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f crystal-fie1 

S. Wirth, M. Wolf and K.-H. Muller 
Institut fur 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 Azo and A40 

were determined from the magnetocrystalline aniso- 
tropy constants Kl and Kz in a linear approximation 
for SmnFel7Z, (Z = N, C) compounds. For the mate- 
rials investigated, the values of I<I and I<z in a tem- 
perature range from 4.2 - 533 K have been obtained 
by a fit of demagnetization curves. The parameters 
A,o are calculated in two ways: i) from the ICt at zero 
temperature and ii) from the temperature dependence 
of the ICz. Both methods give equivalent results. The 
value A20 FZ -400 KaC2 has been obtained which corre- 
sponds to an inverse THOMAS-FERMI screening length 
q FZ 2.3 A-' calculated within the framework of the 
screened charge model. 

I. INTRODUCTION 

Interstitial modification of REzFe17 (RE - rare-earth) 
strongly modifies the magnetocrystalline anisotropy and 
the Curie temperature of the parent material. In the most 
interesting case of rhombohedral SmzFel7N3 [1], a Curie 
temperature of 476°C and a n  anisotropy field ,UOHA M 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 fa of 
the niagnetocrystalline anisotropy energy can be descri- 
bed by a series expansion in the cosine of 21, the angle 
of the magnetization with respect to  the crystallographic 
c-axis. Up to  third order this results in 

fa = I C ~  sin' 21 + IC' sin4 21 -+ ~3 sin6 21 . (1) 

In this investigation, we determine the CEF parameters 
AnO from the temperature dependence of anisotropy con- 
stants IS%(T) .  A fit of the demagnetization curves [a] has 
provided the values of I<%, the spontaneous polarization 
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J ,  as well as a texture parameter describing the grain 
alignment inside the polycrystalline samples. 

11. 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 

where 'H,, describes the spin-orbit interaction, 'He ,  the 
Fe-RE exchange interaction, ' F ~ ~ E F  the  interaction due 
to the CEF and XH the energy contribution by an ap- 
plied field, respectively. In  the RES of interest here, the 
spin-orbit interaction is considerably 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 s ta te  of RsQ,  
only (higher 3 states are ignored) and 3 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 pdrarneters to 
be determined. But according to  [5] this inaccuracy is ex- 
pected to  be small since 3-mixing and non-liricar effects 
have opposite influence on Azo. In  order to  describe the 
Fe-RE exchange interaction usually an exchange field Be, 

Re% = 2(gL7 - 1 ) P B L j  ( 3 )  

( g s  - LANDB factor, p~ - BOHR magneton) is introduced, 
which is estimated in a mean field approxiiriation For 
the RE intermetallics under consideration thc exchange 
between the Sm-ions [6] as well as the Contribution of 
the RE-ion to the spontaneous polarization [7] can he 
neglected and hence, iez = n F e R E  & ( T ) ,  where ? l F e R E  

is the molecular field coefficient The  rnorneiits of Fe sites 
are described by the net magnetization J , ( T ) .  
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Fig. 1. Illustration of the origin of the magnetocrystalline anisotropy 
in the interstitially modified SmtFelTN3 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 C E F  interaction is expressed by its 
projection onto the J' multiplet of the RE.  With  that ,  (2) 
can be rewritten 

x = 2 ( g g - 1 ) p B , T n F e m L ( T )  + e n ~ n m ( r n ) O r  
(4) 

where the influence of ZH is taken into account via the 
direction of x ( T ) .  The  Stevens operators Op, the Ste- 
vens coefficients On and the averaged n-th power of the 
4f radius, ( T " ) ,  refer to  the RE3+ ion [8], [9], whereas 
the CEF (expressed by Anm) is mainly due to  the in- 
terstitial atoms. In the rhombohedral ThzZn17 and the 
hexagonal ThzNil7,  three interstitial atoms (in case of 
complete interstitial modification) located a t  the 9e and 
the 6h sites, respectively, surround the RE-ions in a plane 
perpendicular t o  the crystallographic c-axis (Fig. 1, case 
of SmzFe17N3). In general, for one RE ion in the structu- 
res considered AZO,  , 4 4 0 ,  A43, AGO,  A63 and A66 have to  be 
taken into account. In-plane anisotropy is neglected (cf. 
(I)). Comparing the angular dependences of the energy 
following from (4) with (1) within a linear approximation 
[IO] results in 

IC1 = -2620 3 - 5K40 - Y K 6 0  + l i f e  
1<2 = T K 4 0 +  T K 6 0  189 

I<s = -- ':;K60 , 
( 5 )  

where the anisotropy coefficients are given by 

K n o  = NRE en &o(~~)(oE), . (6) 

Here, NRE is the density of the RE3+ ions and Kre is the 
3d anisotropy contribution. 

