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Magnetocrystalline anisotropy and spin-reorientation transitions (SRT) of the ErFe11−xCoxTiHy (x = 0, 2, 4;y = 0, 1) compounds wit
he ThMn12-type structure were studied. The investigation of ErFe11−xCoxTiHy compounds withx ≤ 2 show an “easy axis” anisotropy
oom temperature and an “easy cone” anisotropy at temperatures below the spin-reorientation temperature (TSR). The ErFe7Co4Ti with x = 4
elow the SRT exhibits an “easy plane” anisotropy with the easy direction oriented along the [1 0 0] axis. Hydrogen insertion into Er9Co2Ti

eads to an increase ofTSR whereas hydrogenation of ErFe7Co4Ti causesTSR decreasing down to 40 K and essential change of SRT char
rFe7Co4TiH hydride has an “easy cone” anisotropy belowTSR. It was found that the replacement of the Fe by Co and hydrogen ins

nto the crystal lattice of Er(Fe,Co)11Ti compounds has an opposite influence on the SRT temperature.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Spin-reorientation transitions (SRT) in magnetically or-
ered materials arise from the rotation of spontaneous mag-
etisation with respect to the crystallographic axes under the
ariation of temperature or magnetic field. Further investiga-
ions of the SRT are necessary for understanding these phe-
omena in the rare-earth intermetallic compounds and their
ydride phases. The magnetic properties of iron-rich rare-
arth intermetallic RFe11Ti and compounds with the tetrago-
al ThMn12-type structure (space groupI4/mmm) have been

nvestigated recently[1–3]. It is interesting to note that the in-
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sertion of light interstitial elements (hydrogen, nitrogen)
the crystal lattice of the RFe12−xMx compounds results in
drastic effect on the SRT and magnetocrystalline aniso
(MCA) [1,4–7].

In this work, the SRT in ErFe11−xCoxTi (x = 0, 2, 4) com
pounds and their hydrides have been studied. From a fu
mental point of view, these compounds are convenient m
objects because at the first approximation the magnetic
tem can be separated into two magnetic sublattices: the
earth and the 3d-transition elements. Partial substitutio
the Fe by Co is known to change the magnetic anisot
[8,9]. The hydrogen atoms in the ThMn12-type structure oc
cupy only the 2b crystallographic sites. The intrinsic m
netic properties of Er(Fe,Co)11Ti compounds have recen
been investigated on magnetically oriented powdered
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ples [10,11]. The aim of the present work is to study the
effect of hydrogen insertion on MCA and SRT values of
Er(Fe,Co)11Ti single crystals.

2. Experimental

The ErFe11−xCoxTi (x = 0, 2, 4) alloys were prepared by
melting the elements with purity higher than 99.95% in an
induction furnace. Details of the single crystal preparation
have been described previously[12]. The metal hydride syn-
theses were carried out in a high-pressure reactor chamber
of a conventional Sieverts-type volumetric system. The sam-
ples were activated for 4 h in vacuum (4×10−4 Pa) at 670 K.
At this temperature high purity hydrogen gas obtained from
the LaNi5H6 hydrogen storage was admitted at a pressure of
1.2 MPa to the sample. To achieve a good homogenisation,

the samples were slowly cooled (about 4 K/h) down to room
temperature. The amount of the absorbed hydrogen was de-
termined from the hydrogen pressure change in the reactor
chamber. The hydrogen concentration of Er(Fe,Co)11TiHy

was equal to about 1 H atom per formula unit (f.u.), with an
accuracy of±0.02 H atoms/f.u.

X-ray diffraction investigation (Co K� radiation) was
made on the powder samples for the phase identification both
the parent compound and their hydrides and to determine the
unit cell parameters. The ac magnetic susceptibility was mea-
sured with an ac-susceptometer (Lake Shore 7229) at a fre-
quency of 133 Hz and field amplitude of 1 Oe in the temper-
ature range of 4.2–150 K. The magnetisation measurements
were carried out with a SQUID (Quantum Design MPMS
5-S) magnetometer from 5 to 300 K in magnetic fields up
to 50 kOe at the IFW Dresden and with a capacitance mag-
netometer at the International Laboratory of High Magnetic

F nd ErF field
a

ig. 1. Temperature dependence of the ac susceptibility for ErFe9Co2Ti a
pplied along thec-axis.
Fig. 2. Magnetisation curves of the ErFe9Co2TiH sin
e7Co4Ti and their hydrides measured on single crystal samples with
gle crystal measured at various temperatures.
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Fields and Low Temperatures (Wrocław, Poland) in fields up
to 100 kOe.

