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In this paper the values of the crystalline-electric-field parameters Anm for ReFe17 and RoFei7Hs (R=Tb,Ho,Er)

are evaluated by fitting calculations to the magnetization curves measured on the single crystal at several temperatures.

The fitted Anm for RaFej7 are strikingly different from those for the corresponding RaFej7Hs.

The energy gaps

between the lowest four energy levels for Ho ions in HoaFej7 can be reproduced by using the fitted Anm and exchange

field 2up Hex, which estimated from the fit of the temperature dependence of the spontaneous magnetization combined

with inelastic neutron scattering experiment.
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1. Introduction

In the last decades, the magnetic properties of
RoFei7 and their hydrides RoFei7H3 have been stud-

[1—11]

ied extensively. Many experimental investiga-

tions of the intrinsic magnetic properties of RoFei7H,
(x = 0, 3, 5) single crystals have been reported.—#!
The insertion of interstitial hydrogen elements in
RsFep7 results in an apparent change of Curie tem-
perature, saturation magnetization and magneto-
crystalline anisotropy (MCA). There is no noticeable
effect of hydrogenation on MCA in RnyFe;7 (Rn: non-
magnetic rare earths Y and Lu).»¥ So it is inter-
esting to analyse how the insertion of hydrogen can
have an influence on MCA of the rare-earth ion in
RoFeq7. It is known that the MCA of the rare-earth
ion in the R-Fe(Co) intermetallic compounds origi-
nates from the crystalline-electric-field (CEF) inter-
action and the values of CEF parameters can be de-
termined by fitting different experiments, such as the
magnetization curves for single crystal and inelastic
neutron scattering.12:13l

This paper is to evaluate the values of CEF

parameters Ay, of RoFei; and RoFeirHs (R =

Er,Tb,Ho) from the experimental magnetization
curves at several temperatures on the basis of the
single-ion model and to analyse the experimental data.

2. Method of analysis

RoFei7 and their hydrides RoFei7H3 compounds
have a ThoNij7-type hexagonal structure with space
group P63/mmec for R = Tb, Ho and Er.'41% The
R ion occupies two crystallographic different sites, 2b
and 2d, both with the same point symmetry Dsy. In
the coordinate system with the z and z axes along the
c and a axes, the Hamiltonian of the CEF interaction
for the R ions at the 2b and 2d sites are represented
as

Hepr = Y AnoCho + Ags(Cos + Co6), (1)
n=2,4,6
where
Com = Y 4/ @0+ ] Yam O, 05), (2)
J
Y.m(0;,¢;) are the spherical harmonics, and 6, and
@; are the polar and azimuthal angles of the position
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vector of jth 4f election. In fact, inelastic neutron
scattering experiments on HosFei7 and HosCoq7 can-
not distinguish a difference in the exchange interaction
and in CEF interaction for R ion at the 2b and 2d
sites,[!9] and the calculation of a magnetization curve
using the averaged CEF parameters for HooCoy7 com-
pound gives rise to the same result as that obtained by
using different values for the sites.!'3] Averaged over
the 2b and 2d sites, exchange field and CEF parame-
ters were used in the calculations.

Neglecting the R— R exchange interaction, we find
that the Hamiltonian of the rare earth ion consists of
the CEF interaction, the R—Fe exchange interaction
and Zeeman energy, that is,

H = Hcgr +2upS e Hox + up(L+2S)e H. (3)

The exchange field H.y is assumed to be propor-
tional and anti-parallel to the magnetic moment of
the Fe sublattice Mp.. The matrix elements of Eq.(3)
are calculated by using the irreducible-tensor-operator
technique. For a given applied field H and a direc-
tion of He.y, the eigenvalues F; and eigenfunctions
[n; > (i =1,2,---,2J + 1) are obtained by diagonal-
izing the (2J 4+ 1) x (2J 4+ 1) matrix. The free energy
for RoFei7 and their hydrides RoFe 7Hg3 are given by

