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High-field magnetic behavior and forced-ferromagnetic state in an ErFe,; TiH single crystal
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The crystal-field and exchange parameters are determined for the single-crystalline hydride ErFe;, TiH
compound by analyzing the experimental magnetization curves obtained in magnetic fields of up to 60 T. By
using the calculated parameters we succeeded in modeling theoretical magnetization curves for ErFe;; TiH up to
200 T and to study in detail the transition from ferrimagnetic to a ferromagnetic state in the applied magnetic field.
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I. INTRODUCTION

The demand on commercially viable high-energy magnets
stimulates the studies of perspective materials by different
means, including the use of high magnetic fields. A series
of 4f-3d ferromagnets (usually light rare-earths (R) Nd and
Sm are used as the 4f metals while the 3d element is Fe or
Co) remains the strongest in many applications [1-4]. These
materials possess high saturation magnetization M, and Curie
temperature, Tc, and their large uniaxial magnetic anisotropy,
provided by the R sublattice, is a keystone of a high-coercive
state. In order to unleash the magnetic potential of ferrimagnets
(heavy R’s have large magnetic moments oriented antiparallel
to those of the 3d sublattice) by inducing the ferromagnetic
state, sufficiently high magnetic fields should be used. The
conditions, at which a forced-ferromagnetic state is reached,
give full information on the strength of the R-Fe intersublattice
coupling [5-7].

The most rich in iron, quasibinary RFe;; Ti-type alloys with
a rather simple crystal structure of the ThMn,; type [8] have a
single atomic position for the R atom and three nonequivalent
Fe lattice sites (Fig. 1) (cf. with two Nd positions and six
Fe sites in the famous permanent magnet Nd,Fe 4B [3]). This
simplifies theoretical description of the magnetic properties. At
the same time, functional magnetic properties, initially inferior
to those of Nd,Fe;4B [3], can be improved significantly
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by doping RFe;Ti interstitially with nitrogen, carbon, or
hydrogen [9,10].

Limited experimental capabilities in the past allowed
for obtaining the magnetization data for RFe;;Ti in rather
low magnetic fields only (pulsed fields up to 30 T or 14 T
steady fields) while stronger magnetic fields are required for
reliable theoretical description of the intersublattice exchange
processes in the two-sublattice ferrimagnets. The studies in
high magnetic fields up to 60-100 T became feasible on
a regular basis only recently [7,11]. Skourski er al. [12]
investigated the magnetization of HoFe;;Ti and ErFe;;Ti
single crystals in fields up to 60 T and observed a series of
field-induced transitions in the magnetization curves. In the
present work, we have made use of the fact that light interstitial
atoms weaken the R-Fe exchange [10] and studied the high-
field magnetization processes in the hydrogen-doped ErFe,; Ti
single crystal. The crystal field (CF) and exchange interaction
parameters were determined using the experimental data
collected up to 60 T. By employing the calculated parameters
we succeeded in modeling theoretical magnetization curves for
ErFe;; TiH up to 200 T. This allowed us to study in detail the
field-induced transition from ferrimagnetic to a ferromagnetic
state taking place in the magnetic field exceeding 60 T.

II. EXPERIMENTAL DETAILS AND RESULTS

The polycrystalline ingots of ErFe;;Ti were obtained by
induction melting of constituent elements with the purity of
at least 99.95 wt.% under an argon atmosphere as described
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FIG. 1. (Color online) Crystal structure of ErFe;; TiH.

in Ref. [12]. To stimulate growth of single-crystalline grains,
the ingots were remelted and cooled slowly in a resistance
furnace with a high temperature gradient. The single crystal
blocks weighing a few milligrams were then picked out of the
crushed ingots. The single-crystalline state of the samples was
confirmed using a conventional back Laue reflection method.
The misalignment of crystallographic axes in monocrystalline
grains did not exceed 5-7 degrees. The samples were further
subjected to hydrogenation in a stainless steel chamber. A spe-
cial temperature program has been applied in order to preserve
the single-crystalline state of ErFe;;Ti after hydrogenation. A
short thermal activation process at 420 °C in high vacuum was
carried out to initiate the hydrogen absorption process and
was completed by a one-hour cooling to 20 °C. After that, the
reaction chamber was filled in with high-purity hydrogen gas
under 1 atm pressure and the system was heated to 350 °C.
The samples were annealed in the hydrogen atmosphere
for 12 hours and cooled slowly down to room temperature.
The amount of absorbed hydrogen was determined from the
hydrogen pressure change in the calibrated reactor chamber
after finishing the hydrogenation reaction. ErFe; TiH;_, (y ~
0.02) with hydrogen concentration close to one hydrogen atom
per formula unit (H at./f.u.) were synthesized. Single crystals
of ErFe;(TiH;_, hydrides remained of good quality as was
confirmed by x-ray back-scattering Laue patterns.

