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The crystalline-electric-field parameters Ay, for RFeq1Ti and RFe;; TiH (R=Sm, Tb, Ho) are evaluated by fitting

calculations to the magnetization curves measured on the single crystals or on magnetically aligned powder samples at

4.2K and higher temperatures. Interstitial hydrogen atom in RFej;Ti has been found to have a significant effect on

crystalline-electric-field parameters Ann,. By using the parameters of exchange field 2up Hex estimated from inelastic

neutron scattering experiments and the fitted Anm, the calculations can reproduce the experimental curves well.
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1. Introduction

The magnetic properties of RFe;;Ti and their
hydrides RFe;;TiH have attracted much attention
in the last decades.!~!% The insertion of intersti-
tial hydrogen element into RFe;;Ti results in an ap-
parent change of their magnetic properties (Curie
temperature, saturation magnetization and magneto-
crystalline anisotropy). The magnetization measure-
ments for RnFe;; Ti and RnFeq; TiH (Rn: Y, Lu) sin-
gle crystals show that interstitial H atom in RFeq1Ti
slightly enhances the uniaxial anisotropy and the mag-
netization of Fe-sublattice.[>*#1%! It is known that the
magneto-crystalline anisotropy (MCA) of rare-earth
R ion in the R-Fe inter-metallic compounds origi-
nates from the crystalline-electric-field (CEF) inter-
action and the values of CEF parameters are usu-
ally obtained by fitting the magnetization curves for
the single crystal or the magnetically aligned powder
sample.[16:17] Nikitin et al evaluated the values of Ho-
Fe exchange field 2ug Hox and CEF parameters A,,,,
in HoFe;; TiH, (2=0,1) by fitting calculations to the
magnetization curves along the crystal axis at 4.2K

and concluded that hydrogenation led to an about

10% increase in 2uBHex.[1] Inelastic neutron scattering
(INS) experiments on RFe;;Ti and RFey; TiN (R=Gd,
Er) show that the insertion of N element leads to a
~14% decrease in Z/LBHEX.[IQ] The INS experiments
on GdoFey7 and GdyFeir M, (M: C, N and D (deu-
terium)) also show that the insertion of the light inter-
stitial elements decreases the Gd—Fe exchange field on
the Gd ion.['8] In this connection, the insertion of light
interstitial elements in R-Fe compounds causes an in-
crease in the cell volume and inter-atomic distances
of the compounds. This increase may reduce the hy-
bridization/exchange interaction between the Fe 3d
and rare earth 5d electrons, which accompanies the
reduction in indirect coupling between the Fe 3d and
rare earth 4f electrons according to the idea that the

couplings are mediated via 5d conduction electrons.

This work is to evaluate the CEF parameters A,,,,,
of RFe;;Ti and RFey;TiH (R=Sm, Tb, Ho) from the
experimental magnetization curves at 4.2K and higher
temperatures based on the single-ion model and anal-

yses of the experimental data.

2.Method of analysis
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RFeq1TiH,, (=0, 1) have a ThMn;s-type tetrag-
onal structure with space group I4/mmm. There is
one rare-earth ion site with the point symmetry Dyj,.
The Hamiltonian of the rare-earth ion consists of the
spin-orbital coupling interaction, the CEF interaction,
the R-Fe exchange interaction and the Zeeman energy,

1.e.
H =)L S+HCEF + 2NBS. Hex
+ps(L+2S)e H. (1)

In the coordinate system with the =’ and 2’ axes along
the [100] and [001] axes, respectively, the CEF inter-

action can be expressed as

Hepr = Y AnOZCTLO ;)

n=2,4,6
+ Z An4 Z n4 ];QDJ
n=4,6
+ Cn74(0j, (Pj))) (2)
where
Cnm(gja 90]) = [47T'/(2’I’L + 1)]1/2Ynm(0j7 wj): (3)

Y.m (85, ¢;) are the spherical harmonics, 8; and ¢; are
the polar and azimuthal angles of the position vec-
tor of jth 4f electron. It is assumed that the rare-
earth ion is trivalent and H., is proportional to the
magnetic moment of the Fe-sublattice M g.. The ma-
trix elements of Eq.(1) are calculated by using the
irreducible-tensor-operator technique. For a given ap-
plied field H and a direction of H ., the eigenvalues
E; and eigenfunctions |n;) [ = 1,2,--- ,Z (2J 4+ 1)]
J
are obtained by diagonalizing the Z (2J + 1) x
J
Z (2J 4 1) matrix of Eq.(1). The diagonalization is

J
carried out within the subspace of the ground J mul-

tiplet for the Th and Ho ions and within the subspace

/2 /2
/ M, sin 0.(—sin Osin 6. cos(p + d.) + cos 6 cos OC)exp< —
)

.=0J6.=0

of the ground and the two lowest excited J multiplets
for the Sm ion with A=410K.['®) The free energy for
RFeq;1TiH, (=0, 1) is given by

