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Determination of crystal-field parameters

IEEE TRANSACTIONS ON MAGNETICS, VOL. 32, NO. 5, SEPTEMBER 1996

of Sm2F617N3 and SmgFel’/Cg

S. Wirth, M. Wolf and K.-H. Miiller
Institut fir Festkorper- und Werkstofforschung Dresden, D-01171 Dresden, Germany

R. Skomski, S. Brennan and J. M. D. Coey
Department of Physics, Trinity College, Dublin 2, Ireland

Abstract—The crystal-field parameters Aj, and As
were determined from the magnetocrystalline aniso-
tropy constants K; and K, in a linear approximation
for SmoFei:Z, (Z = N, C) compounds. For the mate-
rials investigated, the values of K; and X, in a tem-
perature range from 4.2 — 533 K have been obtained
by a fit of demagnetization curves. The parameters
Ano are calculated in two ways: i) from the K, at zero
temperature and ii) from the temperature dependence
of the K;. Both methods give equivalent results. The
value Ay ~ —400 Kao_2 has been obtained which corre-
sponds to an inverse THOMAS-FERMI screening length
g = 2.3 A7 calculated within the framework of the
screened charge model.

I. INTRODUCTION

Interstitial modification of REsFei7 (RE — rare-earth)
strongly modifies the magnetocrystalline anisotropy and
the Curie temperature of the parent material. In the most
interesting case of rhombohedral Sm;Fe;7N3 [1], a Curie
temperature of 476°C and an anisotropy field poH 4 =~ 21
T with easy axis type anisotropy is achieved. The dra-
stic change of the magnetocrystalline anisotropy is due
to the crystalline electric field (CEF) of the interstitial
atoms (N, C, or/and H) acting on the aspherical 4f shell
of the RE. This anisotropy is transferred to the 3d elec-
tron system via strong Fe-RE coupling. Neglecting in-
plane anisotropy for uniaxial structures, the density f, of
the magnetocrystalline anisotropy energy can be descri-
bed by a series expansion in the cosine of ¥, the angle
of the magnetization with respect to the crystallographic
c-axis. Up to third order this results in

fa = Kysin?9 + Kysin® 0 + Kgsin® 9 . (1)

In this investigation, we determine the CEF parameters
Ano from the temperature dependence of anisotropy con-
stants K;(T). A fit of the demagnetization curves [2] has
provided the values of K;, the spontaneous polarization
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Js as well as a texture parameter describing the grain
alignment inside the polycrystalline samples.

II. MODELS

The strong exchange coupling of the Fe 3d electrons
gives rise to the ferromagnetic behaviour of the interme-
tallic compounds and J; is mainly determined by these
electrons. However, the magnetocrystalline anisotropy
originates from the RE 4f electrons and is transferred
via 4 f-5d exchange coupling and 5d-3d hybridization to
the 3d electrons of the iron and hence to the spontaneous
polarization.

In order to calculate the CEF parameters from the ani-
sotropy constants the Hamiltonian of a single RE-ion is
considered '

H = Hso + Hea: + HCEF + HH 3 (2)

where H,, describes the spin-orbit interaction, H., the
Fe-RE exchange interaction, Hcpgrp the interaction due
to the CEF and Mg the energy contribution by an ap-
plied field, respectively. In the REs of interest here, the
spin-orbit interaction is constderably larger than the other
energy contributions, resulting in the total angular mo-
mentum J being a good quantum number. Here, the
considerations are restricted to the ground state of Hj,,
only (higher J states are ignored) and J is determined
according to HUND’s rules. In the case of Sm where admi-
xed J multiplets have to be taken into account [3], [4] this
restriction may result in inaccuracies of the parameters to
be determined. But according to [5] this inaccuracy is ex-
pected to be small since J-mixing and non-linear effects
have opposite influence on Agy. In order to describe the
Fe-RE exchange interaction usually an exchange field B.,

®)

(97 — LANDE factor, u5 — BOHR magneton) is introduced,
which is estimated in a mean field -approximation. For
the RE intermetallics under consideration the exchange
between the Sm-ions [6] as well as the contribution of
the RE-ion to the spontaneous polarization [7] can be
-neglected and hence, Bes = npere J_;(T), where npegg
is the molecular field coeflicient. The moments of Fe sites
are described by the net magnetization J4 (7).

