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Magnetic properties of R2T hydrides (Ho, Y)6Fe23H15
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Abstract

Magnetization measurements MðT ;H; xÞ were performed on ferrimagnetic Ho6�xYxFe23H15 (x ¼ 0:47 and 0.92) compounds in

the 4.2–700K temperature range (Curie temperature TCB600K) in a magnetic field up to 55 kOe. In comparison to parent alloys,

absorption of hydrogen leads to a decreasing compensation temperature, a strong increase of the magnetic moments of the

compounds in the 200–400K temperature range, and a higher Curie temperature. These results are analyzed within the frame of

Herbst and Croat refined-Néel molecular field theory model, taking into account the increase of the iron magnetic moment and the

weakening of the magnetic exchange coupling NHo2Fe as compared to their alloys values. The mean canting angle between rare earth

and iron sublattices y (yp101) is important for the yttrium-substituted compounds, particularly in the vicinity of compositions for

which TcompB0K.

r 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Among rare-earth (R)-transition metal (T) interme-
tallic compounds, iron-based alloys R6Fe23
(R ¼ Gd2Yb) with a magnetic compensation tempera-
ture Tcomp present a great interest for applications, e.g.,
thin films for high density magnetic and magnetooptic
information recording media [1]. In bulk materials,
absorption of hydrogen leads easily to the formation of
hydrides of formula R6Fe23Hz (zo18 under ordinary
conditions) [2]. Most hydrides of the intermetallic
compounds R6Fe23 (R ¼ Ho;Y) retain the cubic Fm3m

host structure, R being located in site (24e), Fe
occupying the four distinct positions (4b; 24d; 32f1 and
32f2), and H occupying the available interstitial sites
[2–4]. Magnetic properties of pure R6Fe23 hydrides were
well studied in contrast to hydrides of substituted
compounds. We presented recently the magnetic proper-
ties of yttrium-substituted Ho6Fe23 intermetallic alloys
[5]. In this paper, we present results of magnetic
properties of cubic hydrides of formula Ho6�xYxFe23Hz

(x ¼ 0:47 and 0.92; z ¼ 15) obtained from these alloys.
The ‘‘non-magnetic’’ yttrium substitutes Ho on the

unique rare-earth site for both compounds. Concerning
the magnetic properties of the end member Ho6Fe23Hz

(x ¼ 0; zp16), magnetization measurements [6–7] and
neutron diffraction experiments [8] show that the Fe
moments are coupled ferromagnetically to each other
and antiferromagnetically to the rare earth. At low
temperature, the magnetic moment of Ho is close to its
free ion value (10 mB at.

�1) [8]. The experimental
magnetic results of these pure (x ¼ 0) [6] and yttrium-
substituted ferrimagnetic hydrides Ho6�xYxFe23H15

(x ¼ 0:47 and 0.92) are analyzed within the frame of
Herbst and Croat refined-Néel molecular field model [9].

2. Experimental

Intermetallic ingots of Ho6�xYxFe23 alloys were
prepared by r.f. induction melting of the constituent
metals in a water-cooled copper crucible, under a
purified Ar atmosphere. The samples were remelted five
times and vacuum annealed at 11001C for 7 days in
order to achieve homogeneity. The chemical composi-
tion was checked by X-ray diffraction and electron
microprobe analysis. The samples studied were obtained
for x ¼ 0:47 and 0.92. The hydrides Ho6�xYxFe23Hz

(z ¼ 1570:5) were synthesized by reacting with
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hydrogen gas at pressures below 1MPa at 298K using a
Sievert apparatus [10]. X-ray diffraction powder experi-
ments show that the compounds are single phase with
cubic structure lattice parameters of 1.2400 nm
(x ¼ 0:47) and 1.2405 nm (x ¼ 0:92). The corresponding
cell volumes are greater than the limit of 1.8883 nm3

below which the R6Fe23Hz present a tetragonal distor-
sion [3]. Magnetization M(H; T ; x) measurements were
performed on the powder samples from 4.2 to 700K in a
magnetic field up to 17 kOe using a Manics DSM8
magnetometer under pure helium atmosphere. Magnetic
measurements, in a magnetic field up to 55 kOe, were
also performed from 5 to 300K on the x ¼ 0:47 hydride
sample using a SQUID magnetometer.

