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LOW-TEMPERATURE MAGNETISM
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We report on results of sound-velocity and sound-attenuation measurements in the

Nd0.75Dy0.25Fe3(BO3)4 in external magnetic fields up to 5 T, applied along several directions with

respect to crystallographic axes, and at temperatures down to 1.7 K. The experimental data are

analyzed with a microscopic theory based on exchange-striction coupling and phenomenological

theory resulting in a qualitative agreement between theoretical results and experimental data. VC 2013
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4826082]

1. Introduction

During the last decades multiferroic systems came into

the focus of solid-state physics. Crystals belonging to the

family ReFe3(BO3)4 (Re3þ¼Y, La-Nd, Sm-Er) borates with

the trigonal structure (the spatial group R32) have interesting

optical, magnetic, and magnetoelectric properties.

Furthermore, multiferroic effects have been discovered in

some of them.1 That is why this family of crystals is a sub-

ject of intensive study nowadays. Their specific magnetic

properties are caused by the presence of two types of mag-

netic ions: iron and rare earth ones. Antiferromagnetic order-

ing in iron subsystem develops in most of compounds (at the

Neel temperature TN¼ 30–40 K). A spontaneous and

magneto-induced electrical polarization also develops in

some of them in the magnetically ordered state. Re3þ ions

produce the main contribution to the magnetic anisotropy of

the ferroborates, while iron ions are in an orbital singlet state

and a magnetic anisotropy induced in them can be mostly

due to the weak magnetic dipole-dipole interaction. Hence

magnetic structures, realized in these crystals, depend on the

type of Re3þ ion and are very diverse. These compounds can

be easy-axis (EA) antiferro-magnets (Tb, Dy-based ferrobo-

rates), and easy-plane (EP) antiferromagnets (Nd, Sm-based

ferroborates), or they can spontaneously transform from the

EP to an EA state (Gd, Ho-based ferroborates). In binary

compounds of the type Nd1�xDyxFe3(BO3)4 contributions of

the Re3þ ions to the magnetic anisotropy can have the com-

petitive character with one another and spontaneous reorien-

tation from the EP to the EA state is possible.

Indeed, in Ref. 2, it was reported the discovery of

the spontaneous spin reorientation in the compound

Nd0.75Dy0.25Fe3(BO3)4. According to Ref. 2, the antiferro-

magnetic structure with the magnetic moments oriented in the

basic plane (EP anisotropy), which is formed in the crystal below

TN¼ 32 K, transforms spontaneously at TR¼¼ 25 K to an

EA magnetic configuration. Studies of the specific heat,

magnetization3 and our magnetoacoustic investigations4,5

of Nd0.75Dy0.25Fe3(BO3)4 crystal have shown that the

restructuring of its magnetic structure does not reduce to a

simple superposition of the features characteristic of the

NdFe3(BO3)4 and DyFe3(BO3)4. In this compound we have

detected new phase transitions (PTs): the spontaneous PT

(with the temperature at Tcr1¼ 16 K), and the one, induced

by the external magnetic field, applied along the trigonal

crystal axis C3, and applied in the basic plane. We have con-

structed the H–T phase diagrams for the cases H k C3, H k
C2 and H ? C2, and have detected that this compound exhib-

ited several PT lines and, correspondingly, several magnetic

phases. Magnetic structures that are implemented in these

phases are not defined yet. Although, based on data from the

experiments,2–5 it can be assumed that in the absence of the

magnetic field the most of the low-temperature phase (below

Tcr1¼ 16 K) corresponds to the EA configuration. Phase,

which is realized in the range 25 K< T<TN, was supposed

to be the EP one.2 Magnetic configuration in the range

16 K<T< 25 K is now the subject of debate. In Refs. 4 and

5, we have suggested that the crystal Nd0.75Dy0.25Fe3(BO3)4

should be considered as the multisublattice antiferromag-net.

Then, detected magnetic PTs can be associated with spin

reorientation of the several magnetic sublattices of this mag-

netic material.

It should be noted that the investigation of the behavior

of elastic characteristics of magnetic materials in external

magnetic field is a sensitive way of studying magnetically

ordered systems.6 Study of the behavior of the sound veloc-

ity and absorption as function of the temperature and mag-

netic field allows an accurate determination of critical

temperatures and fields, as well as the order of magnetic

phase transitions in magnets. In the present work we have

performed the study of the magnetoelastic properties of the

Nd0.75Dy0.25Fe3(BO3)4 single crystal in a tilted external
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magnetic field. We have determined the range of angles

where detected PTs4,5 existed and corresponding magnetic

phases were stable.

2. Experimental

Isometric Nd0.75Dy0.25Fe3(BO3)4 single crystals were

grown from a fluxed solution based on bismuth trimolybdate

by the procedure described in detail in Ref. 3; crystal sizes

up to 10–12 mm were obtained. We worked with a crystal

consisting of a transparent hexahedral prism, green in color

and of the order of 5 mm high, in a direction close to an axis

of symmetry of the third order (C3). Experimental sample

with characteristic dimensions 1.5� 1� 1 mm was prepared

from it. The backward x-ray reflection method (the Laue

method) was used to orient the samples. The measurements

of the relative changes of the velocity and attenuation of

acoustic modes were performed using the automatized setup

described in Ref. 7. The working frequency was 54.3 MHz.

The temperature behavior of the velocity and absorption of

acoustic modes (in the absence of an external magnetic field

or at fixed value of the field) and the magnetic-field behavior

of the same characteristics at a fixed temperature were stud-

ied. The accuracy of the relative measurements of samples

with the thickness �0.5 mm was about 10�4 in the velocity

and 0.05 dB in the attenuation. The range of the temperature

was 1.7–50 K, and the magnetic field up to 50 kOe was used.

