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The magnetic phase of CxGyFz in HoFe;_,Mn,O; single crystals
at concentrations of manganese x < 0.1
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A detailed study of the magnetic and dilatometric properties of a series of HoFe;_xMnxO3 single crystals at low
concentrations of manganese (X = 0, 0.05, 0.1) was carried out to refine the magnetic phase diagram in the region of
low concentrations manganese. From the results of measurements of magnetization and relative deformation carried
out on a series of HoFe;_xMnyOs single crystals, a new low-temperature magnetic phase CxGyFz (for the space
group of Pnma) was discovered, characterized by the direction of a weak ferromagnetic moment along the ¢ axis of
the crystal, which had not been previously observed. Thus, as the temperature decreases for concentrations X = 0.05
and 0.1, a more complex transition of the spin reorientation AxFyGz — GxCyAz — CxGyFz in HoFe;_xMnyOs is
observed, in contrast to the transition AxFyGz — GxCyAz realized in single crystals HoFe;_xMnyOs3 with X > 0.1.
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1. Introduction

Rare-earth orthoferrites with general formula RFeOs are
an interesting family of rhombic crystals (space group Ne 62)
from the point of view of their magnetic properties. They
have a low ferromagnetic torque caused by chamfer of
antiferromagnetic sublattices, which is explained by antisym-
metric Dzyaloshinski—Moriya interaction [1,2]. They con-
tain multiple defects, such as spontaneous spin-orientation
transition [3-5], superfast remagnetization of antiferromag-
netic domain walls when exposed to femtosecond laser
impulses [6,7], observation of nontrivial spin dynamics in the
rare-earth subsystem [8] etc. Many of these defects have a
significant potential of practical use. Undoubtedly, the most
extensively studied phenomenon of the above observed in
orthoferrites is a spontaneous spin-reorientation transition,
which was found and thoroughly investigated more than half
a century ago. The temperature of this transition varies in a
wide temperature range — from units of Kelvin degrees for
YbFeOs [8] to 450K for SmFeOs [9] and is determined by
weak interaction between the subsystems of iron and rare
earth. To change the temperature of spin-orientation transi-
tion Tggr, often isovalent substitution is used in the subsys-
tem of iron [5,10-12], when the spin-reorientation transition
may be observed both at nitrogen and room temperatures.

In our recent paper dedicated to the growth and
research of a series of single crystals HoFe;_yMnyO3
(0 <x < 1) [13], it was shown that whenever the iron
was substituted for manganese, the temperature of the spin-
orientation transition increases substantially. Thus, at man-
ganese concentration X = 0.4, Tgg = 294K, while for the
non-substituted compound HoFeO; Tsg = 58 K. Besides,

such substitution changes the type of magnetic-orientation
transition from transition of order I (AxFyGz — CxGyFz)
(x = 0), when the weak ferromagnetic torque rotates from
direction b to direction € of the crystal as the temperature
decreases, to transition of order I (AxFyGz — GxCyAz)
with the presence of the weak ferromagnetic torque only
in direction b (for installation Pnma) in the area of high
temperatures.

According to the classic papers by Holmes [14,15],
dedicated to research of the effect of isovalent substitution in
the subsystem of iron at magnetic properties of orthoferrites,
there is a critical concentration X¢, which changes the type
of the orientation transition from the simple reorientation of
the torque from one crystallographic direction to another
one (transition of order II) to the transition of order L
Besides, these papers developed a model that described the
temperature dependence Tgr(X), which is determined by
the following expression:

Tor(X) = (1/k)Ig(X/xec), (1)

where kK — positive constant value, related to the fields
of anisotropy of the second order in b—a, b—c, c—a
planes, X — characterizes the critical concentration, when
a transition to the state of collinear antiferromagnetic (phase
GxCyAz) takes place. The authors studied variation of the
constant values of anisotropy of the second order, respon-
sible for the temperature of spin-reorientation transition, as
the concentration of cobalt varies in orthoferrites of erbium,
holmium and dysprosium [15] and manganese in orthoferrite
of yttrium [14], and it was found that X; ~ 0.1. In our
case, having the series of previously grown single crystals
HoFe;_yMnyO3, it would be logical to do a similar study
for holmium orthoferrite.