The  thermal averages (Or ) ,  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 [ll] 
where JZ = 3 and hence [8] 

(o;),=, = 3J2 - ( J  + 1)J = 2J2 - J 
(Ot),=, = 8J4 - 24J3 + 223 '  - 6J' ( 7 )  
(O:),=, = 16J6 - 120J5+340J4-450J3+274J2-60J. 
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Fig. 2. Temperature dependences of the anisotropy constants Kl 
and determined experimentally from several SmzFe17N3 and 
Sm2Fel7C3 samples. 

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

ii) For arbitrary temperature, (Or ) ,  can he explessed 
[lo] by the generalized BRJLLOIJIN functions B$' (z )  

2 (2) 

4 (4) 

(0% = 2 J  B, (x) 

(03, = 8 3  B, (8) 
(O:), = 16J'  6 B, ( 6 )  (x). 

Here, the argument 2 = ;!J' 1gs - 11 ~ B ~ F ~ R E J ~ / I ~ B T  is 
given by the ratio of exchange and  thermal energy. Hence, 
for the determination of the A,, the temperature depen- 
dences of KI(T),  Kz(T) . . . and J,(T) are employed. I t  
should be noted that  this approach incorporates rnore in- 
formation than the deterinination of the n,, from one 
curve H*(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 BRILLoUlrN functions, e.g. 

(9) 

111. RESULTS 

The  anisotropy constants K l ,  11'2 and the spontaneous 
polarization J ,  of Sm~Fe l7N3  have been drterrnined by 
fitting demagnetization curves measured a t  various tem- 
peratures. In the case of RE = Sm,  the groiintl state is 
given by J' = and hence, A60 and correspondingly l<3 

vanish. The  temperature dependence of 1<1 and I<z 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 r e  of YzFe17N3 
scaled with respect t o  the Curie temperature. 



4748 

- 15 
SmzFenNs 

D 
‘ 0  0.2 0.4 0.6 0.8 

Fig. 3 .  Anisotropy coefficient - $ 6 2 0  deduced froin measured K 1  
and 122 versus the temperature-dependent value of the Brillouin 
function for different molecular field coeffkients npesm.. Results for 
T = 4.2 K correspond to B$$),(T i 0) = 0.8. 

From the lii measured a t  4.2 K the C E F  parameters 
can be calculated from (5), (6) and (7). Values Azo = 
-386 Ka,’ and A 4 0  = 39 KaC4 have been obtained. 

For arbitrary temperature, the argument 3: depends on 
~ F , R E ,  too. However, in a plot of K,O versus Bp!(3:) its 
value determines the curvature of the line connecting the 
measured points. In Fig. 3 the example K Z O  vs. L?;;; for 
SmzFel7N3 is shown. From the linear dependence expec- 
ted from (6) and (8), the value of ~ Z F ~ R E  can be estimated. 
From Fig. 3, M 210 in good agreement with the re- 
sults obtained from T, analysis ( n ~ ~ , y ~  M 260). The  C E F  
parameters can be determined from the slope of the cur- 
ves corresponding to  (6). Values Azo = -410 K a i 2  and 
A40 = 72 K a i 4  are obtained. For comparison, the result 
obtained a t  4.2 K (B$;i(T --f 0) = 0.8) is included in 
Fig. 3 ,  too. Note that  the differences in the results pre- 
sented above are mainly caused by the inaccuracies of the 
li’a data .  The  dependence of Azo on the nitrogen concen- 
tration c in REzFe17N3, compounds can be analyzed by 
A ~ o ( c )  = Aao(O)+$c[Af, where is the number of inter- 
stitial next neighbours [la] and Z is N or C. Azo(0) = 34 
K a i 2  from the Y compound. Wi th  this, the mean value 
per N atom, A; M -290 K a i 2  is obtained. 