Hem - 2(g.7“‘ l)uBéemj
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Fig. 1. Illustration of the origin of the magnetocrystalline anisotropy
in the interstitially modified Sm;Fe 7 N3 compound. The alignment
of the RE 4f electrons due to the CEF in the crystal lattice is
transferred by exchange coupling to the Fe 3d electrons.

The operator of the CEF interaction is expressed by its
projection onto the 7 multiplet of the RE. With that, (2)
can be rewritten

H = 2(97 — ) ppJ nrere Jo(T) + Z O Apm (™) O,

(4)
where the influence of H g is taken into account via the
" direction of fs(T) The Stevens operators Om the Ste-
vens coefficients 6, and the averaged n-th power of the
4f radius, (r"), refer to the RE3* ion [8], [9], whereas
the CEF (expressed by Anm) is mainly due to the in-
terstitial atoms. In the rhombohedral TheZn;7 and the
hexagonal ThyNij7, three interstitial atoms (in case of
complete interstitial modification) located at the 9e and
the 6h sites, respectively, surround the RE—ions in a plane
perpendicular to the crystallographic c-axis (Fig. 1, case
of SmaFe17N3). In general, for one RE ion in the structu-
res considered Agg, Agp, Aas, Ago, Asz and Ase have to be
taken into account. In-plane anisotropy is neglected (cf.
(1)). Comparing the angular dependences of the energy
following from (4) with (1) within a linear appr0x1matlon
[10] results in

K, = —-%fﬁzo — BKqgg — 7&(50 + IX

. 5 8
Ky = Zk40+ k6o (5)
Ky = —Zlke,

where the anisotropy coefficients are given by
Kno — NRE en Ano(r”)(Og)T . (6)

Here, Ngp is the density of the RE3* ions and K{® is the
3d anisotropy contribution.

The thermal averages (O)'), of the operators equiva-
lent can be calculated in different ways depending on the
temperature considered: -

i) A convenient way is to consider zero temperature [11]

where J, = J and hence [8]
(Og>’r=0 = 3j12 - (s7 + 1)\7 = 2‘72 -J
(09)r20 = 87% - 247% + 227% - 67 (7).

(08) ;o = 18T°5-1207°+3407* - 45073 +274T%—607.
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Fig. 2. Temperature dependences of the anisotropy constants Kj
and K5 determined experimentally from several SmyFe;7N3 and
SmyFe;7Ca samples.

However, the determination of the anisotropy constants
which may attain high values at very low temperature
(cf. Fig. 2) requires special effort in the measurement of
the corresponding demagnetization curves.

ii) For arbitrary temperature, (O;'), can be expressed
[10] by the generalized BRILLOUIN functions B?)(w)

0%), = 27°BP(2)
0, = 87'BY(2) (8)
(0%, = 167°BY)(a).

Here, the argument ¢ = 27 |g7 — 1| ppnpereJs/kpT is
given by the ratio of exchange and thermal energy. Hence,
for the determination of the A,,,, the temperature depen-
dences of K1(T), Ko(T) ... and J,(T) are employed. It
should be noted that this approach incorporates more in-
formation than the determination of the A, from one
curve H4(T) only as performed in [3], [4], [7].

The equivalence of both considerations (cf. (7) and (8))
can be easily shown by calculation of the zero tempera-
ture limit of the BRILLOUIN functions, e.g.

TBRT—0)=7 (1 - 517) )

III. REsSULTS

The anisotropy constants K, Ky and the spontaneous
polarization J; of SmyFe;7N3 have been determined by
fitting demagnetization curves measured at various tem-
peratures. In the case of RE = Sm, the ground state is
given by J = 2 a,nd hence, Agg and correspondingly K3
vanish. The temperature dependence of Ky and Ky is
shown in Fig. 2. Note the large number of investigated
samples and the broad temperature region. The 3d aniso-
tropy contribution was determined from K{¢ of YoFe ;N3
scaled with respect to the Curie temperature.
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Fig. 3. Anisotropy coefficient —%520 deduced from measured K
and K; versus the temperature-dependent value of the Brillouin
function for different molecular field coefficients np. gy, . Results for
T =4.2 K correspond to Bg%(T —0) = 0.8.