3. Results

3.1. Zero magnetic field

At temperatures below 50 K we have observed three fea-

tures in the behavior of the velocity of transverse and longi-

tudinal acoustic modes: at the temperatures TN¼ 32 K,

Tcr2¼ 25 K, and Tcr1¼ 16 K. They were always accompanied

by anomalies in the absorption at corresponding tempera-

tures. Anomaly at TN corresponds to the transition of the

crystal to the magnetically ordered state, and the features at

Tcr2 and Tcr1 are related to spin-reorientation PTs.4,5

Figure 1 illustrates the typical temperature behavior of

the velocity of the acoustic modes, for example of the

C44 mode. The following notation is used in the figures:

Ds/s is the relative changes in the velocity of acoustic waves

(q is the wave vector and u is the polarization) propagating

along the x, y, and z axes of the standard Cartesian coordinate

system for trigonal crystals (y k C2 and z k C3). Absorption

behavior was illustrated in Refs. 4 and 5, and will not be ana-

lyzed below. Figure 1 also shows the behavior of the specific

heat and magnetization of the crystal in the same temperature

range3 for comparison. Note that the only one anomaly at TN

is clearly observed in the behavior of the specific heat. The

N�eel temperature cannot be seen from the behavior of the

magnetization, however, peaks at Tcr2 and Tcr1 are clearly visi-

ble. At the same time, the behavior of the acoustic characteris-

tics exhibits all three critical temperatures associated with PTs

in the magnetic subsystem of the crystal. This means that the

coupling between magnetic and elastic subsystems is signifi-

cant in this compound, which is characteristic to multiferroics.

Therefore, the observation of the behavior of the elastic prop-

erties of the crystal, and their response to an external magnetic

field, allows us to draw conclusions about the state of its mag-

netic subsystem.

3.2. The external field H k C3

The application of an external magnetic field H k z shifts

the features at Tcr2 and Tcr1 to lower temperatures, however,

the position of the feature at TN remains virtually unchanged

(cf. Fig. 1). Two closely spaced features exhibiting hystere-

sis were found in the magnetic field dependences of the

velocity of the acoustic modes in the fields Hcr1
z and Hcr2

z

(Fig. 2).

An increase of the temperature shifts them to the direc-

tion of weaker fields. Both features in the fields Hcr1 and

Hcr2 were registered in the temperature interval from 1.7 to

FIG. 1. Temperature dependence of the sound velocity of C44 acoustic mode

at H¼ 0 (red line), and at H¼ 10 KOe [H k z (blue line); H k y (green line)]

in Nd0.75Dy0.25Fe3(BO3)4. For comparison we present the temperature

behavior of the specific heat (�) and magnetization (�) (cf. Ref. 3).

FIG. 2. Magnetic field (H k z) dependence of the sound velocity (red line, the

experiment; black line, calculations) of C44 acoustic mode and magnetization

(blue symbols) in Nd0.75Dy0.25Fe3(BO3)4 at T¼ 2 (a) and T¼ 4 (b) K.
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16 K (Tcr1), while only one feature in the field Hcr2 was

detected in the range from 16 K (Tcr1) to 25 K (Tcr2). The

critical fields of the features, which we observed in the

behavior of the acoustic modes, and the temperature, corre-

sponding to them, are correlated with the values of the fields

and temperatures, at which magnetization anomalies were

found according to the measurements performed in Ref. 3,

see Fig. 2. That is why, the observed anomalies have been

interpreted by us4 as the manifestation of magnetic reorienta-

tion PTs.

We have constructed4 the low-temperature fragment of

the H–T phase diagram of the Nd0.75Dy0.25Fe3(BO3)4 crystal

for H k C3 (z) (see Fig. 3(a)). The diagram was found to be

more complex than the one presented in Ref. 2, and differs

from the latter by the presence of the lines 1 and 4. Our inves-

tigations show that a few (at least three) low-temperature

magnetically ordered phases exist in the compound studied in

the field H k z.

3.3. The external field H applied along x and y axes

When an external magnetic field was applied in the basal

plane of the crystal (both for H k y and H k x), the features

at Tcr2 and Tcr1 were shifted slightly toward lower tempera-

tures. The position of the feature at TN was essentially

unchanged when the external field was applied. The example

of the typical temperature behavior of sound velocity in

external magnetic field H k y is shown in Fig. 1. From the

analysis of the magnetic field behavior of the acoustic modes

in the external magnetic field applied in basal plane we have

concluded5 that in the temperature range 1.7 K< T< 15 K

the acoustic characteristics are essentially field-independent

(at least for H k y). But in the temperatures range 15–32 K

the behavior of the acoustic characteristics depends on the

direction of the magnetic field in the basal plane. We believe

that this anisotropic behavior of the acoustic characteristics

observed in the Nd0.75Dy0.25Fe3(BO3)4 is due to the exis-

tence of another easy axis, which is parallel to C2 symmetry

axis in the basal plane. We have observed analogous mag-

netic behavior in the NdFe3(BO3)4 at the temperature range,

where an easy plane, antiferromagnetic commensurate struc-

ture is realized.8 We have plotted the low-temperature part

of the H–T phase diagrams of the crystal for fields directed

along and perpendicular to the second order symmetry axis

in the basal plane of the crystal (Figs. 3(b) and 3(c), respec-

tively). To our opinion the line 3 in the H–T phase diagrams

(H k y) is the line of a spin-flop transition.

3.4. Behavior in the magnetic field tilted from the
crystallographic axes

Constructed phase diagrams (Fig. 3) imply the existence of

several lines of PTs in the crystal in the ordered magnetic states,

and, consequently, of several magnetic phases. The temperature

borders (at H¼ 0) of those phases are related to three intervals:

1) 1.7 K< T< 16 K (Tcr1);

2) 16 K (Tcr1)< T< 25 K (Tcr2);

3) 25 K (Tcr2)< T< 32 K (TN).

Let us analyze the behavior of the acoustic characteris-

tics of the crystal in each of those intervals when the mag-

netic field is tilted from z axis (C3) in the planes zy and zx,

and when the field is tilted from y (C2 axis) in the plane xy.

3.4.1. The first temperature range. Here the evolution

of the magnetic field behavior of the sound velocities related

to various acoustic modes with the tilt angle of the magnetic

field from z axis from 0� to 90� in the zy plane at the lowest

temperature of the experiment, 1.7 K, is shown in Fig. 4.

It is seen that the growth of the tilt angle up to 30� basi-

cally does not change the values of critical PT fields Hcr1
z

and Hcr2
z (Fig. 4(a)). The form of anomalies (jumps) also

remains the same. Further increase of the angle a> 30�

produces the shift of Hcr1
z and Hcr2

z to the higher values (Fig.