High-field magnetization measurements at 4.2 K were
carried out in pulsed magnetic fields up to 60 T using the equip-
ment of the High-Field Laboratory at Dresden-Rossendorf.
The pulsed-field data were calibrated using magnetization
curves measured on the same samples in static magnetic fields
up to 14 T in a commercial PPMS 14 magnetometer (Quantum
Design, USA). All magnetization curves taken at 4.2 K and
presented below were corrected for the demagnetizing field.
The Curie temperature has been found using thermomagnetic
analysis.

The x-ray powder diffraction analysis showed that ErFe;; Ti
retained the ThMn,-type of crystal structure after hydrogena-
tion. The unit cell volume expanded by 0.8% in ErFe;; TiH
as compared to the parent ErFe;; Ti compound (see Table I)
while the Curie temperature increased from 515 to 561 K.

TABLE I. Crystallographic parameters of ErFe;; Ti and ErFe,, TiH.

Compound a, A c, A V, A AV /V (%)
ErFe Ti 8.480 4.781 343.8 -
ErFe,, TiH 8.510 4.785 346.5 0.8
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FIG. 2. (Color online) Magnetization curves of an ErFe;;TiH
single crystal at 4.2 K in fields up to 60 T applied along the main
crystallographic directions. Horizontal dashed line is a guide to the
eye and shows the saturation magnetization Myeo = Mpe + M.
Inset: the same for the parent ErFe;; Ti adopted from Ref. [12].

Figure 2 presents the magnetization curves of an ErFe;; TiH
single crystal at 4.2 K in magnetic fields up to 60 T applied
along the main crystallographic directions. For reference, we
show the corresponding data of a parent ErFe;;Ti adopted
from Ref. [12]. The small amplitude hysteresis observed in
the magnetization curves is an artifact and appears due to an
integration error at the beginning of the pulse, i.e., at the very
high dM /dt [12]. As one can see in Fig. 2, both compounds
have nonzero projections of magnetic moment along the
[001], [100] and [110] crystallographic axes indicative of
the anisotropy of the easy-cone type. It is well known that
RFe 1 Ti and some related rare-earth-iron intermetallics with
high iron content may change their anisotropy type after
hydrogenation [13-16] but it is not the case of ErFe;Ti.
Hydrogenation increases the spontaneous magnetization from
10.9 to 11.3 pp/f.u., which agrees well with available litera-
ture data [17-19].

The largest magnetization jumps in ErFe;;TiH and
ErFe; Ti for the field applied along the [001] direction are
observed at approximately the same magnetic field for the
hydride (54 T) and parent (56 T) samples. At the maximum
field, the magnetization reaches approximately 26.5 g /f.u.
in both compounds. At lower fields, however, the behavior
of ErFe;; Ti and its hydride is principally different. While the
magnetization changes smoothly up to 50 T in ErFe;;TiH,
the magnetization of ErFe;;Ti increases significantly at the
35—54T field range. This influences the magnitude of the
magnetization jump. For ErFe,; TiH it amounts to 10 u 5 while
the magnetization jump is considerably smaller in ErFe;;Ti.
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Smooth magnetization growth along the [100] direction in the
basal plane is characteristic for both compounds. The M(H)
behavior along the direction [110] is somewhat different for
ErFe;  TiH and ErFe; Ti. The latter features two magnetization
steps at ~10 and 27 T whereas the hydrided compound
demonstrates the behavior similar to that of the [100] direction.

