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1. Introduction

It is common knowledge that today permanent magnets

have extremely wide area of practical application. They

are necessary for functioning of all types of devices [1]:
power generation devices, including renewable power,

electric engines of all types of vehicles, medical equipment,

information storage devices etc.

One of the major breakthroughs in the area of design

of effective permanent magnets was use of rare-earth

intermetallic magnetic materials that started from compound

SmCo5 in 1966 [2]. Later, since 1982, the most effective of

the magnetically hard materials was intermetallic compound

with composition Nd2Fe14B [3], which remains a leader

by some most important characteristics for more than forty

years already. However, production and optimization of the

highly effective permanent magnets still remains a relevant

task for the state-of-the-art technology development.

The most important characteristics, which determine the

quality of a strong permanent magnet, are Curie tem-

perature, saturation magnetization and magnetocrystalline

anisotropy [4–6]. When the Curie temperature is achieved,

the material loses its ferromagnetic properties, therefore it

is necessary that its highest possible values provide the

possibility to use the magnets under high temperatures

(from 400 ◦C and above), which is critical, for example,

for electric engines and power generators.

In the recent decades, rare-earth magnetically hard mate-

rials based on iron with common formula RFe11X (R — rare

earth element, X — transition element), having tetragonal

structure of ThMn12 [7,8] type, for example, RFe11Ti, have

become especially interesting. They are the objects of

intensive studies both by experimental methods [13–15] and
using the approaches of theoretical modeling [1,9–12,16],
which is caused by their outstanding physical properties.

They have high Curie temperature Tc , quite high saturation

magnetization Ms , and some of them — high value of

magnetocrystalline anisotropy constant K1 [17–19]. These

materials are included in the important class of magnetic

intermetallic compounds, playing a substantial role in

development of highly effective permanent magnets and

introduction of new innovation technology [1,20].
The main practical stimulus for the study of such com-

pounds is high cost and strategic importance of rare-earth

elements and cobalt, and the need for effective permanent

magnets with low content of rare-earth elements [17,19,21].
Compounds RFe11X are characterized by the least ratio of

rare earth elements to transition metals compared to other

rare-earth intermetallic compounds, in particular, Nd2Fe14B,

and their magnetic properties may be considerably im-
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proved by introduction of light elements, such as hydrogen

or nitrogen [18,22–24].
The main parameters for the rare-earth magnetically hard

materials are high energy of magnetic anisotropy, provided

by rare-earth ions, in a combination with high magnetization

and Curie temperature, related to sublattice of transition

metals, usually containing iron and/or cobalt [25,26]. Transi-
tion metals contribute insignificantly to anisotropy, because

their spin-orbit interaction is low, and their direction of

magnetization is determined by interaction with a rare-

earth ion. All heavy rare-earth elements (some being rather

expensive [27]) have magnetic moments, oriented oppositely

to the magnetic moment of the transition metal, which

reduces the total magnetization of the material.

Compounds RFe11Ti have an important advantage: due

to reduction of rare earth element content (including heavy

ones), the percentage share of iron in the composition

increases, and, accordingly, magnetization rises per one

rare-earth ion. However, decrease in the concentration

of rare-earth elements may impact their contribution to

the overall magnetic anisotropy. Intermetallic compounds

RFe11Ti, containing iron and a rare-earth element, represent

mostly the materials with pronounced uniaxial magnetic

anisotropy provided for by the crystalline structure of the

iron sublattice [28,29]. The example of such material

is compound YFe11Ti, for which the first constant of

magnetocrystalline anisotropy is K1 = 0.89MJ/m3 at room

temperature [22,23].
From the research point of view, compounds RFe11Ti

cause high interest as objects for the complex modification

with the purpose of significant increase of their characteris-

tics and improvement of their properties [13], and also for

the detailed understanding of the contribution of rare-earth

sublattice, since in contrast to, for example, compounds

R2Fe14B the compounds RFe11Ti have only one rare-earth

position, which simplifies the explanation of the behavior

and properties of the rare-earth subsystem as such [12,30].
This paper used a model of two-sublattice ferrimag-

netic [31,32] to theoretically study the processes of magne-

tization of single-crystal intermetallic compound TmFe11Ti

and its nitride TmFe11TiN1 in magnetic fields up to

100 T, and magnetic phase diagrams of such compounds

were obtained in variables
”
field induction–temperature“.