4(b)). The form of anomalies at Hcr1 and Hcr2 and the charac-

ter of the magnetic field dependences above PT points at

a> 18� is also partly changed. Perhaps, those transitions are

realized at higher values of the angle, however, their critical

values of the magnetic field exceed maximal possible in

our experiments value of the field 50 kOe. Hysteretic char-

acter of anomalies at Hcr1
z and Hcr2

z remains the same in the

total angle range, where we registered PTs (0< a< 65�).
When a¼ 90�, i.e., at H k y, the sound velocity basically

FIG. 3. External magnetic field—temperature phase diagrams for

Nd0.75Dy0.25Fe3(BO3)4: (H k z) (a); H k y (b); H k x (c). The symbols are

related to the features observed in our various magnetoacoustic experiments

at low temperatures and small values of the field.
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does not depend on the value of the field (Fig. 4(b)). The

dependence of Hcr1
z and Hcr2

z on the tilt angle a from the

axis z (C3) in the plane zy at 1.7 K in the polar coordinates

is given in Fig. 4(c). The values Hcr1
z and Hcr2

z (in kOe) for

each of the value of the tilt angle are plotted at respective

radia-vectors.

In Fig. 5(b) angle dependences of Hcr1
z and Hcr2

z for two

more temperature are presented: For 6 K for the tilting of the

magnetic field from z axis in the zx plane (a), and for 10 K

for the tilting in the zy plane. From the comparison of the

angle-dependent phase diagrams (Figs. 4(c) and 5(b)) we can

see that the features at Hcr1
z and Hcr2

z are registered at the tilt

angles 0� a� 65� in the zy plane, as well as in the zx plane

in the first temperature interval.

However, when the tilt angle in the zx plane exceeds

30�, for all investigated temperatures in the first interval the

smooth increase of the sound velocity is observed already in

the region above the transition H<Hcr1;2
z . The anomalies

themselves at Hcr1
z and Hcr2

z look like cusps, and we cannot

see hysteresis. Figure 5(a) illustrates the behavior of the

sound velocity related to the acoustic mode q k x and u k z

at large tilt angles (a� 54�) in the zx plane at 6 K. With the

growth of the tilt angle the features at Hcr1
z and Hcr2

z are

shifted to higher values of the field. At larger tilt angles

a� 72� the anomalies at Hcr1
z and Hcr2

z in the applicable field

range cannot be observed, however, the specifics of the mo-

notonous increase of the sound velocity in the range below

PTs keeps unchanged up to a� 90�, i.e., for H k x.

We have also observed similar characteristic monoto-

nous increase of the sound velocity in the case H k x for the

sound mode (q k z and u k x) when the field is tilted in the

xy plane in the angle range 90�>b> 20� [here b is the tilt

angle from the y axis (C2) in the xy plane], see Fig. 5(a). For

small values of the angle 0<b< 20� the sound velocity

practically does not depend on the value of the magnetic

field.

3.4.2. The second temperature range. The behavior of

acoustic characteristics has been studied at the temperature

17 K, when the field had been tilted from the z axis in the zy
and zx planes, and also in the xy plane when the field had

been tilted from the y axis. At that temperature, according to

the phase diagrams (Fig. 3), PTs were observed at field val-

ues Hcr2
z , Hcr3

y , Hcr30
y , and Hcr30

x . Let us determine the range of

values of angles, where we have managed to register those

phase transformations (see Figs. 6 and 7). The anomalies at

the field value Hcr2
z , when the field is tilted in the zy and zx

FIG. 4. Magnetic field dependencies of the sound velocity in

Nd0.75Dy0.25Fe3(BO3)4 at T¼ 1.7 K for negative (a) and positive (b) values

of the tilt angle from C3 axis. Magnetic field phase diagram for

Nd0.75Dy0.25Fe3(BO3)4 for the magnetic field tilted from z axis in the zy
plane at T¼ 1.7 K (c).

FIG. 5. Magnetic field dependencies of the sound velocity in

Nd0.75Dy0.25Fe3(BO3)4 at T¼ 6 K for several values of tilt angles from C3

axis (the angle a) and from C2 axis (the angle b) in the zy and xy planes,

respectively (a). Magnetic field phase diagram for Nd0.75Dy0.25Fe3(BO3)4

for the magnetic field tilted from z axis in the zy and zx planes at T¼ 6 and

10 K (b).
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planes from z axis are observed in the angle ranges

0� � a� 65� and 0� � a� 54�, respectively. The increase of

the tilt angle up to 30� in the zy and zx planes does not basi-

cally change the critical value of the field Hcr2
z . Further

increase of the tilt angle in the zy plane yields the shift of

Hcr2
z to higher values.

The deviation in the plane zx for angles a� 30� also

shifts the anomaly in Hcr2
z towards higher fields and yields its

smearing. Monotonous growth of the sound velocity is

observed in the region before transition, Fig. 6. Hence, the

angle dependence of the critical field Hcr2
z in the second

range is similar to the behavior Hcr1
z and Hcr2

z in the first tem-

perature range.

The features at Hcr3
y , Hcr30

y and Hcr30
x are observed when

the field is tilted from the y and x axes in the xy and zx planes

or angles larger than 40�, see Fig. 6. The increase of the tilt

angle in the zy plane yields small shifts of Hcr3
y and Hcr30

y

towards larger values. The value of Hcr30
x is weakly depend-

ent on the growth of the tilt angle in the zx plane. The fea-

tures at Hcr3
y , Hcr30

y and Hcr30
x are observed for the deviations

in the xy plane in the range of tilt angles from the y and x
axes smaller than 30�.

3.4.3. The third temperature range. In that interval,

according to the phase diagrams, Fig. 3, only phase transfor-

mations at Hcr3
y , Hcr30

y and Hcr30
x are realized. We have per-

formed the investigations of angle dependences of Hcr3
y , Hcr30

y

and Hcr30
x at the temperature 28 K. It turns out that at such high

enough temperature (the value is close to TN¼ 32 K) the scale

of anomalies, which we attribute to phase transformations, is

not large. The peculiarities themselves are smeared, and, thus,

the investigation of the angle dependencies of Hcr3
y , Hcr30

y , and

Hcr30
x has the qualitative character.

Nevertheless, the anomalies at Hcr3
y , Hcr30

y , and Hcr30
x can

be distinguished at tilt angles less than 45� from the y and x
axes in the zy and zx planes, see Fig. 8. The values Hcr3

y ,

Hcr30
y , and Hcr30

x become larger with the growth of tilt angles.

