ion
occurs in a magnetic field H||b. In this case the system ac-
quires an instability manifested in the form of the I',-» T,
(G,F,~G,F,) orientational transition.>* This reorienta-
tion has been observed experimentally in the form of anoma-
lies on the magnetization curves of HoFeO; (Ref. 12) and by
optical methods in the case of HoCrO; (Ref. 13).

These properties of the ground state of the Ho*>* ion in
the structure of orthochromites and orthoferrites make
these compounds extremely convenient objects for the inves-
tigation of the instability of the magnetic structure of the
system due to a degenerate ground state of the rare-earth ion
or due to crossing of its energy levels in a magnetic field.

Our aim was to investigate theoretically and experi-
mentally, on the basis of magnetic and magnetostriction
measurements, the exchange interactions, phase transitions,
and H-T diagrams of pure orthochromite HoCrO; and of
orthochromite Ho, Y, _, CrO, diluted by Y*>* nonmagnetic
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ions when » = 0.07. Aninvestigation of the latter compound
is of special interest, because this orthochromite should ex-
hibit a spontaneous orientational transition I'y—T", (as in
the case of HoFeO;) at low values of x as well as a greater
variety of magnetic transitions in an external field, which
should provide extensive information on the magnetic inter-
actions in the system.

2.EXPERIMENTS

Single crystals of HoCrO; and Ho o; Y 93 CrO; grown
from molten solutions were investigated by recording the
magnetization isotherms along the a, b, and ¢ axes of the
crystal. Measurements were made using a vibrational mag-
netometer in the field of a superconducting solenoid up to 60
kOe at temperatures from 1.6 to 140 K. In the case of an
HoCrO, single crystal the magnetostriction along the b axis
was determined employing strain gauges at temperatures
from 1.5 to 40 K in a superconducting solenoid (in fields up
to 40 kOe). Figure 1(a) shows the low-temperature magne-
tization curves HoCrO, along the a, b, and ¢ axes of an or-
thorhombic crystal (x, y, and z axes, respectively). We can
see that the magnetization behaves very anisotropically; it
saturates in high fields along the @ and b axes, reaching ap-
proximate values 90 and 165 G-cm?®-g ', respectively. The
magnetization is minimal along the c axis and it varies prac-
tically linearly on increase in the field and the specific sus-
ceptibility is y. = 7X 10~ * cm’/g. It is worth noting the
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FIG. 1. a) Magnetization curves of HoCrO,: 1) T=4.2 K (H]|c); 2) 4.2
K (H|a); 3) 7.5K; 4) 4.2K; 5) 1.68 K (H||b). b) Magnetization curves
of Hog gy Y05 CrO;: 1) T=4.2K (H]c); 2) 42K (H]|a); 3) 27.5K; 4)
9.5K; 5) 42 K (H|b).
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FIG. 2. Isotherms of magnetostriction 4, obtained in a field H||b for
HoCrO;: 1) T=8.1K;2) 6.5K;3) 4.2 K.

nature of the magnetization curves along the b axis, which
exhibit a characteristic jump that shifts toward higher fields
on increase in temperature. This jump corresponds to a reor-
ientational I', »T', transition similar to that occurring in
HoFeO,. Figure 2 shows that anomalies of the magnetostric-
tion (4, ) curves behave similarly in the case when H||b. The .
magnetostriction and magnetization data were used to plot
the phase diagram (Fig. 3a).

Figure 1b shows the magnetization isotherms of an
Ho,; Y, 0; CrO; crystal along the a, b, and ¢ axes of a crystal
at low temperatures. It is clear that the curves are similar to
those of the other compounds, indicating that the behavior
of the Ho** ions does not change greatly when some of them
are replaced with Y?>*. The temperature dependence of the
spontaneous magnetization of Hog ;Y93 CrO is plotted in
Fig. 4. As expected, in the case of this compound the T',
phase appears at high temperatures directly below Ty = 140
K and cooling in the range 44—48 K induces a spontaneous
reorientational transition I'y— I',; the I', phase is retained
right down to low temperatures. The application of a field
along the a and ¢ axes in a wide range of temperatures in-
duces the I'y—»T', and ', - T, reorientational transitions,
respectively. The corresponding threshold fields are shown
in Fig. 5, the threshold fields H||b which induce the ', - T,
transition in this compound are plotted in Fig. 3b. It is worth
noting that temperature rise converts an abrupt jump of the
magnetization curves in the field H||b into a smooth inflec-
tion, indicating a change in the nature of the I', - I", phase
transition.