2190



The magnetic phase of CxGyFz in HoFe,_xMny O single crystals at concentrations of manganese x < 0.1

2191

> o
=2

9

4, 3¢
: / #'_.-..._:%,__{- ,

AxFyGz
aa)s,a"
',,-,9 /o
L) voms.
o P
0 O ”
b ‘.:,/\zm "J a

P

o0 oo

Figure 1. Layout view of magnetic structures implemented in single crystals HoFe;_xMnyOs.

Therefore, the purpose of this paper was detailed research
of magnetic and dilatometric properties of a series of
single crystals HoFe;_xMnyOs at low concentrations of
manganese (X =0, 0.05, 0.1) to specify the magnetic
phasing diagram in the region of critical concentrations Xc.

2. Experiment

Single crystals HoFe;_xMnyO3; (x =0, 0.05, 0.1) were
grown by the method of optical zone melting, the growth
procedure, post-growth treatment and structural characteri-
zation are described in detail in paper [13]. All single crys-
tals HoFe;_xMnxO3 are rhombic with the spatial symmetry
group Pnma.In some papers of other authors an installation
was used with the spatial symmetry group Pbnm, and the
transition from one installation to another may be described
as follows: a, b, c(Pnma) — b, ¢, a(Pbnm). To orient the
produced specimens along the crystallographic axes, Laue
diffractometer (Photonic Science) was used.

To measure the temperature and field dependences of
magnetization for the grown single crystals in the tempera-
ture range 4.2—300K, installation PPMS—6000 (Quantum
Design) was used.

Measurement of the relative deformation of the speci-
mens which occurred as a result of thermal expansion
was determined using a manufactured capacitance dilatome-
ter [16,17], adapted for operation within PPMS (Quantum
Design). Measurements of relative deformation were carried
out in the mode of free-running sweep of temperature with
the speed of 0.25 K/min in the atmosphere of heat-exchange
gaseous helium with residual pressure 4—6mbar in the
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temperature range from 4.2 to 200K without application
of the external magnetic field.

3. Results and discussion

3.1. Magnetic measurements

In the previous paper [13] it was shown that in a series of
single crystals HoFe;_xMnyOs at different concentrations
of manganese X and temperatures T, magnetic phases
AxFyGz, CxGyFz, GxCyAz are implemented. They are
schematically shown in Figure 1. It shows with arrows the
directions of magnetic torques of iron (manganese) ions
in a crystal, corresponding to the directions of a weak
ferromagnetic torque along axes b and ¢, and also in the
phase of the fully compensated antiferromagnetic.

Figure 2 shows temperature dependences of magnetiza-
tion M(T) for specimens with X = 0.05 (a) and 0.1 (b),
measured along crystallographic directions b and c. Features
on dependences M(T) along direction b, observed at
temperatures ~ 94 and ~ 141K (black curves), are related
to spin-reorientation transition (identified as SR1 in figure)
and were observed by us previously when studying the
magnetic properties of the entire series of single crystals
HoFe;_xMnxO3; [13].  When cycling by temperature,
these dependences show temperature hysteresis with width
AT ~ 1K. Such temperature hysteresis is specific for phase
transition of order I and complies with spin reorientation
from phase AxFyGz to the state of compensated antifer-
romagnetic GxCyAz. However, after the measurements
of dependences M(T) along direction ¢ for single crystals
with concentration of Mn X = 0.05 and 0.1 (red curves),
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Figure 2. Temperature dependences of magnetization M(T) for
specimens with X = 0.05 (a) and 0.1 (b).

it turned out that in the region of low temperatures there
is another spin-reorientation transition Tgry at T =17K
for x =0.05 and T = 9K for x = 0.1, directing the weak
ferromagnetic torque along axis C of the crystal that was
not observed previously. As the manganese concentration
increases further, the orientation transition SR2 disappears.
Thus, in Figure 2,b dependence M(T) is shown along
axis ¢ for specimen HoFeg sMng 03 (green curve), where
such feature is not observed up to helium temperatures,
and increased value of magnetization in the region of
low temperatures is related to paramagnetic contribution
of holmium. It should also be noted that when cycling
by temperature, no hysteresis feature was observed in
the region of temperatures Tsry, which means that the
orientation transition SR2 relates to the phase transition of
order II.