Magnetic field behavior of some acoustic modes, when

the field is tilted in the xy plane appeared somehow unex-

pected. In such a geometry of the experiment we have the

FIG. 6. Magnetic field dependencies of the sound velocity in

Nd0.75Dy0.25Fe3(BO3)4 at T¼ 17 K for several values of tilt angles from C3

axis in the zx plane (a) and in the zy plane (b). Magnetic field phase diagram

for Nd0.75Dy0.25Fe3(BO3)4 for the magnetic field tilted from z axis in the zy
and zx planes at T¼ 17 K (c).

FIG. 7. Magnetic field dependencies of the sound velocity in

Nd0.75Dy0.25Fe3(BO3)4 at T¼ 17 K for several values of tilt angles from C2

axis (a). Magnetic field phase diagram for Nd0.75Dy0.25Fe3(BO3)4 for the

magnetic field tilted from y axis in the yx plane at T¼ 17 K (b).
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opportunity to study the behavior of only those acoustic

modes, that have q k y or q k x.

The magnetic field dependences of the sound velocity of

the transverse mode q k y and u k z for various values of tilt

angle in the xy plane are presented in Fig. 9. For that mode

the anomalies at Hcr3
y and Hcr30

y in the field, directed exactly

along y (H k y) are weakly manifested. That is why, we

define in the figure by arrows the values of the fields Hcr3
y

and Hcr30
y , which are determined from the behavior of the

mode q k z, u k x, see Fig. 8. The feature at Hcr30
x at H k x

can be clearly seen. As one can see from the figure, the

anomalies at Hcr3
y , Hcr30

y and Hcr30
x can be detected only until

relatively small (less than 9�) tilt angles from the y and x
axes, respectively. However, with increasing the angle

(larger than 18�) in the fields�Hcr3
y for H k y the new anom-

aly appears, which becomes more pronounced with the

growth of the angle and reaches its maximum value at

b� 45�.

Hence, in the third temperature range the anomalies in

the magnetic field behavior of the sound velocity (attenuation)

of at least two acoustic modes are observed at any tilt angles

of the magnetic field in the xy plane. Let us note that in the

second range the behavior of the same modes when the field

is tilted in the xy plane was different, see Fig. 7.

4. Theoretical analysis

4.1. Microscopic consideration

The following theoretical calculation was used to

explain the observed experimental data. In magnetic materi-

als the dominant contribution to the spin-lattice interactions

arises mostly from the exchange-striction coupling. In our

calculations we assume that in the multiferroic under study

the spatial dependence of the magnetic anisotropy (i.e., of

the magnetic relativistic interaction) is weaker than the spa-

tial dependence of the exchange integrals. In this case, one

can expect that mostly longitudinal sound waves interact

with the spin subsystem. The magnetoacoustic interaction is

considered then in the standard way in the framework of the

perturbation approach.9 According to Refs. 9 and 10, the

renormalization of the longitudinal sound velocity of such a

model can be written as

FIG. 8. Magnetic field dependencies of the sound velocity in

Nd0.75Dy0.25Fe3(BO3)4 at T¼ 28 K for several values of tilt angles from C3

axis: in the zx plane (a) and in the zy plane (b). Magnetic field phase diagram

for Nd0.75Dy0.25Fe3(BO3)4 for the magnetic field tilted from z axis in the zy
and zx planes at T¼ 28 K (c).

FIG. 9. Magnetic field dependencies of the sound velocity in

Nd0.75Dy0.25Fe3(BO3)4 at T¼ 28 K for several values of tilt angles from C2

axis (a). Magnetic field phase diagram for Nd0.75Dy0.25Fe3(BO3)4 for the

magnetic field tilted from y axis in the yx plane at T¼ 28 K (b).
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Ds

s
¼ �A1 þ A2

ðNxqÞ2
; (1)

where

A1 ¼ 2jGz
0ðqÞj

2hSz
0i

2vz
0 þ T

X

k

X

a¼x;y;z

jGa
kðqÞj

2ðva
kÞ

2;

A2 ¼ Hz
0ðqÞhSz

0i
2 þ T

2

X

k

X

a¼x;y;z

Ha
kðqÞva

k:
(2)

Here, N is the number of spins in the system, k is the wave

vector of magnetic excitations, xq¼ sq is the low-q disper-

sion relation with sound velocity s in the absence of spin-

phonon interactions, hSz
0i is the average magnetization along

the direction of the magnetic field, vx;y;z
k are non-uniform

magnetic susceptibilities, and the subscript 0 corresponds to

k¼ 0. The renormalization parameter A1þA2 is proportional

to the spin-phonon coupling constants (which have to be

determined independently)

Ga
k ¼

1

m

X

n

eikRnmðeiqRnm � 1Þuq

@Ja
mn

@Rm
;

Ha
k ¼

1

m

X

n

e�ikRnmðeiqRnm � 1Þðe�iqRnm � 1Þ

� uqu�q

@2Ja
mn

@Rn@Rm
:

(3)

Here, m is the mass of the magnetic ion, Ja
mn denote

exchange integrals, uq is the polarization of the phonon with

wave vector q, and Rn is the position vector of the n th

site.9,10 In our calculations we used these quantities as fitting

parameters. Our simplified theory reproduces the main fea-

tures of the experimentally observed behavior, see Fig. 2. It

turns out that the theory reproduces the low-temperature

behavior of the sound velocity rather well. On the other

hand, for the higher-field region of the phase diagram the

agreement is not so good. We suppose that in that phase in-

homogeneous spin distribution can take place like in Nd fer-

roborate,8 resulting in nonzero inhomogeneous magnetic

susceptibility, contribution of which was neglected in calcu-

lations shown in Fig. 2.

4.2. Phenomenological approach

To understand the features of the magnetic structure of

the studied magnetic system of Nd0.75Dy0.25Fe3(BO3)4, we

have also constructed the phenomenological theory, based

on the consideration of a six-sublattice antiferromagnet, cf.

Refs. 4, 5, and 11. We have chosen six magnetic sublattices

due to the following reasons. We have assumed that each

magnetic ion (Fe, Nd, and Dy) is in the magnetically ordered

state below TN (at least in the ground state), and that each of

those magnetic ions form two magnetic sublattices. Then,

we have assumed that the main interaction is the exchange

between iron magnetic sublattices. We also suggested that

the single-ion magnetic anisotropy affects only rare earth

ions, the EA anisotropy for Dy magnetic sublattices, and the

EP one for the Nd sublattices, because iron ions are in the or-

bital singlet state. Finally, we have supposed that there exists

weak interaction between iron and rare earth magnetic sub-

lattices, and we have neglected direct interactions between

rare earth sublattices. In the lowest approximation we do not

take into account the weak magnetic anisotropy in the basal

plane (the plane, perpendicular to C3 axis).