3. Results and discussion

3.1. Magnetization results below 300 K

We plotted in Figs. 1 and 2 the low temperature
magnetization isotherms of the hydrides
Ho6�xYxFe23H15 corresponding to x ¼ 0:47 and 0.92,
respectively. For both samples and in the whole
temperature range, ‘‘saturation’’ occurs for applied

magnetic field H46 kOe. When temperature increases,
for x ¼ 0:47 (Fig. 1), the magnetization isotherms
present a minimum at T ¼ 50K indicating the presence
of a compensation temperature Tcomp: The magnetiza-
tion at Tcomp is not proportional to the magnetic field as
it should be for pure ferrimagnetic samples, indicating
canted magnetic structures.
For x ¼ 0:92; in the 4.2–50K temperature range, the

difference between all magnetization isotherms is 7% or
less (Fig. 2) which is at the limit of experimental
accuracy (73%). This precludes to conclude unambi-
gously, at this stage, to the presence or absence of
compensation temperature for x ¼ 0:92 hydride com-
pound.
The influence of hydrogenation on the magnetic

properties is more evidenced in Fig. 3 (x ¼ 0:47) and
Fig. 4 (x ¼ 0:92) where we plotted the isofield magne-
tization curves (H ¼ 16 kOe) versus temperature for
both hydrides and parent alloys. When x ¼ 0:47;
hydrogenation of the alloy leads to a compensation
temperature shift of B�100K (�6.7K (at. H)�1)
(Fig. 3), close to the value B�110K (�7.1K (at. H)�1)
observed when x ¼ 0 [6]. When x ¼ 0:92; Tcomp ¼ 99K
[5] for the parent alloy. Assuming a shift of the order
of �100K after hydrogenation implies that the

Fig. 1. Magnetization versus applied field of Ho6�xYxFe23H15

(x ¼ 0:47) compounds below room temperature.

Fig. 2. Magnetization versus applied field of Ho6�xYxFe23H15

(x ¼ 0:92) compounds below room temperature.
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corresponding hydride is slightly beyond or at the limit
to present a compensation temperature. Due in part to
small differences between sublattices magnetizations, the
compensation temperature is a zone of canted magnetic
structures [11,12].

3.2. Magnetization results above 300 K

Above room temperature, the measured magnetic
properties depend on chemical stability of the hydrides.
Three temperature zones may be distinguished (Figs. 3
and 4): Below B400K, reversible measurements in-
dicate that the hydrides are stable. In this temperature
area, magnetization of both compounds present a
maximum which is more than twice larger as that of
corresponding alloys. Between 400 and B550K, the
hydrides are desorbing hydrogen as indicated by
irregularities in the M(T) curves. Finally, decomposition
of the hydrides occured aboveB550K (hatched areas in
Figs. 3 and 4): X-ray diffraction experiments performed
on the samples after 700K measurements show the
presence of metallic Fe. Nevertheless, extrapolation of

magnetization curves (Figs. 3 and 4) indicate that Curie
temperature of the hydrides—approximately TCB600K
for both compounds—is larger than that of parent
alloys.

3.3. Magnetization temperature dependence

The preceding results (large increase of magnetiza-
tions above Tcomp; decreasing of Tcomp; increase of TC)
are mainly related to an increase of the iron magnetic
moment mFe upon hydrogenation of the parent alloy
[2,6–8]. Recently, in the YFe2Hz system, analyses of the
density of states (DOS) provides new insight for the role
played by hydrogen as to the increase of mFe [13]. In
comparison to its parent alloy, the increase of mFe and
the larger 4.2K hydride magnetic moment correspond-
ing to x ¼ 0:92 (Fig. 4) allow thus to conclude that the
compound presents no compensation point
(Tcompo4:2K is very unlikely).
Moreover, the decreasing of the compensation tem-

perature Tcomp was also qualitatively ascribed to a
weakening in the exchange coupling NR�Fe between the
R and Fe sublattices [14,15]. In order to obtain a more
quantitative analysis, we propose to interpret the

Fig. 3. Temperature variations of magnetization at 16 kOe of

Ho6�xYxFe23 and Ho6�xYxFe23H15 (x ¼ 0:47) up to 700K. Solid line

are calculated values (see text). The hatched area corresponds to a

temperature decomposition zone of the hydride.

Fig. 4. Temperature variations of magnetization at 16 kOe of

Ho6�xYxFe23 and Ho6�xYxFe23H15 (x ¼ 0:92) up to 700K. Same

legend as Fig. 3.
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magnetic properties of Ho6�xYxFe23H15 compounds on
the basis of Néel molecular field model for a two R and
T sublattices ferrimagnet with the introduction of a
canting angle y as developped by Herbst and Croat [9].
Using this model, the resultant magnetization of the
compound Mtot is given by

~MMtotðTÞ ¼ ~MMFeðTÞ þ ~MMRðTÞ; ð1Þ

where ~MMFe and ~MMR are the sublattices magnetizations
deviating from anticollinearity by a temperature-inde-
pendent canting angle yU The value of y is comprised
between 0 (anticollinearity) and ymax corresponding to
the largest canting angle allowing ~MMtot; ~MMR and ~MMFe

to form a closed triangle, i.e,

ymax ¼ sin21ðMtot=MRÞ: ð2Þ

In a first approximation, this model may be extended
to the pseudo binary system Ho6�xYxFe23H15:

~MMtotðT ; xÞ ¼ ~MMFeðT ; xÞ þ ~MMRðT ; xÞ: ð3Þ

The sublattice where the substitution takes place (here
Ho and Y) being treated as one sublattice [12] of
magnetization:

