The easy magnetization directions in R gFe,; intermetallic compounds:
A crystal field analysis
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X-ray diffraction patterns on magnetically aligned powder sampless6BR (R=Dy, Er, Ho, and

Tm) show that these compounds all magnetize aloridJd] easy direction. At first sight it is
difficult to reconcile the common easy magnetization direction giF&k and TmFe,; on one hand,

with DygFe,; and HgFe,; on the other, since the respectiBg, rare earth crystal field parameters

of these pairs of compounds are opposite in sign. In this article we show that the crystal field
stabilization energy of thEl11] direction, relative to eithef100] or [110], varies as the square of

the crystal field ternB,q, thereby providing an explanation for the comnjad 1] direction of easy
magnetization. ©1997 American Institute of Physidss0021-8977)19908-X]

I. INTRODUCTION single phase with Curie temperatures at @261C for
DygFers, 2302) °C for ErgFe,s, and 2262) °C for TmgFeys.
The XRD samples were prepared by grinding the mate-

S 1 rials under acetone. Magnetically aligned samples were pro-
of magnetization i4100] for YeFe,” and[111] for ReFeys duced by mixing the powder with a small amount of araldite

— 2 3 H H
(R=Dy,” Ho, "and EP). Many_ of these directions were de- and allowing the mixture to set in a magnetic field of 2 T.
duced from Masbauer experiments and are somewhat tentar, o cubic lattice parameters determined by XRD are

tive, because of the presence of many overlapping Fe sul1-2.055) A for DygFeys, 11.993) A for ErgFess, and 11.975)
spectra. . ) A for TmgFey;. The powder diffraction patterns of the mag-
The RFe;s compounds are |somorphous with the netically aligned samples show a strong suppression of the
TheMns structure and+pelong to the cubic space 9rOUR400) and (440 peaks with strong enhancement of (222)
Fm3m(No. 225. The R ions occupy the Zdsites, in four and (333 peaks. We conclude therefore that each of these

groups of six ions, with thdéetragonal point symmetry 4 com ; . :

) pounds magnetizes along {4 1] crystallographic axis
mm, while the Fe atoms are shared betwee;g them3m), of the Fm3m cubic crystal structure, at least at room tem-
24d (mmm), 32f; (3m), and 32, (3m) sites>® Gubben$ perature

reported both x-ray and '\Mba“er experiments ongEey; , Alternating current susceptibility measurements were
and Yol and on the asis of the x-ray patterns of Magneti, 4 de on a Lake-Shore closed-cycle susceptonté@&r A/m
cally aligned samples .he concluded thagfeg; magnetizes and 137 Hz over the temperature range of 12—300 K.
along the [111] direction at room temperature whereas

Y ¢Fe3 magnetizes alonf001]. Nevertheless, we note that

Gubbens’ x-ray data for BFe,; show an enhancement of the |1l. CRYSTAL FIELD CALCULATIONS

(440 peak, contrary to the work reported here.

In this article we report the results of x-ray powder dif-
fraction experiments on magnetically aligned ¢Bgs,
ErgFe,; and TmFe,; samples. These compounds were cho
sen because of the differing signs of their g8, and y
Stevens coefficients. Rather surprisingly, we find that the H_;=B,;0,0+ B4+ B$,054+ BeoOsot BSOS, (1)
three compounds share a commidril] direction of easy . ) ,
magnetization and we shall show that this result can be unlhe relationship between the crystal axes, and those associ-

derstood in terms of the strong quadraigO,, crystal field "’}tEd With f[he point §ymmetry of the siXRions is summa-
interactions at the ® sites. rized in Fig. 1. It will be observed that only two of the R

atoms, labeled, possess locat-axes which coincide with
the principalZ-axis of the crystal.