Since we consider the magnetization at low temperatures,
the magnetic moment of an Er sublattice Mg, is close to the
free-ion value, 9 up/f.u. For the ferrimagnetic (antiparallel)
arrangement of Er and Fe moments, the Fe-sublattice moment
Mg, is 20.3 0.1 ug/f.u. in ErFe; TiH. The magnetic field
is a tool to convert the ferrimagnet with Myerj = Mg, — Mg,
to the field-induced ferromagnet with the saturation moments
Mserro = Mpe + Mg;. In Fig. 2, the magnetization curve of the
hydrogenated compound in the [001] direction should saturate
at 29.3 pp/f.u. (horizontal dashed line). As seen from Fig. 2,
the magnetic field slightly exceeding 60 T is required to obtain
a ferromagnetic state in ErFe;; TiH.

III. THEORY

The magnetism of the R-Fe ferrimagnets is provided by
the two contributing types of electrons: localized 4f electrons
of the R sublattice and itinerant 3d electrons of the Fe
sublattice [2,3]. In order to describe the former, the single-ion
approach is used. The compounds with nonmagnetic rare-earth
Y and Lu can be employed for evaluation of the iron-sublattice
magnetic contribution [20,21]. The exchange interaction be-
tween the rare-earth and iron sublattices can be calculated
within the mean-field approximation. In comparison with the
R-Fe interaction, one may neglect the weakest R-R exchange.
The Fe-Fe interaction is the strongest and determines the
magnetic ordering temperature of a compound. The magnetic
properties of the iron sublattice are characterized by temper-
ature dependences of spontaneous magnetization Mr.(7") and
by anisotropy constants of the second and fourth order. The
experimentally determined magnetic anisotropy constants at
42 K are K| = 2.05x107 erg/cm?, K, = 3.57x10° erg/cm?
in YFe; TiH [21].

The iron sublattices’ contribution to the total free energy is
expressed as [22]

Fre = —Mg.(H, sinf cos ¢ + H,sinf sing + H; cos )
+ K;sin®0 + K»sin*6. @))]

Here, the angles 6 and ¢ are polar coordinates of the iron
sublattice magnetization with respect to the main crystallo-
graphic directions (¢ and a axes), H = (H,,H,,H.) is the
external magnetic field. The Hamiltonian of the rare-earth
ion [3,22,23] is

H = Hcg + gyjupJ(H. + H), (2)

where g, is the Landé factor, H is the exchange field, J
is the total angular momentum of the ground Er’** multiplet.
The direction of the exchange field is antiparallel to the iron
magnetization. Hcr is the crystal field Hamiltonian

Hcr = BjCy + ByCy + BSC§ + B (CY, + CY)
+B3(C, +CY) 3
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FIG. 3. (Color online) Experimental magnetization isotherms for
the ErFe, TiH single crystal obtained along the main crystallographic
directions at 4.2 K. Solid lines are the model fit for the set of CF and
exchange field parameters determined in this work (see Table I).

with CF parameters BZ]‘ and single-electron irreducible tensor

operators Cy = Y, C(i). The rare-earth contribution to the
free energy is expressed as

—E,
Fr = —NkgT log Z, Z:Zexp( > 4)

kgT

for N rare-earth ions. The total free energy of the R-Fe system
is then

F0,90) = —NkpT log Z — Mg.(H, sin6 cos ¢
+ H, sin8 sing + H; cos 0) + K sin’0 + K,sin*6.
5

Numerical values of polar coordinates 6 and ¢ are obtained
by minimizing the total free energy at given conditions
(temperature, direction and magnitude of external magnetic
field). The magnetization behavior of the system obtained by
using the following expression:

M. — oF _ ©)

o — 8Ha ’ o = X,y,Z
is shown to depend strongly on the crystal-field and exchange
parameters. A full set of CF parameters obtained by comparing
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TABLEIL CF (incm™')and exchange parameters for ErFe, TiH
obtained by fitting experimental data in the present work. He is
shown in T.

B2 B} BS B} B¢ H,,

=70 —20 81.85 68.3 0 58.8

theoretical and experimental curves in Fig. 3 is presented in
Table II.