3. Results and discussion

It was found that the ThMn12-type crystal structure of ini-
tial Er(Fe,Co)11Ti compounds is retained upon hydrogena-
tion. The introduction of hydrogen atoms changes the lattice
constants only (Table 1). It leads to an isotropic volume ex-
pansion with the c/a ratio being almost unchanged.

Fig. 1shows the temperature dependence of susceptibility
χ(T) of ErFe9Co2Ti and ErFe7Co4Ti single crystals and
their hydrides measured along the [0 0 1] axis. Sharp peaks
on theχ(T) curves at 52 and 54 K for the ErFe9Co2Ti and
its monohydride, respectively are induced by SRT. These
transitions are similar to a second order axial-to-conical SRT
in the ErFe11Ti compound and its hydride reported in[4–6].
The magnetisation curves versus magnetic field measured at
various temperatures for the ErFe9Co2TiH single crystal are
shown inFig. 2. They demonstrate that the ErFe9Co2TiH
has an easy cone anisotropy belowTSR = 54 K and easy

Fig. 3. Magnetisation curves of the ErFe7Co4Ti single crystal measured at
4.2 K.

axis anisotropy at temperatures above 80 K. The character
of SRT in ErFe9Co2Ti remains unchanged andTSR slightly
shifts towards a higher temperature upon hydrogenation (see
Table1).

TiH sin

T
L gnetis at 4.
E

Fig. 4. Magnetisation curves of the ErFe7Co4

able 1
attice parameters, spin-reorientation temperatures, saturation ma
rFe11−xCoxTi and their hydrides
Compounds a (Å) c (Å) TSR (K)

ErFe11Ti 8.493 4.783 50
ErFe11TiH 8.507 4.781 41
ErFe9Co2Ti 8.479 4.783 52
ErFe9Co2TiH 8.485 4.780 54
ErFe7Co4Ti 8.477 4.770 64
ErFe7Co4TiH 8.506 4.772 41
gle crystal measured at various temperatures.

ation, and orientation of the easy magnetisation direction (EMD)2 K of
�TSR (K) σS (emu/g) EMD (4.2 K)

80 K 300 K

– 81 96 cone
−9 86 99 cone

– 97 117 cone
2 98 119 cone
– 91 111 [1 0 0]

−23 97 112 cone
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The temperature dependence of susceptibilityχ(T) of
ErFe7Co4Ti single crystal differs dramatically from that of
ErFe9Co2Ti (seeFig. 1). A strong increase of the suscepti-
bility of ErFe7Co4Ti compounds is observed atTSR = 64 K.
Magnetisationσ(H) of ErFe7Co4Ti along the three main crys-
tallographic directions (Fig. 3) show an easy plane anisotropy
at 4.2 K with a large basal plane anisotropy (more than
100 kOe). Hence the Co induces a first order axial-to-plane
SRT in ErFe7Co4Ti with replacement of the Fe.

A drastic change of MCA and SRT by hydrogen
was found in ErFe7Co4TiH very similarly to those ob-
served in ErFe11−xCoxMo [4,13]. As appears fromFig. 4,
ErFe7Co4TiH has an “easy cone” anisotropy at temperatures
belowTSR = 41 K. Due to the hydrogenation the SRT type
has been changed to a second order axial-to-conical transi-
tion. The cone of the easy magnetisation axis is clearly ob-
served in theσ(H) curves atT = 4.2 K, which manifests itself
in the presence of the spontaneous magnetic moment compo-
nent not only along the [0 0 1] axis, but also along the [1 1 0]
and [1 0 0] axes as well. These spontaneous moments can be
found by an extrapolation of theσ(H) curves toH = 0. With
cooling, spontaneous magnetisation deviates from the [0 0 1]
direction and the angleθ0 betweenc-axis and magnetisation
is equal to 19◦ at 5 K. The apex angle of the cone can be
defined asθ0 = arctan(σ0⊥/σ0‖), whereσ0‖ andσ0⊥ are the
spontaneous magnetic moments measured along the tetrag-
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field term. These facts indicate that under hydrogenation in
the Er(Fe,Co)11Ti the change of magnetic properties in both
the Er and the 3d-transition sublattices take place.
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