F(H,Mp.,T)

=—kTInZ + K(T)sin® g, — My.(T) o H, (4)

where

Z =Y exp(~Ei/KT), (5)

and K;(T) is the MCA constant of the Fe sublat-
tice. Mpo(T/Tc)/Mr.(0) and K;(T/Tc)/K1(0) for
RFe;;Ti and RFe;1TiH are considered to be the same
as those for LuFe;; Ti and LuFe;; TiH, respectively.[4]
The values of Mp.(0) for RFeq1Ti and RFe;;TiH,
which were adjusted around the values of LuFe;;Ti
and LuFe;; TiH 2! respectively for better fit, are taken
as 20.1 and 20.6 up/f.u., respectively. For HoFe;; TiH
at 300K, the value of Mp.(0)=21.9up/f.u. gives rise
to a better fit. The values of K;(0) for RFeq;Ti and
RFe;1TiH are taken as 23.6 and 26.6K/f.u., respec-
tively, which are those for LuFe;; Ti and LuFeq; TiH.[4]
The equilibrium direction of Mg, is determined from
minimization of F(H, M., T), and the magnetic mo-
ments of both the rare-earth ion and RFe;; TiH, (2=0,
1) are given by

Mp=—pp Y <ni|L+2S|n; > exp(—Ei/kI)/Z,

(6)
M = Mg + M. (7)

For a magnetically aligned powder sample, it is as-
sumed that the grains are non-interacting single do-
mains in the fields above 1T and make the Gaus-
sian distribution around the aligned direction (AD).
The magnetizations along the direction parallel (z-
axis) and perpendicular (z-axis) to the AD are,

respectively,[16:17]

2

<) db.ds.
i)

M, =

=0 =0

, (8)

/ / sin 6, exp< e >d0 dé.
6.=0 J5,=0 203

/2 /2 0
/ / M, sin 0.(sin 0-p(0., pc, b, p) + cos 8 sin O, cos goc)exp< — —Cz>dt9cd<,ocd5c
0, w.=0J4 26

2

/2
/ / / sinf.exp <
«=0J8.=0

: , (9)

0
d6.do.d
9) peddc

p(Be, pc, Oc, @) = cos b, cos p. cos(p + 0.) — sin @, sin(d. + ¢). (10)
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Here, M, is the absolute value of magnetization M,
6. and ¢, are the polar angles of the c-axis (z'-axis)
in the zyz coordinate, and d. the angle between [100]
(z'-axis) and the intersection line of the zoz’ and the
(001) (z'oy’) planes (Fig.1); € and ¢ are the polar
angles of the magnetization M in the z'y’z’ coordi-
nate, and 6 is the alignment factor of the grains. The
value of 0y can be determined from the remnant ra-
tio of M///ML.[ZO] By adding the projections of M of
all the grains, M, and M, are calculated by using
Egs.(8) and (9).

z(A.D\)
2'([001])
0. y'([o10])
V)
° y
£ N\
z '([100])

Fig.1. The zyz and z’y’z’ coordinate systems.

The values of the R-Fe exchange interaction
2upHex in RFe;;Ti and RFe;; TiH (R=Sm, Tb, Ho)
are estimated as follows. The values of 2upH.x
(20K) derived by the INS experiment are about
470, 343 and 250 K for SmFe;;Ti 131, GdFe;; Tilt?
It is known that

2up H,, decreases monotonically across the rare-earth

and ErFe;;Ti,'2 respectively.

series from Pr to Er in many Rare-earth-Fe inter-
metallic compounds.[21:22] By extrapolating the val-
ues of 2upHex (20K) for SmFe;;Ti, GdFe;;Ti and

ErFe(;Ti to TbFey1Ti and HoFey;Ti, the values for
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the Th and Ho compounds are estimated to be about
285 and 260K, respectively. The INS experiments
on RFeq1Ti and RFey;TiN (R=Gd, Er) show that
the insertion of N into RFe;;Ti decreases 2ugH,., by
~14%.1121 The experiments on GdsFei7, GdaFei7Ng
and GdsFe;7D3 show that the deceases in 2ug Hy in-
duced by the insertion of N and D are ~6 % and ~30
%, respectively.['8] It is assumed that the decrease in-
duced by the insertion of H into RFe;;Ti is also one
fifth of that induced by the insertion of N as for the
2:17 compound. In this way the values of 2upHex
(20K) for SmFe;; TiH, TbFe;; TiH and HoFe;; TiH are
estimated to be about 457, 277 and 253K, respectively.
The values of CEF parameters A, are evaluated
by fitting the calculations to the magnetization curves
measured on the SmFe;;Ti and RFe;; TiH, (R=Tb,
Ho) (=0, 1) single crystals and on the magnetically
aligned SmFe;;TiH at different temperatures.