IV. DISCUSSION

The crystal-field and exchange parameters define the func-
tional magnetic properties of the rare-earth transition-metal
intermetallics, and the elucidation of the parameters is an
important task in magnetism. In the present work, 30000
sets in six-dimensional space were tested in order to find
the CF and exchange field parameters, and the magnetization
was calculated using Eq. (6) while being compared with the
experimental data. As a first step, we used the parameters
available in Ref. [14]. However, the obtained theoretical curves
(not shown here) were unable to reproduce the high-field
experimental magnetization curves. Further, a span of the
most probable parameters has been defined, from which
the parameters were varied to reach the best fit for all the
magnetization curves. By using the experimental high-field
magnetization curves we succeeded to obtain a final set of
the CF parameters (Table II). Note that BZ is not a dominating
parameter in ErFe; | TiH. The value of the competing parameter
Bg (favors the anisotropy of the basal-plane type) is rather
large. As the result of hydrogenation, Bg is influenced the
most (cf. the parent material in Refs. [14] and [24]) as hydrogen
occupies the 2b lattice site [25] in the ThMn; crystal structure
and has both Er and Fe atoms (8 site) as nearest neighbors
(Fig. 1). Considerable increase of the a lattice parameter as
compared to the unchanged parameter ¢ in ErFe;Ti after
hydrogenation (Table I) decreases the magnetic anisotropy
in the basal plane. The effect is mirrored in the coinciding
theoretical curves along the [110] and [100] directions up to
60 T (Fig. 3). At the same time, CF parameters B3 and BS
define a proper shape of the curve along the [001] direction.
Some discrepancy between the experimental [100] and [110]
and the corresponding theoretical curves in Fig. 3 and hence
a small anisotropy in the basal plane (Fig. 3) could be due to
imperfection in the uniaxiality of the crystal alignment and/or
the measurement technique used.

Hydrogenation does not change the cone-of-easy-axes type
of magnetic anisotropy at 4.2 K. In both compounds, a spin-
reorientation transition toward the ¢ axis takes place at elevated
temperatures, however, the temperature range where the
hydride demonstrates uniaxial anisotropy behavior expands by
several tens of degrees [13,18,19]. In other words, hydrogen
absorption strengthens uniaxial anisotropy in ErFe Ti.

The study of the field-induced transition from ferrimagnetic
to a ferromagnetic state is an equally interesting problem both
from fundamental and application viewpoints. In Refs. [26]
and [27] it was discussed in detail with respect to rare-earth
ferrites. In fact, we are aware of only one occasion of a
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FIG. 4. (Color online) Theoretical magnetization curves plotted
using fitted crystal-field parameters from Table II for ErFe,, TiH
at4.2 K.

successfully observed forced-ferromagnetic state in rare-earth
intermetallic compounds with iron, Tm,Fe 4B [7]. In Ref. [7],
the measurements were carried out on a single-crystalline
sample along the [100] and [110] directions in fields up to 100
T. The sample reached a forced-ferromagnetic state at about
80 T. The transition was of the second-order type. Another
attempt to observe a forced-ferromagnetic state was made in
Ref. [28] for TmyFe;;. According to the authors’ estimation,
the system was supposed to reach the ferromagnetic state with
the magnetization of 50 g /f.u. but it did not occur even in
fields of 74 T. Despite the fact that we also do not observe
experimentally the ferromagnetic state in the system at the
highest magnetic field applied, we are close to saturating
magnetically the ErFe;; TiH single crystal (see Fig. 2).

The crystal field and exchange parameters obtained allowed
us to construct theoretical magnetization curves for ErFe;; TiH
up to 200 T. Figure 4 shows the curves along the [100],
[110], and [001] crystallographic directions. Our calculations
show that the transition toward the forced-ferromagnetic state
occurs in the hydride along the [001] direction in the field
range of 5575 T. The full ferromagnetic state requires higher
magnetic fields.

V. CONCLUSIONS

The magnetization behavior of a single-crystalline hydride
compound ErFe;;TiH was studied at 4.2 K using high
magnetic fields up to 60 T applied along main crystallographic
directions. The data compared to the experimental high-field
data of a parent ErFe;;Ti sample [12] revealed the effects
of hydrogenation on the spin-reorientation transition induced
by external magnetic field. The joint experimental magnetic
and theoretical efforts allowed us to calculate the crystal
field and exchange interaction parameters and to model
theoretically the magnetization curves for ErFe;; TiH up to
200 T. A complete analysis yields B = —70cm™!, Bj =
—20cm™!, By = 81.85cm™!, Bf = 68.3cm™! for ErFe;; TiH.
The competing parameters define the magnetic state of the
compound. The exchange field is determined as 58.8 T. In
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order to observe a forced-ferromagnetic state in ErFe;; TiH,
fields exceeding 60 T are required.
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