The selection of the compound mostly depends on the

presence of high-field experimental data for the curves of

magnetization in the magnetic field applied both along the

light direction (crystallographic c-axis) and in ab-plane [6].
This is especially important, since despite all capabilities

of the current experimental technology, every high-field

experiment is unique.

The research of the magnetic phase diagrams for the com-

pounds, which may be used as the basis for development

of permanent magnets, is relevant since for many practical

applications, for example, electric motors, it is important

that the material is magnetized gradually, i. e. was in the

same magnetic phase in the wide range of external magnetic

fields, which is promoted by high values of exchange fields,

usually 50−70 T for compositions RFe11Ti [5,6]. From the

fundamental point of view and from the point of view of

more distant practical applications, it is necessary to study

in detail all magnetic phases, which also helps to clarify the

key features of behavior of both sublattices: both rare-earth

and iron ones.

2. Model of two-sublattice ferrimagnet

Crystalline structure of compounds RFe11Ti is character-

ized by the presence of one unique position 2a (symmetry

4/mmm) for atom of a rare-earth element and three different

positions for iron atoms (8i , 8 j and 8 f ). It is important to

note that the position 8i is occupied by both the iron and the

titanium atoms. In case of modification with atoms of light

elements (in process of hydrogenation or nitrogenation),
hydrogen or nitrogen atoms occupy position 2b in the

crystalline lattice [5] (Figure 1). This causes noticeable

change in the magnetic properties of the material. Atoms

of rare-earth elements and iron atoms form two magnetic

sublattices, which may either be ordered in a ferromagnetic

way (parallel orientation of spins) in case of light rare

earth elements, or be ferrimagnetically oriented (anti-parallel
orientation of spins) for heavy rare-earth elements.

To study the peculiarities of the magnetization process

of the considered compounds in the high and ultra-high

magnetic fields, let us use a thermodynamic model of two-

sublattice ferrimagnet, which has previously demonstrated

its efficiency already [31,32]. Within the model, the

problem of finding equilibrium orientations of sublattice

magnetization under imposition of the magnetic field by

minimization of free energy of the crystal is solved.

The main contributions to the free energy of the crystal

are the contribution from action of the external magnetic

field to the magnetic moments of rare-earth and iron

sublattices, the contribution from the exchange interaction

between them, and also the contribution from the availability

of the magnetocrystalline anisotropy. The expression for

free energy F calculated per unit of volume may [32] be

presented as

F = −MFB−

BR
∫

0

MR(T, B ′

R) dB ′

R + WA. (1)

The first summand here describes the action of the external

magnetic field with induction B at the iron sublattice,

and magnetization MF of iron sublattice is considered to

be permanent, not depending on temperature or external

magnetic field, in virtue of very strong exchange interaction

between the iron atoms. The second summand in the

equation (1) determines the energy of interaction of the

rare-earth sublattice, which has magnetization MR , and

effective magnetic field BR . It is important to note that

for the compounds in question MR < MF . Finally, the third

summand WA is the contribution of the magnetocrystalline

anisotropy.
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Figure 1. Schematic image of the location of rare-earth element atoms (red), iron atoms (grey), nitrogen atoms (blue) in compounds

RFe11Ti and RFe11TiN1 vs. the crystallographic axes: on the left — for the original composition, on the right — for nitride. Arrows inside

rare-earth atoms show the direction of their magnetic moments [5].

Since for the rare-earth ions the energy of their exchange

interaction with the iron ions is high compared to the energy

of the magnetic anisotropy [33], the rare-earth sublattice

may be seen as a combination of magnetic elements built

along the direction of the effective magnetic field BR,

including the external magnetic field B and the exchange

field Bex :

BR = B + Bex = B− µ0λMF , (2)

where µ0 is magnetic constant, λ > 0 is exchange inter-

action constant. It should be noted that the considered

model does not take into account the exchange interaction

between the ions of the rare-earth sublattice, since in

the row of the exchange interactions it is the weakest:

R –R ≪ R –Fe ≪ Fe –Fe.

Dependence of magnetization MR(T, BR) of the rare-

earth sublattice on temperature T and induction BR of the

effective magnetic field, generally speaking, is determined

by the exposure of the rare-earth ion to the crystal field. It

is commonly known that in the case of the considered in-

termetallic compounds in the ultra-high magnetic fields the

contribution of the crystalline field is not predominant [34].
This conclusion may also be made since the calculations of

the magnetization curves TmFe11Ti at T = 4.2K, obtained

within the considered theory and under modelling with

account of thulium ions exposure to the crystal field [5],
yield very close results.