Therefore, at low concentrations of manganese X = 0.05
and X = 0.1 in HoFe;_yMnyxO3 with temperature reduction
the spin reorientation takes place in a more complicated
way, as observed by us previously for solid solutions
HoFe;_yMnyO3; with high concentrations. In the region
of high temperatures the weak ferromagnetic torque is
directed along axis b of the crystal (phase AxFyGz),

then at temperature Tgr; the magnetic torques of iron
(manganese) are reoriented into the state of compensated
antiferromagnetic (phase GxCyAz), and at temperature
Tsr2 phase CxGyFz is formed with ferromagnetic torque
along axis C.

Figure 3 presents field dependences M(H) for specimen
HoFe 95sMng 05Oz at different orientations of the applied
external magnetic field. These dependences fully reflect
all features of behavior of the temperature curves M(T) (Fi-
gure 2). If field H is applied along axis b (Figure 3, a), weak
ferromagnetic torque is only observed in the region of high
temperatures. Below temperature Tgr; dependences M(H)
correspond to the state of collinear antiferromagnetic. As
the field is applied along axis ¢ of the crystal (Figure 3, ),
the ferromagnetic state is observed only in the region of
low temperatures, where one may see fast linear growth
of magnetization values in the region of small magnetic
fields (up to 3kOe), then the magnetic torque increases
gradually due to contribution of paramagnetic holmium
(green curve). The same pattern is observed for a single
crystal with X = 0.1.

Note that axis b is difficult for the rare-earth subsystem,
which is seen from the comparison of dependences M(Hy,)
and M(H;) at T=4.2K. In the field of 20kOe the
magnetic torque M reaches 60 emu/g, whereas My, is about
10emu/g in the same field and at the same temperature.
Such behavior could have been explained by biasing with
the field of 3d-subsystem. And indeed at temperature
T = 4.2K a weak ferromagnetic phase is implemented with
a magnetic torque of 3d-subsystem, lying along axis C.
Therefore, axis C is a preferred axis, and it is logical
to expect a large magnetic response from the rare-earth
subsystem along this direction. Actually, this is the behavior
observed on dependence M(H¢) at T = 4.2K in Figure 3, b.
As one may see from the chart, the magnetization curve
obviously consists of two processes, one of which ends in
field ~ 3kOe, and the second one continues in the higher
fields. We assume that rapid growth of magnetization in
the field up to 3kOe is related to the growth of magnetic
domains, the magnetic torque of which matches the external
magnetic field. The further growth of magnetization is
related to paramagnetic ordering of the holmium subsystem.
However, application of the field along axis a also causes
significant growth of magnetic torque, in other words the
plane ac is easy for the rare-earth subsystem. This follows
from the measurements of single crystal HoFeOs; we took
in the region of helium temperatures. Therefore, the weak
paramagnetic response of the holmium subsystem along
direction b may not be fully explained by the presence of
the weak ferromagnetic torque in the orthogonal direction,
and is rather related to single-ion anisotropy.

Besides, the nature of field dependence M(Hp) behavior
at high temperatures also stands out. At T =300K
the weak ferromagnetic phase is implemented directing
the spontaneous magnetic torque along axis b. As one
may see from Figure 3,a remagnetization in this phase
is accompanied with pronounced hysteresis. Besides, we
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Figure 3. Field dependences M(H) for specimen HoFeo.9sMng 0sO3 at different orientations of the applied external magnetic field.

attempted to demagnetize a macroscopic single-crystal spec-
imen in alternating magnetic field of decreasing amplitude
at 300K, however, we failed to break the specimen into
magnetic domains. In general it should be concluded that
the high temperature phase has higher coercive force than
the low-temperature one.

This is related, first of all, to the fact that the phase
with the weak ferromagnetic torque directed along axis b is
implemented at high temperature, where the paramagnetic
response from the rare-earth subsystem is weak. Second,
direction b is difficult for the rare-earth subsystem as such.