It should be pointed out that in the case of pure hol-
mium orthochromite the application ofa field H = 60 kOe
along the ¢ axis did not induce the I', » I, reorientational
transitions throughout the investigated range of tempera-
tures, which is evidence of a colossal anisotropy in the ac
plane of HoCrO,.

3.THEORY AND DISCUSSION OF RESULTS

The magnetic properties and phase transitions of Ho,,
Y, _,.CrO; compounds can be described using a simple one-
doublet model in which the lower energy levels E * of the
Ho®™ ions can be represented in the form

E#=AE,y, (H, G, F)£A:(H, G),

where the index i = + distinguishes two inequivalent posi-
tions of the Ho®* ions; A, is described by Eq. (1), whereas
AE,,; (H, G, F) represents a shift of the center of gravity of
the ground quasidoublet of the Ho*>* ion because of admix-
ture of excited states as a result of the Ho—Cr exchange inter-
action and also because of the interaction with the external
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FIG. 3. Field-temperature (H,-T) phase diagrams: a)
HoCrO;;b) Hog gy Y03 CrO;; ¢) complete phase diagram
of the system (shown schematically). The vertical seg-
ments represent the experimental values of the interval of
the transition; the continuous curves represent second-
order phase transition lines; the dashed curves are the
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field. The values of AE,,;, calculated in the second order of
perturbation theory, are the equivalent of the contribution to
the energy of a magnetic material due to the Van Vleck para-
magnetism (see, for example, Refs. 2 and 3). Without speci-
fying the explicit form of AE,;, we shall include them below
by renormalization of the coefficients of the thermodynamic
potential of the Cr subsystem and refer to them as the Van
Vleck contribution.

The thermodynamic potential of such a system (calcu-
lated per molecule) can be represented in the form**

_ 1 A (0
(I‘(O)=(Ih»r—-7x7‘21n2(‘]1( ~~—§/,—)—). (2)
where 6 is the angle which defines the orientation of the
antiferromagnetic vector G = (sin 8, 0, cos ) in the ac
plane relative to the c axis;

FIG. 4. Temperature dependences of the spontaneous magnetic moments:
1) m, (HoCrO;); 2) m,; 3) m,(Ho,47 Y43 CrOs).
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first-order phase transition lines; the dotted lines repre-
sent the loss of stability.
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is the thermodynamic potential of the Cr subsystem mini-
mized with respect to F and renormalized by the Van Vleck
contribution AE,,,; to the ground state of the Ho®* ion:
K =K +xK ", m, =mS +xm.,. The last term in
Eq. (3) will be ignored because it is unimportant in the ef-
fects under discussion.
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FIG. 5. Temperature dependences of the threshold fields of Hog g7 Y63
CrO; : 1) H; 2) H'. The points are the experimental values and the
continuous curves are theoretical.
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We shall also ignore at this stage the small splitting in
the crystal field (A, ), which occurs in Eq. (1), but we shall
discuss its role briefly later.

We shall begin by using the experimental magnetization
curves obtained along the a and b axes to find the main char-
acteristics of the Ho** ion: the magnetic saturation moment
my, and the orientation of the Ising axis (anglea). In the case
of x =1 and x = 0.07 these quantities are practically the
same and equal to my = (8.6 + 0.2)ug, @ = 62 4+ 1°. These
values are in good agreement with the results obtained for
HoCrO; in Ref. 4: my = (8.7 + 0.15)up, a =65 + 1°.