The specified circumstance supports the applicability of

a simpler model we use to describe the full magnetization

process as a tool for performance of simple and quick es-

timates of parameters of the studied compounds, including

for obtaining the magnetic phase diagrams. Within the two-

sublattice ferrimagnetic model the dependence MR(T, BR)

may be expressed with the help of Brillouin function:

MR(T, BR) = M0R · BJ

(

µRBR

kBT

)

, (3)

where kB is Boltzmann constant, M0R is magnetization of

the rare-earth sublattice at zero temperature, J is quantum

number of total angular momentum of the ground multiplet

of the rare-earth ion, and µR is value of the rare-earth ion

magnetic moment. The ground multiplet of the considered

ions Tm3+ is 3H6, for which µR = 7µB (µB is Bohr mag-

neton).

It is commonly known [35] that the experimentally

observed values µR in the considered system RFe11TiNx

(x = 0 or 1) are close to their theoretical values, specific

for a free rare-earth ion R3+, which indicates high degree

of localization of 4 f -electrons in the nodes of the rare-earth

sublattice and admissibility of using the model of localized

magnetic moments in description of the magnetic properties

of intermetallic compounds RFe11Ti and their nitrides.

The expression for the anisotropy energy WA of the crystal

in general may be presented in the single-ion approximation,

when the iron and rare-earth sublattices make their own

contributions. In the case of the considered uniaxial

crystals in the expression for the anisotropy energy in the

first approximation one may limit oneself to the leading

summand

WA(θ, ϕ) = K1 sin
2 θ, (4)

recorded in the system of coordinates, the axes x and z
of which are directed accordingly along the crystallographic

axes a and c . Note that the constant of anisotropy K1 is

positive.
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3. Full magnetization process and
magnetic phase diagrams

The study of the full magnetization process comes

down to determination of equilibrium orientations of crystal

sublattice magnetizations at different values of the external

magnetic field and temperature by minimization of the

expression (1) for free energy. This paper will consider two

cases of orientation of the external magnetic field: along

the crystallographic c-axis (longitudinal field) and along the

crystallographic a -axis (transversal field).
For the case of the longitudinal field B = (0, 0, B) we

have

∂F

∂θ
= MF B sin θ − MR

∂BR

∂θ
+ K1 sin 2θ = 0,

BR =
√

B2 + B2
ex − 2BBex cos θ, ∂2F/∂θ2 > 0, (5)

and for the case of the transverse field B = (B, 0, 0) we

have

∂F

∂θ
= −MF B cos θ − MR

∂BR

∂θ
+ K1 sin 2θ = 0,

BR =
√

B2 + B2
ex − 2BBex sin θ, ∂2F/∂θ2 > 0. (6)

To record equations (5) and (6), the system of coordinates

introduced above was used, where angle θ specifies the

orientation of magnetization of the iron sublattice vs. the

crystallographic c-axis. In its turn, the orientation of

magnetization of the rare-earth sublattice, specified by angle

θR , as already mentioned in the model description, is

determined by condition MR ‖ BR .

Let us now proceed to the analysis of the peculiarities of

the process of full magnetization of ferrimagnetic TmFe11Ti

and its nitride TmFe11TiN1. It is feasible to consider

separately the cases of the longitudinal and transversal

direction of the external magnetic field application. It is

also necessary to make a reservation that this paper has no

goal to study the details of the magnetization process at low

values of external magnetic field induction. When the full

magnetization process is considered, it is assumed that the

crystal is in the state of the ferrimagnetic saturation already

in the zero field.

3.1. Process of full magnetization
in longitudinal field

It is easy to see that in the comparatively weak external

magnetic field at low temperatures the equation (5) has

solutions θ = 0 and θ = π, which implement the minimum

of free energy (1). Besides, accordingly, θR = π and θR = 0,

i. e. the crystal is in the state of ferrimagnetic ordering. On

the contrary, in the very high external magnetic field, fer-

romagnetic ordering becomes energetically beneficial, when

θ = 0 and θR = 0. The transition from the ferrimagnetic

phase to the ferromagnetic phase takes place via so called

angular (noncollinear) intermediate phase [32], where the

magnetizations of sublattices deviate from the direction of

the applied magnetic field, and θ 6= 0 and θR 6= 0.