Results for SmzFel-/Cz,6 are Azo = -310 Ka;’ and 
A40 = 66 K a i 4 .  Hence, a value A$ m -265 KaC2 has 
been found which is slightly lower (absolute value) than 
AF. In case of the carbide, n F e S m  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 C E F  parameters 
in RE intermetallics is the screened-charge model [la]. 
Therein, the screening conduction electrons are conside- 
red as a weakly disturbed free-electron gas with inverse 
THOMAS-FERMI screening length Q ,  whereas all non-4 f 
charges of the R E  are assumed to  be well localized. AS 

the main result 

where R is the distance between the R E  and the ligand 
(e.g. R = 2.52 A in SmzFelyNs). The  calculation of the 
crystal field charges Qcf  is discussed in [la]. Wi th  the 
value of A? for the Sm-nitride given above we obtain q M 

2.3 k’. This result is in agreement with q = 2 k’ for 
iron and q = 2.5 A-’ for iron-rich R E  intermetallics. The  
model was not applied to  the carbides because in tha t  case 
a stronger hybridization is expected. 

For DyzFel7N3 ( J  = 9)  only a crude estimation for 
Azo = -170(560) K a i 2  is obtained since determination 
of C E F  parameters in R E  compounds with J > $ is much 
more complicated: i) A60 # 0 and hence K g  had to  be de- 
termined from the da t a  what turned out to  be difficult. 
ii) In comparison t o  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 $mixing is 
expected for Dy. Hence, the agreement of the Azo, which 
should not much vary for different RES, in their order of 
magnitude, can be considered as a fair result. 

IV .  CONCLUSION 

C E F  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 C E F  parameters since 
J-mixing and nonlinear effects have been neglected. 

REFERENCES 

111 J. M. D. Coey and H. Sun, J .  Magn. Magn. Mat., vol. 87, pp . .  
L251LL254, 1990. 

121 C,. Asti. R. Cabassi. F. Bolzoni. S. Wirth, D. Eckert, P. A. 
L-1 ~ ~ I 

P. Wendhausen and K.-H. Muller, J .  Appl .  Phys., vol. 76, pp, 
6268-6270, 1994. 

[3] H.-S. Li and J. M. Cadogan, S o l i d  State Comm., vol. 80, no. 
11, pp. 905-908, 1991. 

[4] .H- Kato, M. Yamada, G. Kid0 and Y. Nakagawa, J .  Appl. 
Phys., vo!. 73, pp. 6931-6933, 1993. 

[5] M. D. Kuz’min and J. M. D. Coey, Phys. Rev. E ,  vol. 50, pp. 

[6] H . 3 .  Li and J. M. Cadogan, S o l i d  State Comm., vol. 82 ,  no. 

[7] T. S. Zhao, X.  C. Kou, R. Grossinger and H. R. Kirchmayr, 

[8] M. T. Hutchings, in S o l i d  State Physics, vol. 16, F. Seitz and 

[9] A. J.  Freeman and R. E. Watson, Phys. Rev., vol. 127,  pp. 

12533-12539, 1994. 

2 ,  pp. 121-125, 1992. 

Phys. Rev. B ,  vol. 44, pp. 2846-2849, 1991. 

D. Turnbull, Eds. New York: Academic, 1964, pp. 237-273. 

2058-2075, 1962. 
[lo] M. D. Kuz’min, Phys. Rev. B ,  vol. 46, pp, 8219-8226, 1992. 
[ll] R. Skomski, in InterstitialIntermetailic Alloys, Eds. F. Grand- 

jean, G .  J .  Long, and K. H. J.  Buschow, Kluwer, Dortrecht 
1995, pp.561-598. 

[12] R. Skomski, Phil. Mag, B ,  vol. 70, no. 2, pp. 175-189, 1994. 


	Determination of crystal-field parameters of Sm2Fe17N3 and Sm2Fe17C3
	
	Authors

	DeLernnination of crystal-field parameters of Sm/sub 2/Fe/sub 17/N/sub 3 and Sm/sub 2/Fe/sub 17/C/su - Magnetics, IEEE Transactions on 