The temperature dependence of the spontaneous weak
ferromagnetic moment along the @ axis in the I',(8 =0)
phase can be obtained from Eq. (2):

my=m"+zm, cos e th(A./T). (4)

The experimental dependence m, (T) recorded for Ho,
Y,,; CrO, (Fig. 4) is described by Eq. (4) if we assume that
m? = (0.010 + 0.002)u, and A,, = 7.5 K, in good agree-
ment with the results of Ref. 4.
We shall now discuss spontaneous orientational transi-
tions of the I'y—»TI',,— T, type which occur in Ho, Y, _,
CrO; (x =0.07) at temperatures T, =48 K and Tg,
= 44 K, respectively (Fig. 4). The condition of stability of
thecorresponding phases (9 *®/36 ) >0yields the following
expressions for the transition temperatures:

V._\w,\-: Aex

'/.A‘»x2
Th=
F’; ) R2

arth[ (K, 1K) /2he]  KHK,
(5)

Tm =

We shall now analyze the behavior of the system in a mag-
netic field.

a) Hj|c. This field induces an orientational transition
from the I'; phase to I',. The threshold field found from the
condition (3°®/30%),_.,, =0is

w_ KBes i__i_) 6
H! — (T 7/ (6)

The experimental results give m? = 0.036u 5. It should be
pointed out that the lower value of m? for this composition
compared with the value for YCrO, (m$" = 0.047u , is giv-
enin Ref. 8) clearly demonstrates that the Van Vleck contri-
bution (m)") of the Ho*>* ions to the magnetization along
the ¢ axis is negative.

b) Hjja. This field induces the ', — T, orientational
transition in Ho, o, Y 3 CrO; at temperatures 7> T ,. The
threshold field is described by analogy with the preceding
case, bearing in mind that A,, € Tg,:

Sl

HY=-
where m, (T) =m? + xmy(A,,/T)cosa] see [Eq. (4)].
Figure 5 shows the temperature dependences H "(T) and
HP(T), calculated for A,, = 7.5 K, which at temperatures
T < 80K agree well (within the limits of the adopted approx-
imation) with the experimental results, confirming the cor-
rectness of the selected model.

We shall use Eq. (5) to estimate the anisotropy con-
stants K, and K,:
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R.=27.Tw=0.084 K, K.=K(T/Tr—1)=0.08K,. (8)

The value of K, given above differs somewhat from the cor-
responding anisotropy constant of YCrO, (Refs. 8 and 9)
which amounts to K, (YCrO,) = 0.17 K. The difference
between K, for x = 0.07 from K, (YCrO,) is obviously due
to the Van Vleck contribution of the Ho** ions to K ,.

In the case of the constant K, we know that in orthoch-
romites the Cr subsystem makes no contribution to this con-
stant (S, = 3/2). However, in this case the nonzero value
of K,, ensuring a finite interval of spin reorientation in
Hoy 47 Yo; CrO;, is due to a fluctuation mechanism asso-
ciated with the inhomogeneity of the distribution of the
Ho* ions in a crystal (Ref. 14).

c¢) H||b. This case is interesting and more complex.

In both preceding cases a field-induced orientational
transition is associated with the interaction between H and
the corresponding component of the weak ferromagnetic
moment (m, orm,), whereas in the H||b case the situation is
qualitatively different because there is no weak ferromagne-
tic moment along the b axis. In this case an important role is
played by the effect of the external field on the splitting of the
ground quasidoublet of the Ho® * ion. According to Eq. (1),
in the case of the I', (G, F, ) phase subjected to the field H||b
this splitting rises for some positions and decreases for oth-
ers. In the region of crossing (approach) of the lower energy
levels of the Ho>* ions in the system, it follows from Refs. 3
and 11 that an instability of the magnetic structure of the d
subsystem appears and it tends to produce an additional re-
pulsion between the levels. In our case this instability is man-
ifested by the I';— T, orientational transition and by an
abrupt change of the curves representing the magnetization
along the b axis, which is due to reversal of the magnetiza-
tion of the Ho’* ions at one of the inequivalent positions.

The field inducing the first-order I, » T’ phase transi-
tion can be found by equating the thermodynamic potentials
of the two phases. At T'= O this field is

hp=H jgmosino=2\..—k/2, (9)

whereas at finite temperatures we have

ch(2\ee/T)—exp(k/T) 1!

, 10
exp(k/T)—1 (10)

r
h(T) = 3 arch[

where k = (K, + 1K,)/x.