The ground-state energy of such a model system in the

external magnetic field H has the form

E ¼ �H½M0 cosð�hH þ h1Þ þM0 cosð�hH þ h2Þ þ m1 cosðhH � u1Þ þ m1 cosðhH � u2Þ þ m2 cosð�hH þ w1Þ

þm2 cosð�hH þ w2Þ	 þ JM2
0 cosðh1 � h2Þ þ

1

2
m2

1K1½sin2ðu1Þ þ sin2ðu2Þ	 �
1

2
m2

2K2½sin2ðw1Þ þ sin2ðw2Þ	

þ J1M0m1½ cosðh1 � u1Þ þ cosðh1 � u2Þ þ cosðh2 � u1Þ þ cosðh2 � u2Þ	
þ J2M0m2½ cosð�h1 þ w1Þ þ cosð�h1 þ w2Þ þ cosð�h2 þ w1Þ þ cosð�h2 þ w2Þ	: (4)

Here we denote by M0 the magnitude of the iron mag-

netic sublattice with h1;2 being the angles between two iron

sublattices and C3 axis, by m1,2 the magnitudes of rare earth

magnetic sublattices of Nd and Dy ions, respectively (with

u1;2 and w1;2 being angles between Nd and Dy magnetic sub-

lattices, respectively, and the C3 axis), hH denotes the angle

between the direction of the external magnetic field and C3

axis, J> 0 defines the iron-iron antiferromagnetic exchange

interaction, K1,2> 0 are the EP and EA magnetic anisotro-

pies for Nd and Dy magnetic sublattices, respectively, and,

finally, J1,2 are the couplings between iron and rare earth

magnetic sublattices.

To determine the steady-state magnetic configurations

of the considered model we minimize the expression for the

ground-state energy with respect to the angles h1;2, u1;2, and

w1;2. The analysis is very complicated. For example, even

for hH ¼ 0, i.e., for the external magnetic field directed

along C3 axis, we have found 27 solutions of the minimiza-

tion conditions. They correspond to the anti-parallel, paral-

lel and tilted configurations of each pair of magnetic

sublattices.

Let us consider those solutions. The phase with each of

three pairs of sublattices being antiparallel (the antiferro-

magnetic solution) is related to the case with h2 ¼ u2

¼ w2 ¼ p and h1 ¼ u1 ¼ w1 ¼ 0 (or vice versa). Such an

antiferromagnetic state has the energy EAF ¼ �JM2
0.

Obviously, that phase has the minimal energy in the absence

of the external magnetic field.
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There are three solutions with two pairs of magnetic sublat-

tices being antiparallel, and one pair of sublattices in the tilted

(spin-flop-like) state. The first such phase has u2 ¼ w2 ¼ p;
u1 ¼ w1 ¼ 0, and h2 ¼ �h1 with

cos h1 ¼
H

2JM0

: (5)

It has the energy E2AF2¼ (M0H/2)� (H2/J). The second so-

lution has the values of angles h2 ¼ w2 ¼ p; h1 ¼ w1 ¼ 0

and u2¼ �u1 with

cos u1 ¼
H

m1K1

: (6)

It has the energy E2AF4¼ (H2/K1)� JM2
0 þm2

1K1. Finally, the

third such solution is related to the values of angles h2

¼ u2 ¼ p; h1 ¼ u1 ¼ 0 and w2 ¼ �w1 with

cos w1 ¼
H

m2K2

: (7)

This phase has the energy E2AF6 ¼ �ðH2=K2Þ � JM2
0 � m2

2K2.

There are three solutions with two pairs of magnetic sub-

lattices being antiparallel, and one pair of sublattices being

parallel (and directed along the field). The first such solution

has u2 ¼ w2 ¼ p; u1 ¼ w1 ¼ 0 and h2 ¼ �h1 with h1 ¼ 0.

It has the energy E2AF1 ¼ �2HM0 þ JM2
0. The second one

has the values of angles h2 ¼ w2 ¼ p; h1 ¼ w1 ¼ 0, and

u2 ¼ �u1 with u1 ¼ 0. It has the energy E2AF3¼�2Hm1

� JM2
0 . The third such solution is related to the values of

angles h2¼u2¼ p, h1¼u1¼ 0 and w2¼�w1 with w1¼ 0.

This solution has the energy E2AF5 ¼ �2Hm2 � JM2
0.

Possible field-governed PTs between these three phases and

three previous phases are of the second order.

There are 12 phases in which only one pair of sublattices

is antiparallel.

Among them there are three solutions with one pair of

sublattices being antiparallel, and two others being in the

spin-flop-like (tilted) state. The first one of those phases has

w2 ¼ p; w1 ¼ 0 with h2 ¼ �h1; u2 ¼ �u1 and with

cos h1 ¼
HðK1 þ 2J1Þ

2M0ðK1J þ 2J2
1

;

cos u1 ¼
HðJ1 � JÞ

m1ðK1J þ 2J2
1Þ
:

(8)

This state has the energy

EAF4 ¼ ð2m2
1K3

1J2 þ J2M0HK2
1 þ 2J2K1M0HJ1

þ 2H2K1J2 � 2H2K2
1J þ 8m2

1K2
1JJ2

1 þ 2JK1M0HJ2
1

� 8H2J1K1J þ 4JM0HJ3
1 þ 8m2

1K1J4
1

� 2H2K1J2
1 � 8H2J3

1Þ=2ðK1J þ 2J2
1Þ

2:

The second one is related to the following set of angles u2 ¼
p; u1 ¼ 0 with h2 ¼ �h1; w2 ¼ �w1 and

cos h1 ¼
Hð2J2 � K2Þ

2M0ð�K2J þ 2J2
2Þ
;

cos w1 ¼
HðJ2 � JÞ

m2ð�K2J þ 2J2
2Þ
:

(9)

It has the energy

EAF8 ¼ �ð2m2
2K3

2J2 � J2M0HK2
2 þ 2J2K2M0HJ2

þ 2H2K2J2 þ 2H2K2
2J � 8m2

2K2
2JJ2

2 � 8H2J2K2J

þ 2JK2M0HJ2
2 � 4JM0HJ3

2 þ 8m2
2K2J4

2 � 2H2K2J2
2

þ 8H2J3
2Þ=2ðK2J � 2J2

2Þ
2:

Finally, the third one corresponds to the set of angles h2 ¼
p; h1 ¼ 0; u2 ¼ �u1; w2 ¼ �w1 with

cos u1 ¼ �
H

m1K1

; cos w1 ¼
H

m2K2

: (10)

The energy of such a state is equal to

EAF12 ¼ ðH2K2 � H2K1 � JM2
0K1K2

þ m2
1K2

1K2 � m2
2K2

2K1Þ=K1K2:

Six such solutions have one pair of sublattices antiparal-

lel, one pair parallel (and directed along the field), and one

pair in the tilted state. The angles, corresponding to antipar-

allel state are either zero or p, the angles related to the paral-

lel state are zero, and the angles for sublattices in the tilted

states differ from each other by their signs. The solutions are

cos h1 ¼
H � 2J1m1

2JM0

; (11)

with the energy

EAF2 ¼ �ð2H2 � 8HJ1m1 þ 4Hm1J � JM0H

þ 2Jm0J1m1 þ 8J2
1m2

1Þ=2J;

cos h1 ¼
H

2JM0

;

(12)

with EAF6¼�H(2Hþ 4m2J� JM0� 4J2m2)/2 J;

cos u1 ¼
2J1M0 � H

m1K1

; (13)

with the energy

EAF3 ¼ ð�2HM0K1 � 4HJ1M0 þ H2

þ JM2
0K1 þ 4J2

1M2
0 þ m2

1K2
1Þ=K1;

cos u1 ¼
�H

m1K1

;

(14)

with the energy

EAF11 ¼ ðH2 � 2Hm2K1 � JM2
0K1 þ m2

1K2
1Þ=K1;

cos w1 ¼
H

m2K2

;
(15)

with the energy

EAF7 ¼ �ð2HM0K2 þ H2 � JM2
0K2

� 4J2M0H þ m2K2
2Þ=K2;

and

cos w1 ¼
H

m2K2

; (16)
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with the energy

EAF10 ¼ �ð2Hm1K2 þ H2 þ JM2
0K2 þ m2

2K2
2Þ=K2:

There are three solutions with one pair of sublattices

being antiparallel, and two other pairs being parallel and

directed along the magnetic field. The angles for antiparallel

states are equal to zero and p, and the angles in parallel

states are equal to zero. The energies of those phases are

EAF1 ¼ �Hð2M0 þ 2m1Þ þ JM2
0 þ 4J1M0m1;

EAF5 ¼ �Hð2M0 þ 2m2Þ þ JM2
0 þ 4J2M0m2;

EAF9 ¼ �Hð2m1 þ 2m2Þ � JM2
0:

Then there exists a solution with all three pairs of sublat-

tices being in the tilted phases. For that phase we get differ-

ent signs for angles belonging to opposite sublattices with

cos h1 ¼
Hð2J2K1 þ 2J1K2 � K1K2Þ

2M0ð2J2
2K1 � 2J2

1K2 � JK1K2Þ
;

cos u1 ¼
HðJK2 � J1K2 þ 2J1J2 � 2J2

2Þ
m1ð2J2

2K1 � 2J2
1K2 � JK1K2Þ

;

cos w1 ¼
Hð�JK1 þ J2K1 þ 2J1J2 � 2J2

1Þ
m2ð2J2

2K1 � 2J2
1K2 � JK1K2Þ

;

(17)

with the energy

E3F ¼ �ð8m2
2K2

2J2
2K2

1J þ 8m2
2K3

2J2
1JK1 � 8m2

1K2
1J2

1K2
2J � 16m2

2K2
2J2

2K1J2
1 � 8m2

1K3
1J4

1 þ 8H2J2
2J2

1K2

þ 2H2J2K2
1K2 � 8H2J2

1J2
2K1 � 2H2K2K2

1J2
2 þ 2H2K2

2K1J2 � 16H2JK2
2J2

1 � 2H2J2K2
2K1 þ 16H2J1J3

2K1

� 16H2J3
1J2K2 þ 16m2

1K2
1J2

2J2
1K2 þ 8m2

1K3
1J2

2JK2 þ 8H2J3
2K2

1 � 8H2J4
2K1 þ 8H2J4

1K2 þ 8J3
1H2K2

2

þ 8m2
2K2J4

2K2
1 þ 2m2

2K3
2J2K2

1 � 8m2
1K1J4

1K2
2 � 2m2

1K3
1J2K2

2 � 8H2J2K2
1JK2 þ 8H2JK2J2

2K1

þ 8H2JK1J2
1K2 � 8J1H2K2K1J2

2 � 8H2J2K1J2
1K2 � HJ2K2

1K2
2M0 þ 4HJJ3

1K2
2M0 � 4HJJ3

2K2
1M0

þ 2HJ2J1K1K2
2M0 þ 2HJ2J2K2

1K2M0 � 2HJJ2
1K1K2

2M0 þ 2HJJ2
2K2

1K2M0

þ 4HJ2
1J2JK1K2M0 � 4HJJ1J2

2K1K2M0Þ=2ðJK1K2 � 2J2
2K1 þ 2J2

1K2Þ2:

There are three solutions with two pairs of sublattices being in the tilted phases and one pair being parallel and directed along the

field. The angles for parallel states are zero, and the ones for tilted states have different signs. The first such a state has the angles

cos h1 ¼
HðK2 � 2J2Þ � 2J1m1K2

2M0ðJ1K2 � J2
2Þ

; cos w1 ¼
Hð2J1 � 2J2Þ þ 4J1J2m1

2m2ðJ1K2 � j22Þ
; (18)

with the energy

EF1 ¼ ð8J2
1K2HM0J2m1 þ 2J1K2JM2

0HJ2 � 2J1K2JM2
0m1J2

2 þ 16J1K2HM0m1J2
2 � 8M2

0HJ4
2 þ 8M0H2J3

2

þ 4H2J3
2m1 þ K2JM2

0HJ2
2 � 8J2

1K2
2HM0m1 þ 2J2

1K2JM2
0m1 � 16J2

1K2
2M0m2

1J2
2 � 8J2

1K2M2
0HJ2 � 16J2

1K2J2
2M2

0m1

� 4J1K2
2m2

2M0J2
2 � J1K2

2JM2
0H þ 8J1K2J2

2M2
0H � 4J1K2M0H2J2 � 4J1K2H2J2m1 þ 4J1K2Hm2

1J2
2 � 16J1HM0J3

2m1

� 2JM2
0HJ3

2 � 2K2H2m1J2
2 þ 2K2m2

2M0J4
2 þ 8M0m2

1K2
2J3

1 þ 2J2
1m2

2M0K3
2 � 4J2

1K2
2m2

1H þ 2J2
1M0H2K2

þ 2J1M0H2K2
2 þ 2J1K2

2m1H2 þ 16J1J4
2M2

0m1 þ 8J1J3
2M2

0H � 4J1M0H2J2
2 � 4M0H2K2J2

2Þ=2M0ðJ1K2 � J2
2Þ

2:

The second one has angles

cos h1 ¼
HðK1 þ 2J1Þ � 2J2m2K1

2M0ðJ2K1 þ J2
1Þ

; cos u1 ¼ �
HðK1 þ 2J1Þ � 2J2m2K1

2M0ðJ2K1 þ J2
1Þ

; (19)

with the energy

EF2 ¼ �ð�2m2
1K1J4

1 þ 4Hm2J4
1 � 2JM0HJ3

1 þ 2J2
1M0J2m2K1 þ 4H2J2J2

1 � 4m2
1K2

1J2J2
1 � J2

1JM0HK1

þ8Hm2J2
1J2K1 þ 8H2J1J2K1 � 16HJ1J2

2m2K1 � 2J1JM0J2K1H þ 2H2K2
1J2 þ 8J3

2m2
2K2

1 þ 2JM0J2
2K2

1m2

�JM0J2K2
1H � 2m2

1K3
1J2

2 � 2H2J2
2K1 � 4J2

2m2HK2
1Þ=2ðJ2K1 þ J2

1Þ
2:

The third such state has the values of the angles

cos u1 ¼
2J1M0 � H

m1K1

; cos w1 ¼
H � 2J2M0

m2K2

; (20)
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with the energy

EF3 ¼ �ð2HM0K1K2 þ 4HK2J1M0 � K2H2 � 4HK1J2M0

þK1H2 � JM2
0K1K2 � m2

1K2
1K2 � 4K2J2

1M2
0

þm2
2K2

2K1 þ 4K1J2
2M2

0Þ=K1K2:

There are three solutions with one pair of sublattices

being in the tilted phase, and two other pairs being parallel

(and directed along the field). The states with parallel sub-

lattices have angles equal to zero, and those in the tilted

states have opposite signs of angles for the pair of sublattices

with

cos h1 ¼ �
H � 2J1m1 � 2J2m2

2JM0

(21)

with the energy

E2F3 ¼ ð2H2 � 8HJ1m1 � 8HJ2m2 þ 4Hm1J

þ 4Hm2J � JM0H þ 2JM0J1m1 þ 2JM0J2m2

þ 8J2
1m2

1 þ 16J1m1J2m2 þ 8J2
2m2

2Þ=2J;

with

cos u1 ¼
�H þ 2J1M0

m1K1

; (22)

and the energy

E2F2 ¼ ð�2HM0K1 þ H2 � 4HJ1M0 � 2Hm2K1 þ JM2
0K1

þ 4J2
1M2

0 þ 4J2M0m2K1 þ m2
1K2

1Þ=K1;

and with

cos w1 ¼
H � 2J2M0

m2K2

; (23)

with the energy

E2F1 ¼ �ð2HM0K2 þ 2Hm1K2 þ H2 � 4HJ2M0

� JM2
0K2 � 4J1M0m1K2 þ 4J2

2M2
0 þ m2

2K2
2Þ=K2:

Finally, there exists a ferromagnetic solution, where

all sublattices are parallel and directed along the field, i.e.,

h1 ¼ h2 ¼ u1 ¼ u2 ¼ w1 ¼ w2 ¼ 0 with the energy

EF ¼ �2HðM0 þ m1 þ m2Þ þ JM2
0 þ 4J1M0m1 þ 4J2M0m2:

Obviously, this ferromagnetic state is realized at large values

of the external magnetic field.

When the value of the external magnetic field grows,

one should, generally speaking, observe all possible field-

induced transitions between the above presented solutions.

As a rule, the transitions between antiparallel and tilted state

of the same pair of sublattices are first order transitions

(spin-flop-like), while the transitions between the tilted and

parallel directions of sublattices are of the second order.

We have also obtained analytical solutions for hH ¼ p=2,

i.e., the external magnetic field is directed in the basal

xy plane, perpendicular to C3. Notice that this case cannot be

applied to the considered system directly, because of the

in-plane magnetic anisotropy in Nd0.75Dy0.25Fe3(BO3)4. In

that case the symmetry implies h2 ¼ p� h1; u2 ¼ p� u1

and w2 ¼ p� w1. There are several solutions, which can be

realized.

In the case H¼ 0, we have h1 ¼ u1 ¼ w1 ¼ 0. For weak

nonzero H the tilt angles are

sin h1 ¼
Hð�K1K2 þ 2J2K1 � 2J1K2Þ
M0ðJK1K2 þ 4J2

2K1 � 4J2
1K2Þ

;

sin u1 ¼
Hð�JK2 þ 4J1J2 � 4J2

2 � 2J1K2Þ
m1ðJK1K2 þ 4J2

2K1 � 4J2
1K2Þ

;

sin w1 ¼
HðJK1 þ 4J1J2 � 4J2

1 þ 2J2K1Þ
m2ðJK1K2 þ 4J2

2K1 � 4J2
1K2Þ

: (24)

When the value of the external field becomes larger

pairs of magnetic sublattices become parallel to the direction

of the field, step by step. First, the one pair of rare earth sub-

lattices become field-directed, e.g., Nd one with cos u1 ¼ 0,

and with

sin h1 ¼
�HK2 þ 2J1m1K2 þ 2HJ2

M0ðJK2 þ 4J2
2Þ

;

sin w1 ¼
JH þ 2J2H � 4J1J2m1

m2ðJK2 þ 4J2
2Þ

;

(25)

at

H ¼ m1ðJK1K2 þ 4J2
2K1 � 4J2

1K2Þ
�JK2 þ 4J1J2 � 4J2

2 � 2J1K2

:

(or, vice versa, the angle w1, for Dy sublattices becomes p=2

with the angle /1 for Nd sublattices being tilted, depending

on the relative values of J1;2 and K1;2).