The boundaries of the noncollinear phase implementation

area by magnetic field induction and temperature may be

set, if in the equation (5) cos θ = 1. The detailed analysis

shows [32] that there is certain temperature Tmax, below

which there are two critical values of the magnetic field

induction, depending on temperature: lower B1 = B1(T )
and upper B2 = B2(T ).
If induction B of the external magnetic field does

not exceed the lower critical value B1, the compound

is in ferrimagnetic state, when the magnetizations of

the rare-earth and iron sublattices are contradirectional,

and magnetization of the entire sample is M ferri = MF − MR .

Upon achievement of the lower critical induction of the

field, the second-order phase transition takes place, the

noncollinear phase is implemented, where the magnetiza-

tions of sublattices deviate from the axis of ferrimagnetic

saturation, completing the reorientation towards the forced

ferromagnetic ordering, implemented at the field induction

exceeding the upper critical value B2. Sample magnetization

reaches the maximum possible value M ferro = MF + MR .

The described process is a process of full magnetization.

Measurement data [5] of full magnetization curves in the

high magnetic fields make it possible to assess the values of

the critical fields. Figures 2 and 3 present the experimentally

obtained magnetization curves of the considered compound

as such and its nitride at temperature 4.2K in the range

of external magnetic fields up to 60 T. Dashed lines reflect

the theoretical progress of the magnetization curve in all

three implemented phases: horizontal sections are compliant

with the ferri- and ferromagnetic phases, and the inclined

area — with the noncollinear phase. The points of fracture

(in reality — drastic change of the curves inclination)
correspond to the critical fields B1 and B2.

Using the experiment data, it is possible to quite accu-

rately calculate the constant values of the studied material

and its nitride: magnetic moments of iron atoms µF and

rare-earth atoms µR (in Bohr magnetons µB), the induction

value of the effective exchange field Bex and the constant of

the magnetocrystalline anisotropy K1 (see table). Note that

the introduction of a light element atom noticeably changes

the material properties. Therefore, the magnetization of the

iron sublattice increases, and the intersublattice exchange

interaction increases substantially. The seeming decrease of

magnetocrystalline anisotropy is explained by the fact that

the crystallites of the powder sample of nitride were not

previously fully oriented along c-axis of easy magnetization

(this is also indicated by the considerable similarity of

the magnetization curves in the longitudinal and transverse

magnetic fields).

Characteristics of ferrimagnets

Compound µF/µB µR/µB Bex , T K1, MJ/m3

TmFe11Ti 1.85 7.0 52.7 1.79

TmFe11TiN1 2.00 7.0 71.9 0.71
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Figure 2. Experimental [5] curves of magnetization (solid
lines) of single crystal TmFe11Ti, obtained at temperature 4.2K

in magnetic fields, applied along crystallographic axes [0 0 1] and
[1 0 0]. Theoretical curves of magnetization (dashed lines) were

obtained in this paper within the two-sublattice ferrimagnet model.
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Figure 3. Experimental [5] curves of magnetization (solid lines)
of powder oriented sample TmFe11TiN1, obtained at temperature

4.2K in magnetic fields, applied along crystallographic axes [0 0 1]
and [1 0 0]. Theoretical curves of magnetization (dashed lines)
were obtained in this paper within the two-sublattice ferrimagnet

model.

Analytical expression for values of critical fields B1 and

B2 may easily be obtained in the limit case T → 0:

B1,2 =
Bex

2

(

1∓
MR

MF

)

−
K1

MF

+

√

(Bex

2

(

1∓
MR

MF

)

−
K1

MF

)2

+
2K1Bex

MF

≈ Bex

(

1∓
MR

MF

)

±
2K1MR

MF(MF ∓ MR)
.

For finite temperatures, the numerical solving of equa-

tions (5) is necessary. Curves of dependences B1(T ) and

B2(T ) are shown in Figure 4. Note that as temperature

rises, the lower critical field increases, and the upper

field decreases, and they become equal to each other at

T → Tmax. In fact the curves of dependences B1(T ) and

B2(T ) represent a phase diagram of the studied compounds

RFe11TiNx (x = 0 or 1) in the ultra-high magnetic field in

variables
”
field induction–temperature“.

3.2. Process of full magnetization
in transversal field

It is evident that in the very high transversal magnetic

field (more than 80 T) the state of the forced ferromagnetic

ordering is also implemented, when magnetizations of

sublattices are built along the direction of the external

magnetic field in the basic (ab)-plane, perpendicular to

c-axis of easy magnetization. However, the process of

full magnetization in the transversal field differs from the

process of full magnetization in the longitudinal field.