In the low-temperature phase the rare-earth subsystem,
on the contrary, contributes greatly to the magnetization
process, since, first of all, the low-temperature susceptibility
of the holmium subsystem is higher than that of the high-
temperature one, and second, direction C is easy therefor.
Since 4f-subsystem demonstrates paramagnetic behavior,
for which the coercive force is equal to zero, and as
a result of large contribution of the rare-earth subsystem
into the magnetization process, no pronounced hysteresis
is observed in the low-temperature phase in dependence
M(H), contrary to the high-temperature one.

3.2. Dilatometric measurements

Figure 4 shows dependences of relative deformation
A(T) of a single crystal with x = 0.05, caused by thermal
expansion (without application of the external magnetic
field) along the three crystallographic directions a, b and c.
The charts, as temperature rises, show two specific ab-
normalities at temperatures Tgrp» and Tgrj, which consist
in the jump of relative deformation, corresponding to
spin-reorientation transitions CxGyFz — GxCyAz and Gx-
CyAz — AxFyQGz, respectively.

As the temperature increases, relative deformation in
point Tsry experiences a jump, and along direction b
the crystal expands, while along directions a and c it
compresses. When temperature Tsr; is reached, the relative
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Figure 4. Relative deformation A of single crystal

HoFe;_xMnyOs3, as function of temperature for three crystallo-
graphic directions @, b and ¢ (Pnma), measured without applica-
tion of the external magnetic field.

deformation along all three directions experiences a jump
again, and now opposite in sign to the jump observed
at Tgro.

Such drastic change of thermal deformation at temper-
atures of transitions Tgry and Tgr; is related to sponta-
neously occurring magnetostriction, which accompanies the
readjustment of the magnetic structure. In high- and low-
temperature states, when there is a weak ferromagnetic
torque present, rare-earth ions are in molecular (magnetic)
field of 3d-subsystem, which provides for the possibility of
magnetostriction related to single-ion anisotropy of ion Ho3*
or exchange striction. In the intermediate temperature this
factor is absent, and the spontaneous magnetic torque is
zero. Therefore, subsequent transition over temperatures
Tsro and Tgr; is accompanied by connection and disconnec-
tion of spontaneous magnetic torque, which is related to the
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Figure 5. Magnetic phasing diagram HoFe;_xMnyOs.

mechanism of magnetostriction formation, which explains
the different sign of deformation jump at temperatures
TSR2 and TSRI-

3.3. Magnetic phasing diagram HoFe;_,Mn,O;

Using the results of measurements of magnetization
and relative deformation done on a series of single crys-
tals HoFe;_xMnyO3, one may conclude that we found
a new low-temperature magnetic phase CxGyFz, char-
acterized by direction of a weak ferromagnetic torque
along axis C of the crystal, which was not observed
previously. As temperature decreases for concentrations
X =0.05 and 0.1, a more difficult transition of spin
reorientation AxFyGz — GxCyAz — CxGyFz is observed.
Such behavior is illustrated in Figure 5, which represents
a specified phasing diagram HoFe;_xMnyOs. Tempera-
tures of spin-reorientation transition Tgg; for concentrations
X > 0.1 are taken from paper [13]. Our data confirm that
the critical concentration X lies in region 0.1 < X; < 0.2.

4. Conclusions

The key conclusion of the paper may be the detection
of magnetic phase CxGyFz in a series of single crystals
HoFe;_xMnyOs in the region of small concentrations of
manganese X < 0.1. At temperatures below orientation
transition HoFeOs (T = 58 K) for substituted compositions
X < 0.1 weak ferromagnetic state CxGyFz perseveres with
a vector of a weak ferromagnetic torque directed along
crystallographic axis €. It was found that phase transition
SR1 is a phase transition of order I, while transition SR2 —
transition of order II. In the region of these transitions,
abnormalities of thermal expansion behavior were found,
being related to spontaneous magnetostriction. In the
temperature interval between SR1 and SR2 the intermediate
collinear phase GxCyAz is implemented.
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