Then two pairs of rare earth sublattices become parallel

to the direction of the field, cos u1 ¼ cos w1 ¼ 0, in the con-

sidered case at

H ¼ ½m2ðJK2 þ 4J2
2Þ þ 4J1J2m1	=ðJ þ 2J2Þ:

Here the tilt angle for iron sublattices is

sin h1 ¼
�H þ 2J1m1 þ 2J2m2

JM0

: (26)

Finally, at the largest value of the field, in the considered

case at H¼ JM0� 2J1m1� 2J2m2, all magnetic sublattices

become parallel to the direction of the external field.

The PTs for H ? C3 are of the second order for the con-

sidered model.

The analysis can be significantly simplified when we take

into account that J 
 K1;2 
 J1;2. In this case the tilted states

for the field directed along C3 for Nd sublattices have angles

cosu1 � �
H

m1K1

; (27)

for Dy sublattices the angles are

cos w1 �
H

m2K2

; (28)
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and for the iron sublattices the tilt angle is

cos h1 �
H

2JM0

: (29)

Then the main PTs occur between the states with antiparallel

directions of rare earth sublattices to the tilted ones (with the

iron sublattices being in the antiparallel state), following by

transition in the iron sublattice subsystem from the antiparal-

lel to the tilted state. These PTs between the antiparallel

states of sublattices to the tilted ones are of the first order

(of the spin-flop type). Then at much higher values of the

field, directed along z, first rare earth sublattices flip to the

ferromagnetic state along the field direction (at the field val-

ues H ¼ jm1K1j and H ¼ m2K2), and, finally, iron sublattices

flip to the ferromagnetic state at H¼ 2JM0. From the esti-

mates of the critical values of the field, connected to our

experiments, we can assume that we observe field-induced

first order transitions, related to the former case of the field,

directed along C3, while we do not have enough field

strength to observe the PTs to the latter case of the transi-

tions to the parallel sublattices.

We suppose that in the real system the values of critical

fields are very close to each other, and, hence, it is difficult

to distinguish all such PTs, especially at the conditions of

the experiment T 6¼ 0 (at least in the second and third tem-

perature ranges).

On the other hand, in this approximation for hH ¼ p=2

(field, directed in the basal xy plane), the tilt angles become

sin h1 � �
H

M0J
; sin u1 � �

H

m1K1

; sin w1 �
H

m2K2

:

(30)

When the field value grows the first rare earth magnetic sub-

lattices flip to the state, parallel to the direction of the field at

H ¼ jm1K1j and H ¼ m2K2, and, finally, the iron magnetic

sublattices become parallel to the field direction at

H¼ jM0Jj. Those PTs are of the second order. In our experi-

ments we observe first order transitions related to the value

of the in-plane magnetic anisotropy. This case cannot be

studied analytically yet.

The theoretical analysis of the direction of the external

magnetic field tilted from C3 and tilted from C2 in the basal

plane is very complicated and have not yet permitted us to

obtain analytical results. Even for two magnetic sublattices

such an analysis can be realized analytically only for small

values of the tilt angles.12,13 Our study for the considered

six-sublattice model of the antiferromagnet implies that the

critical values of tilt angles, at which the first order phase

transitions transform to the second order ones12 are larger

than for the two-sublattice antiferro-magnetic model. On the

one hand, this is related to the considered approximation

(singlet orbital state of the iron sublattices, and the absence

of the direct interaction between rare earth sublattices them-

selves), and, on the other hand, it qualitatively agrees with

our experimental findings in Nd0.75Dy0.25Fe3(BO3)4.

We can take into account nonzero temperatures, using

the method developed in Ref. 14. The results of Ref. 14

imply that the values of the critical fields depend on T as

Hc¼Hc(T¼ 0)a(T), where a(T) is the component of the

order parameter, characteristic for the considered magnetic

phase, which decreases with the growth of T from the maxi-

mal value at T¼ 0 to zero at T¼ Tc. Such a consideration

qualitatively describes the features of the obtained phase

H–T diagrams in Nd0.75Dy0.25Fe3(BO3)4.

5. Summary

In summary, we have performed low-temperature

magnetoacoustic investigations of rare earth ferroborate

Nd0.75Dy0.25Fe3(BO3)4. We have observed how the features

of the sound velocity behavior in the magnetic field were

changed due to the tilting of the direction of the external

magnetic field from the main crystallographic axes C3 and

C2 in all observed temperature regions, where magnetic

orderings exist. Our observations show that magnetic phase

transitions exist for large enough values of the tilting of the

external magnetic field from C3 axis. In the lowest tempera-

ture range the behavior for tilting in the zy and zx planes is

similar. In the intermediate temperature phase, on the other

hand, the behavior of the magnetic field-induced phase tran-

sitions were different for deviations of the field direction

from C3 in the zy and zx planes. Also in this temperature

range we registered field-governed phase transitions when

the field is tilted from the crystallographic axes in the xy
(basal) plane. The latter can be seen also, when we tilt the

direction of the external magnetic field from the basal plane

towards C3 axis. In the highest-temperature ordered phase

we observed phase transition for the field tilted from the ba-

sal plane towards z, with the similar field behavior, compar-

ing with the intermediate phase. Contrary, the features for

the tilting of the field from C2 axis are manifested much

weaker than those in the intermediate temperature phase.

We have also performed comparison of our experimental

findings with the results of the developed microscopic and

phenomenological theories. Our theory agrees with our earlier

assumption4,5 about multisublattice nature of the magnetically

ordered phases in the considered ferroborate. According to the

phenomenological consideration, there can exist many field-

induced magnetic phases in the system, the transitions

between some of them being very close to each other. We can

observe only few of them in the experimentally available

magnetic field and temperature intervals. Our analysis permits

us to assume that for higher field region inhomogeneous mag-

netic state can take place for the magnetic field directed along

C3. Our phenomenological analysis qualitatively agrees with

the mean field approach developed in Ref. 11 and with our ex-

perimental findings. We can suppose that the large values of

the field and tilt angle values, at which the first order phase

transitions transform to the second order ones, comparing to

the standard two-sublattice antiferromagnet, are related to the

features of the studied rare earth ferroborates. Namely, we

think that it is related, first, to the singlet state of iron ions

(which, from this viewpoint, have to be more magnetically

isotropic, while the magnetic anisotropy is caused mostly by

the rare earth magnetic ions). Second, it is connected with the

relatively weak coupling between rare earth magnetic ions

with iron ones, and with the almost absent interaction between

rare earth magnetic ions themselves.
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