MRð0; xÞ ¼ ð62xÞgJ; ð4Þ

where g ¼ 5=4 and J ¼ 8 for free Ho3+ ion, and y
corresponds to the mean canting angle of the Ho
moments relative to MFe influenced by yttrium substitu-
tion.
The magnetic properties M(H, T, x) are calculated

according to the following equation:

MiðTÞ ¼ MiðT ¼ 0ÞBJiðuiÞ; i ¼ Ho; Fe; ð5Þ

where MiðTÞ ¼ nimiðTÞ represents the magnetization of
the ni magnetic ions of moment mi at temperature T in
units of the Bohr magneton ðmBÞ; BJi being the Brillouin
function, JFe ¼ 1 [9], JHo ¼ 8 (Ho3+), and

ui ¼ mið0Þ � HiðTÞ=kT ; ð6aÞ

HiðTÞ ¼ Ha þ ðNmBr=MwÞ
X

j

niNijmjðTÞ; ð6bÞ

where Ha represents the applied field, N is Avogadro’s
number, r the density, and Mw is the molecular formula
weight of the compound. Nij are the molecular field
coefficients (Nij ¼ Nji).
In order to have a minimum of parameters, we

assume that the 4.2K iron magnetic moment is close to
its mean value mFeE2:3 mB at.

�1 deduced from neutron
diffraction data in Ho6Fe23D15.7 compound [8]. The
Curie temperature TC allows the determination of NFe–

Fe magnetic exchange parameter [5,9]. In case of
hydrides, experimental TC are not available. We put a
lower limit on NFe–Fe by choosing the same values as
those of parent alloys [5] (Table 1). y; which is
temperature independent in the model, may be obtained
from 4.2K hydrides magnetization values using Eq. (1).

We plotted in Fig. 5 the concentration dependence of
calculated magnetization moments Mtot (4.2K, 16 kOe)
for different values of y: We observe that the experi-
mental magnetization data correspond to increasing
values of y when yttrium concentration x increases.
Nevertheless, yp101, the maximum being obtained for
x ¼ 0:92 (101). In Fig. 5, we plotted also the calculated
magnetization moment Mtot(ymax) corresponding to
ymax; the maximum possible canting angle compatible
with experiments (Eq. (2)). Experimental Mtot is close to
Mtot(ymax) only when x ¼ 0:92: This yttrium concentra-
tion is in the vicinity of xB0:75 which is the hydride

Fig. 5. Temperature variations of magnetization at 21 kOe of Ho6
Fe23H15 (Ref. [6]). Solid lines are calculated values. Inset: magnetiza-

tion at 4.2K and 16 kOe (empty squares) of the hydrides

Ho6�xYxFe23H15 versus calculated values for different values of

canting angle y: Solid squares are calculated magnetizations for the

maximum canting angle ymax:

Table 1

Experimental data and parameters used for calculation of the

magnetization of Ho6�xYxFe23H15

X Tcomp

(K)

mFe
(mB at

�1)

y (1) ymax
(1)

NFe�Fe NHo�Fe NHo�Ho

0a 75 2.3 3 7 5200 �500 100

0.47 50 2.27 4 6 5314 �550 100

0.92 — 2.27 10 11 5424 �650 50

aExperimental data of Ref. [6].
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composition for which Tcomp ¼ 0K. This corresponds
generally to large canting angles [5,9].
The different parameters are summarized in Table 1.

The exchange parameters NHo–Fe and NHo–Ho are
deduced from a least-squares fit of the experimental
magnetization values of the hydrides using Eqs. (1)–(6).
The calculated results are presented in Figs. 3–5 for x ¼
0:47; 0.92 and 0, respectively. As can be observed, the
agreement is rather good indicating that the different
assumptions used in the model are reasonable. Particu-
larly at Tcomp; the calculated MðTcompÞ moment is close
to its experimental value, in agreement with the assumed
temperature independency of y: The present results
confirm the assumed weakening of the exchange
coupling NHo2Fe [14,15]. In effect (Table 1), for all
hydrides, |NHo–Fe|hydrideo|NHo–Fe|alloy as NHo–Fe=
�750 for parent intermetallic compounds

4. Conclusion

Magnetization measurements performed on ferrimag-
netic Ho6�xYxFe23H15 hydrides show the influence of
hydrogenation on the magnetic properties of parent
alloys: decreasing of the compensation temperature,
large increase of the Curie temperature and of magne-
tization of the compounds above Tcomp; in relation to an
increase of the iron magnetic moment and weakening of
Ho–Fe exchange interactions. Within the frame of
Herbst and Croat refined-Néel ferrimagnetic model,
the mean canting angle y (yp101) reflects the impor-
tance of canted magnetic structures between R and Fe
sublattices. For unsubstituted Ho6Fe23H15 (x ¼ 0), this
influence is weak, in contrast to yttrium-substituted

hydrides, particularly for composition in the vicinity of
TcompB0K. It is to be noted that a large canting angle
y ¼ 20:21 was obtained for Tm6Fe23 for which Tcomp ¼ 0
[9]. y may reflect equally the crystallographic disorder
introduced by yttrium substitution in the Ho sublattice.
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