F(H,Mpg.,T) = —2kpT'In Z + K (T) sin” Op.
*MFE(T) OH, (4)

where
Z = Zexp(—Ei/kBT), (5)

K1(T) is the MCA constant of the Fe sublattice.
Mro(T/Tc)/Mre(0) and K1(T/Tc)/K1(0) for RoFe;ir
and RoFeqi7H3 are taken to be the same as those for
Y2F617[5] and Y2F617H3[3] respectively.[s’lﬁ] The val-
ues of My.(0), which are adjusted around the value of
Y,Fei78 and YoFe 7 Hsl®l for better fit, are listed in
Table 1. The values of Mp.(0) need to be adjusted
again for a better fit of the experimental data for
ThoFei7H, (z = 0,3) at 40 K. The readjusted value
for ThoFe;7 and ThoFei7Hs is 37.2 and 36.0up/f.u.
respectively. The value of K;(0) for RsFej7 and
RoFei7Hg3 is taken to be —30 and —34 K/f.u. respec-
tively, which are evaluated from the fit of the mag-
netization curve of YoFe;7; and YoFei7Hs along the
¢ axis at 4.2 KB
is determined from minimization of the free energy.

The equilibrium direction of M,

The magnetic moments of the rare-earth iron and of
RoFei7H, (z = 0,3) are given by

Mg = B Z(m L+2S

n;) exp(Ei/ksT)/Z, (6)

M =2Mg + Mg,. (7)

The values of the R—Fe exchange interaction 2pp Hex
in RyFe;7 and RoFe17Hs (R = Tb, Ho, Er) were esti-
mated as follows. The values of 2up Hey for GdsFe;7,
HosFei7 and ErsFej; are evaluated to be 345, 260
and 250 K from the fit of the temperature depen-
dence of the spontaneous magnetization.® The value
of the exchange interaction acting on the spin of
Gd ion in GdsoFei7, which includes both the Gd-
Fe and Gd-Gd contribution, is 384 K measured di-
rectly by means of the inelastic neutron scattering
technique.l!’ Compared with the fitted value of 345
K, the remaining 39 K would be the Gd-Gd con-
tribution, which is roughly one order of magnitude
smaller than Gd-Fe contribution as for the GdFe,
and GdyFe 4B compounds.['718] Tt is known that the
value of 2upHcy decreases monotonically across the
rare-earth serials from Pr to Er in many Rare-earth-
Fe intermetallic compounds.['?20) By extrapolating
from the values of 2ug Hex for GdaFe 7, HooFep7 and
ErsFeq7 to ThoFeq7, the value for ThoFe;7 is estimated
to be about 300 K. Inelastic neutron scattering ex-
periment on GdsFei7; and GdsFei7D3 shows that the
insertion of deuterium (D) leads to the reduction in
2upHey of about 6%. It is assumed that the reduc-
tion of 2upHex for a series of RoFeq7 leaded by the
insertion of deuterium and hydrogen is the same and
the reduction is also 6% as for the GdyFeq7. In this
way the values of 2upg Hex for ThoFei7Hs, HooFei7Hs
and EroFe;7Hg are estimated to be about 282, 245
and 235 K. The value of CEF parameters A,,, were
evaluated by fitting calculations to the magnetization
curves of RoFe;7 and RoFei7Hs (R = Tb, Ho, Er)
single crystal at different temperatures.

3. Results and discussion

Table 1 lists the fitted values of CEF parameters
Apm and Mpe(0) for RoFei7 and RoFei7Hs (R = Th,
Ho, Er). It can be seen that the value of CEF param-
eters A, for RoFei;7H3 are quite different from those
for RoFey7. This means that the insertion of hydrogen
element in RoFe;; significantly affects A,,,. In this
connection a Mossbauer study of 1*°Gd in GdyFe 7H,,
(x = 0,3,5) has shown that hydrogenation leads to a
decrease of the electric field gradients at Gd ion site,

which are proportional to Agg.t!
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Table 1.The fitted values of Mge(0) and CEF parameters Anm