3. Results and discussions

Table 1 lists the fitted values of CEF parameters
Ay for RFeq1Ti and RFey; TiH (R=Sm, Tb, Ho). It
can be seen that the insertion of H does not change the
negative sign of Asg but increases the absolute values
markedly. In this connection, the Mossbauer study of
155Gd in GdFe;;TiH, (=0, 1) has shown that the
hydrogenation leads to an about 53% increase of the
electric field gradient at Gd ion site.[8! The gradient is
proportional to Asg. The values of high-order CEF pa-
rameters for RFe;; TiH are quite different from those
for RFe;1Ti. The change of magnetic anisotropy in-
duced by the insertion of H originates mainly from the
change of CEF parameters. For example, the change
of the easy magnetization direction from [100] to [110]
for TbFe;;Ti is caused by the change of the sign of
Ayy.
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Fig.2. Magnetization curves of SmFe 1 Ti at 4.2 (a) and 293K (b): e e e, experimental data

from Ref.[13]; —, the calculation.
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Table 1. The fitted values of CEF parameters Ay (all in
units of K).

Az0 Aso Aga Aeo Aga
SmFeq11Ti —240 20 — 880 —
SmFe;; TiH -320 130 — 750 —
TbFeq1Ti -90 -4 —-125 2 —87
TbFe11 TiH -172 -110 30 25 =31
HoFey; Ti 61 122 176 432 13
HoFe;; TiH -132 -89 —68 87 2

The uncertainty of each parameter can be seen
from the following data on SmFe;; Ti and TbFey; Ti at
4.2K, which demonstrates the variation in the calcula-
tion of the most sensitively affected quantity when the
value of each parameter is changed separately. An in-
crease in |Agg| by 8% or in |A4p| by 50% or in |Aeo| by
35% changes the M (uoH= 9T) along the basal plane
for SmFey;Ti from 9.54 to 8.78 or 9.72 or 8.52up /f.u.
respectively. An increase in |Agy| by 24% or in |Agy|
by 34% changes the M (uoH= 8T) along the [001]
axis for TbFe;;Ti from 9.66 to 8.68 or 10.15up/f.u..

Figures 2 to 8 show the comparisons of the cal-

culations with the experimental data. The symbols

represent experimental data and curves and calcula-
tions. The calculations reproduce the experimental
data well. Figures 2(a) and (b) show the magnetiza-
tion curves along the [001] axis and the basal plane
at 4.2 and 293K for the SmFe;;Ti single crystal. Fig-
ure 3 shows the magnetization curve along the direc-
tion perpendicular to the AD at 4.2K for the aligned
SmFe;;Ti. The parameters used in the calculation for
the aligned SmFe;;Ti are those obtained from the fit

of the calculations to the experimental data for the
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Fig.3. Magnetization curve at 4.2K for aligned SmFej;Ti:

¢ ¢ ¢, experimental data from Ref.[6]; —, the calculation
(00=24°).
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Fig.4. Magnetization curves at 4.2 (a), 120 (b) and 300K (c) for aligned SmFe;;TiH: e e o, experi-
mental data from Ref.[6] and Ref.[7]; —, the calculation (0p=24°).
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Fig.5. Magnetization curves of TbhFe;1Ti at 4.2 (a), 40 (b), 80 (c) and 240K (d): e e e, experimental
data from Ref.[2] and Ref.[9]; —, the calculation.

SmFe 1 Ti single crystal. Figures 4(a), (b) and (¢)  with Mp.(0)=20.6up/f.u. and the dashed curves with
show the magnetization curves along the directions — Mp.(0)=21.9up/f.u..

parallel and perpendicular to the AD at 4.2, 120 and
300K for the aligned SmFe;; TiH. Figures 5(a), (b),
(c) and (d) show the magnetization curves along the
[100], [110] and [001] axes at 4.2, 40, 80 and 240K
for the TbFe;;Ti single crystal respectively. Figure 6
shows the magnetization curves along the [100], [110]
and [001] axes at 4.2K for the TbFe;; TiH single crys-
tal. Figures 7(a) and (b) show the magnetization
curves along the [100], [110] and [001] axes respec-
tively at 4.2 and 290K for the HoFe;; Ti single crystal.
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Figures 8(a) and (b) show the magnetization curves H/T
along the [100], [110] and [001] axes respectively at Ho
4.2 and 300K for the HoFe;,Till single crystal. In Fig.6. Magnetization curves of TbFe;;TiH at 4.2K: e ¢ o,

Fig.S(b), the solid curves represent the calculations experimental data from Ref.[2]; —, the calculation.
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Fig.7. Magnetization curves of HoFe;1Ti at 4.2 (a) and 290K (b): e e e, experimental data
from Ref.[1] and Ref.[9]; —, the calculation.
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Fig.8. Magnetization curves of HoFe;;TiH at 4.2 (a) and 300K (b): e e e, experimental
data from Ref.[1] and Ref.[10]; —, the calculation (Mp.(0)=20.6up/f.u.); —, the calculation
(Mp(0)=21.9up /f.u.).
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