The main difference is that under the exposure to the

relatively weak transverse magnetic field the sample from

the state of ferrimagnetic saturation with magnetization

Mferri ‖ [0 0 1] changes to the state of the ferrimagnetic

saturation with magnetization Mferri ‖ [1 0 0]. In process of

such reorientation from an easy axis to the basic plane, the

magnetizations of the sublattices are noncollinear, therefore

the additional angular phase is implemented. Such behavior

of the sample is due to the presence of the magne-

tocrystalline anisotropy, trying
”
to hold“ magnetizations of

sublattices in the direction of the easy c-axis.
The further progress of the full magnetization process

generally happens as in the case of the longitudinal field:

at B0 < B < B1 the sample is in ferrimagnetic phase, with
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Figure 4. Magnetic phase diagram of single-crystal TmF11Ti

in magnetic fields applied along crystallographic axes [0 0 1] and

[1 0 0]. The calculation is provided within the theory of two-

sublattice ferrimagnet.
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Figure 5. Magnetic phase diagram of powder oriented specimen

TmF11TiN1 in magnetic fields applied along crystallographic axes

[0 0 1] and [1 0 0]. The calculation is provided within the model of

two-sublattice ferrimagnet.

magnetization M ferri = MF − MR , directed along the field;

at B1 < B < B2 the noncollinear phase is implemented

with deviation of magnetizations of the sublattices from

the direction of the external magnetic field; finally, at

B > B2 the forced ferromagnetic state is formed, where

the sample magnetization reaches the possible limit value

M ferro = MF + MR , being directed along the external mag-

netic field. Such similarity of the processes of full

magnetization in the longitudinal and transversal fields is

quite explainable: as the induction of the external field

rises, the contribution to the free energy increases from its

interaction with the sublattices, at the same time the relative

contribution of the magnetocrystalline anisotropy becomes

less and less noticeable. At the same time, due to the

presence of anisotropy, the values of critical fields B1 and

B2 in the case of the transverse field still do not match B1

and B2 for the longitudinal field:

B0 =
Bex

2

(

1−
MR

MF

)

+
K1

MF

−

√

(Bex

2

(

1−
MR

MF

)

+
K1

MF

)2

−
2K1Bex

MF
≈

2K1

MF − MR
,

B1,2 =
Bex

2

(

1∓
MR

MF

)

+
K1

MF

+

√

(Bex

2

(

1∓
MR

MF

)

+
K1

MF

)2

−
2K1Bex

MF

≈ Bex

(

1∓
MR

MF

)

∓
2K1MR

MF(MF ∓ MR)
.

Temperature dependences B0(T ), B1(T ) and B2(T ) were
also obtained by solving the equation (6) using a set of

material constants presented in the table. The curves of

these dependences are shown in Figures 4 and 5.

4. Conclusion

The main results and conclusions of this paper may

be specified as follows: based on the completed mea-

surements of high-field dependences of magnetization of

rare-earth ferrimagnetic TmFe11Ti and nitride TmFe11TiN1,

the qualitative description is given to the process of full

magnetization in ultra-high external magnetic fields, directed

both along the easy magnetization axis (crystallographic c-
axis), and perpendicularly thereto (ab-plane). The analysis

of the experimental magnetization curves made it possible

to determine the values of critical fields inducting the

reorientation magnetic phase transitions in the considered

compounds. Within the model of two-sublattice ferrimagnet

it was possible to obtain the estimates of material constants

of the studied compounds (value Bex of effective field

of intersublattice exchange interaction and constant K1

of magnetocrystalline anisotropy), and to calculate the

magnetic phase diagrams of the studied compounds in

variables
”
field induction–temperature“.

The conducted measurements made it possible to ex-

perimentally observe the phase transition induced by the

magnetic field from the original ferrimagnetic state to the

noncollinear state. It was shown that to complete the full

magnetization process and to observe the compounds in the

ferromagnetic state inducted by the field, the magnetic fields

of megagauss range are necessary.

The advantage of the used theoretical model of the full

magnetization is its simplicity, and the model made it pos-

sible to describe the key peculiarities of this process in the

ultra-high magnetic fields and to assess the characteristics of

the process and the parameters of the studied compounds.

The developed model with minor modifications may be

used to study the magnetic properties of various types of

rare-earth magnetic materials both in the high and ultra-high

magnetic fields.
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