Mrpe(0) Azo Aso Aeo Aga

/(uB/fu.) /K /K /K/ /K

TboFe17 36.5 —-30 10 —600 —200

ThoFe;7Hs 34.9 120 80 —-30 500

HogFe;7 37.5 —240 —-20 90 —160

HooFe17H3 37.2 —20 —10 —50 20

EraFei7 37.6 —10 —95 —10 —135

EroFe17H3 35.5 10 30 10 —-30
The uncertainty of each CEF parameter can be Figures 1-6 show the comparison of the calcula-
seen from the following data on HooFei; at 4.2 K, tions with experimental data. The solid circles rep-

which demonstrates the variation in the calculation of  resent the experimental data, and the curves the cal-
sensitively affected quantity when the value of each  culations. The calculations reproduce the experimen-
parameter is changed separately. An increase in |[A3g|  tal data well. Figures 1 and 2 show the magnetiza-
by 12% or in | Ago| by 33% or in |Ags| by 13% changes  tion curves along the crystal axes at 4.2 and 40 K for
the M (uoH = 3T) along the [001] axis from 4.6 to 4.3 ThoFey7 and ThoFey7Hs respectively. The solid curves
or 5.0 or 4.3up/fu. respectively. A variation in Ay represent the calculations with Mp(0) listed in Table
from —20 to -5 K changes the M (upH = 3T) along 1 and the dashed curves with the readjusted Mp.(0)
the [001] axis from 4.6 to 4.4pup/fu.. for a better fit of the experimental data at 40 K.
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Fig.1. Magnetization curves of TboFe;7 along the [100], [001] and [120] axes at 4.2 K (a) and 40 K (b). e e e, experimental
data from Ref.[3];——, the calculation (Me(0) = 36.5up/f.u.); - - - , the calculation (Me(0) = 37.2up/f.u.).
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Fig.2. Magnetization curves of ThoFe17H3 along [100] and [001] axes at 4.2 K (a) and 40 K (b). e e e, experimental data
from Ref.[3]; ——, the calculation (Mpe(0) = 34.9up/f.u.); - - -, the calculation (Mpe(0) = 36up/f.u.).

Figure 3 shows the magnetization curves along the  Figure 4 shows the magnetization curves along the
crystal axes at 4.2, 40, 100 and 200 K for HosFe;7. crystal axes at 4.2 and 200 K for HooFe;7Hs.
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Fig.3. Magnetization curves of HogFei7 along the [100], [001] and [120] axes at 4.2 K (a) and along [001] axis at 40, 100
and 200 K (b). e e e, experimental data from (a) Ref.[3] and (b) Ref.[8]; ——, the calculation.
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Fig.4. Magnetization curves of HoaFe17Hs along the [100], [001] and [120] axes at 4.2 K (a) and along [001] axis at 200 K
(b). e e e, experimental data from (a) Ref.[3] and (b) Ref.[6]; ——, the calculation.

Figures 5 and 6 show the magnetization curves along  inant role in reproducing the observed type-II first-

the crystal axes at 4.2, 40, 80 and 200 K for EryFe;7; order magnetization process along the [001] axis for

and ErsFei7Hjs respectively. Our calculation shows TheFeq7 and the [001] axis for HogFe;7Hs.

that the sixth-order CEF parameter Agg plays a dom-
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Fig.5. Magnetization curves of ErpFe;7 along the [100], [001] and [120] axes at 4.2 (a), 40 (b) and 80 K (c) and along [100]
and [001] axes at 200 K (d). e e e, experimental data from Ref.[3]; ——, the calculation.
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Fig.6. Magnetization curves of EroFei7H3 along the [100], [001] and [120] axes at 4.2 (a), 40 (b) and 80 K (c) and along

[100] and [001] axes at 200 K (d). e e e, experimental data from Ref.[3];

The calculated energy gaps between the lowest

four energy levels for HosFei; are Fy — F1=112.1K,
FE3 — F>,=56.3K and E; — F3=42.7K, which are in

——, the calculation.

agreement with the experimental values of 96.3 K,
67.3K and 55.7K respectively.[5]
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