The complete 4, -T phase diagram of the system ob-
tained from an analysis of the thermodynamic potential (2)
is shown schematically in Fig. 3c. We can see that an in-
crease in temperature changes the nature of spin reorienta-
tion and in the range 7> T, it involves a series of two phase
transitions I', - I'y, - I',. The first of these transitions oc-
curs smoothly, whereas the second is a first-order transition
if T < T,. and a second-order transition if 7> T,.. The equa-
tions describing the phase transition lines QT ; , and NT,,
are given by the following formulas:

hy=T arth(1—=7TK,/\..*») ", (11)
1— h(AL/T) 1%
hy=Tarth[—————n cth(d../7) ] , (12)

1—m th(A./T)
where n = (K, + K,) /A, x.
The temperature corresponding to the tricritical point

Qis

Zorin et al. 156



=10

-20%-

FIG. 6. Behavior of the energy levels of the ground quasidoublet of the
Ho®* ions in HoCrO; at the I',— T, phase transition in a field H||b
(T=0):1) “+ ” position; 2) *“ —  position.

K ( 8K\ %? b
T'°=2y,1<2[ H_';K—*) _1]’ (13)

and we also have T, < T,, when 7 < 1, which is well satisfied
in our case.

Comparing the theoretical (Fig. 3c) and experimental
(Figs. 3a and 3b) phase diagrams, we note that they are in
good qualitative agreement. This applies particularly to the
system Hog o, Y93 CrO; for which a fuller temperature de-
pendence of the threshold field was determined experimen-
tally. A numerical calculation of the H,—T phase diagrams
for both compounds with » = 0.07 and x = 1 gives results
which are in quite satisfactory agreement with the experi-
mental diagrams also in the quantitative sense (Figs. 3a and
3b). We calculated these diagrams assuming the following
values of the parameters: A, = 7.5K, m, = 8.6u 5, a = 62°;
K, =0.40 K and K, =0 for HoCrO;; K; =0.084 K and
K, =0.007 K for Hog o7 Y93 CrO;.

It is interesting to note that the low-temperature value
of the threshold fields of HoCrO; and Hog o, Y 4;CrO; are
similar. This is due to the fact that in this range of tempera-
tures the threshold field is determined mainly by the quanti-
ty A,,, as can be deduced from Egs. (9) and (10), and the
latter quantity exceeds considerably k /2 and gives for the
above parameters H ' ~ 14 kOe. The difference between this
value of H}, and the experimental threshold field (=20
kOe) is clearly due to the neglect of the splitting A, in the
crystal field and of the R-R interaction, and also due to pos-
sible experimental errors.

Allowance for the crystal field splitting (assuming that
A, = 2.5K) gives at T = 0 the value

HR =\ FN =1/2) 'masin 23 16.2 kOe (14)
for the composition with » = 0.07 and =~ 16.5 kOe for x = 1.

157 Sov. Phys. JETP 66 (1), July 1987

A numerical calculation shows that at finite temperatures if
T2 A, the phase diagram is practically the same as that ob-
tained in the case when A, = 0.

The splitting in the crystal field has a greater influence
on the behavior of the lower energy levels of the Ho® * ions in
the region where these levels approach one another. Figure 6
shows the behavior of the lower levels of the Ho®* ions in
HoCrO, at T = 0 in the course of the I', » ', transition in a
field H||b (calculated allowing for the crystal field), which is
in good agreement with the results of optical investiga-
tions."?

4.CONCLUSIONS

We shall now summarize the main results of the present
investigation. It follows from magnetic measurements that
Ho** in HoCrO; and Ho, ; Y43 CrO; behaves as an Ising
ion with the saturation value of the magnetic moment m,
= 8.6u, and the easy magnetization axis lying in the ab
plane at an angle o = 62° to the @ axis.

Spontaneous and magnetic-field-induced orientational
phase transitions occur in Hogg; Y44;CrO;. We plotted
theoretical and experimental H-T7 phase diagrams and used
them to determine the exchange splitting of the ground qua-
sidoublet of the Ho®>* ion amounting to 2A,, = 15+ 0.5 K
the effective weak ferromagnetic moments of the Cr subsys-
tem m? = 0.036u, and m® = 0.010u, (at T<Ty), and the
effective anisotropy constants of the Cr subsystem K,

= 0.084 K and K, = 0.007 K.

The characteristic orientational transitions in a field
Hjb were analyzed in detail for both compositions. These
transitions were associated with the crossing (approach) of
the lower energy levels of the Ho>* ions. We calculated the
corresponding H,-T phase diagrams, which are in good
agreement with the experimental results.
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