From the K; measured at 4.2 K the CEF parameters
can be calculated from (5), (6) and (7). Values Asq =
—386 Kaug2 and Aq0 = 39 Ka(')"1 have been obtained.

For arbitrary temperature, the argument z depends on

nrerE, v0o. However, 1n a plot of o versus Bgz)(x) its

value determines the curvature of the line connecting the

measured points. In Fig. 3 the example k90 vs. Bg% for
‘SmyFe;7N3 is shown. From the linear dependence expec-
ted from (6) and (8), the value of np.rE can be estimated.
From Fig. 3, npesm = 210 in good agreement with the re-
sults obtained from T analysis (npegm = 260). The CEF
parameters can be determined from the slope of the cur-
ves corresponding to (6). Values Ajp = —410 Kaa2 and

Agp = 72 Kay 4 are obtained. For comparison, the result
obtained at 4.2 K (Béi)z(T — 0) = 0.8) is included in
Fig. 3, too. Note that the differences in the results pre-
sented above are mainly caused by the inaccuracies of the
K5 data. The dependence of Agg on the nitrogen concen-
tration ¢ in REqFe;7N3. compounds can be analyzed by
Ago(c) = Axo(0)+1c€AY, where £ is the number of inter-
stitial next neighbours [12] and Z is N or C. A50(0) = 34
Kag? from the Y compound. With this, the mean value
per N atom, AY ~ —290 Kag2 is obtained.

Results for SmyFe7Cq g are Agy = —310 Kaa2 and
Ayqg = 66 Kaa4. Hence, a value Ag ~ —265 Ka0_2 has
been found which is slightly lower (absolute value) than
ALY . In case of the carbide, npesm =~ 185 has been obtai-
ned. Its slightly decreased value reflects the lower Curie
temperature of the carbides compared to the nitrides.

Rather than the point-charge model [3], an impro-
ved analytical approach to calculate the CEF parameters
in RE intermetallics is the screened-charge model [12].
Therein, the screening conduction electrons are conside-
red as a weakly disturbed free-electron gas with inverse
TrHOMAS-FERMI screening length ¢, whereas all non-4f
charges of the RE are assumed to be well localized. As

the main result

eQes el
471‘&‘0 2R3

where R is the distance between the RE and the ligand
(e.g. R =252 A in SmyFe;7N3). The calculation of the
crystal field charges Q.; is discussed in [12]. With the
value of A} for the Sm-nitride given above we obtain q ~
2.3 A=1. This result is in agreement with ¢ = 2 A1 for
iron and ¢ = 2.5 A~1! for iron-rich RE intermetallics. The
model was not applied to the carbides because in that case
a stronger hybridization is expected.

For DysFe;7N3 (J = 125) only a crude estimation for

Ago = —170(£60) Ka52 is obtained since determination
5

of CEF parameters in RE compounds with J > 3 is much
more complicated: i) Agg # 0 and hence K3 had to be de-
termined from the data what turned out to be difficult.
i) In comparison to the Sm compound, the argument of
the BRILLOUIN function is shifted to lower values where
it is more sensitive to inaccuracies of the involved proper-
ties which have been measured. However, no J-mixing is
expected for Dy. Hence, the agreement of the Ay, which
should not much vary for different REs, in their order of

magnitude, can be considered as a fair result.

AY =

(1+¢R+3¢°R?) ,  (10)

IV. CoONCLUSION

CEF parameters were determined from the anisotropy
constants. The agreement of the calculated CEF para-
meters for different samples and for two different tempe-
rature regions shows the reliability of the method. Ho-
wever, as discussed in [5] the parameters obtained here
should be considered as effective CEF parameters since
J-mixing and nonlinear effects have been neglected.
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