To estimate the relative strengths and signs of the crystal
field parameters, point charge summations were made over a

The samples were prepared in an argon arc furnace, an20 A sphere. The results are summarized in Tables | and II.
nealed at 1150 °C for six days and subsequently rapidlyn preparing Table I, the magnitudes of the charges ascribed
qguenched to room temperature. They were examined bio the rare earth and iron atoms were set equat fe| and
x-ray powder diffraction(XRD) on a Siemens D-5000 dif- (1/6) €|, respectively, based on consideration of the crystal
fractometer using QG radiation. The Curie temperatures field parameters determined for numerous intermetdllics.
were determined by thermogravimetric analysis using awill be seen that the quadratic crystal field coefficiBgg is
Perkin-Elmer TGA-7 analyzer. The samples were virtuallydominant.

Previous studies of the cubic compoundgF&; (R
=heavy rare earthhave shown that the preferred direction

We can use the point charge model estimate the crys-
tal field parameters at the rare earth site yr&;. This re-
veals that with respect to their tetragonal local axes, the
R3* crystal field Hamiltonian is given by:

Il. EXPERIMENTAL DETAILS AND RESULTS
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TABLE II. Crystal field parameters and energy terBg,(Opnn (@t T=0 K
‘ A-type R* ions and ignoring quenching These calculations assun@g=+1/e|, Qg
—_ — n
O B-type R ions - =—(1/6)|e| ando,=0.5. Values of(r};) are taken from Ref. 11.

f Crystal field
paramete(K) DygFe3 ErsFess TmgFes
/./ Bao +2.62 -0.95 —-3.63
- @ @ - B, Oz +275 —100 —240
./ Y By —5.8x1074 +3.7x1074 +1.2x10°3
— Buo Os0) -95 +6.1 +7.1
X Beo —-4.9x10°8 —7.8x10°8 +1.9x1077
Beo{ Oco) —0.044 —-0.070 +0.032
FIG. 1. Local axes of the six grouped®Rions in RFe,; The arrows
indicate the localz-axis for each R" ion and{X,Y,Z} give the overall |<g|HCf||()|2
crystallographic principal axes. A g= E T =0 =0 (4)
k#g Eg_ Ek
Taking DysFe,; as the test case for our crystal field calcula-
IV. DIRECTION OF EASY MAGNETIZATION tions atT=0 K and deﬁningAz(Bzo)Z/gJMBBex we find
For simplicity, we shall assume that with respect to itsthat the ground state energy per Dyion is given by:
local axis the effective Hamiltonian for a given rare earth ion Eg= —0yup(15/2) Be— 15224 (5)

takes the form: . . .
to second order iB,g, which follows from the definitions of

H=—0jupgJ-Bext B2gO20, (2 the operator©S, andOS,.” Note that the action of the off-

whereB,is the effective exchange field at the rare earth sitediagonal terms s to reduce the energy of the ground state
generated primarily by the iron sublattice. Using molecularegardless of th? sign @2 o .
field theory? we estimateB,, to be ~96 T in DysFey at For a[001] direction of magnetization, the crystal field
T=0 K, based on Curie temperatures of 261°C forinteractions for theA andB rare earth atoms differ. For the
DysFe,; and 208 °C for ¥Fey (representing the Fe—Fe two B atoms:

3,4
exchangg L L H=—g;3upJ-Bext B2¢O20, (6)

Given that the common direction of magnetization for _

DyeFess, EfgFeys and TmFey is [111], as shown by the Whereas for the fouA atoms:
XRD work, it is advantageous to transform the above Hamil- _ 1 c

! H=-— J-Bey— 3Bo{ 050t 305,}. 7
tonian to a new set of axes in which the nevaxis is col- 9s#ed-Bex™ 2B20{ Oz 22t @
linear with the[111] direction! With respect to these axes For the overall group of six rare earth ions therefore, the

the Hamiltonian of Eq(2) is transformed to: energy of the ground state is unaffected by the crystal field to
B \/_ c c first order inB,y, as required by the cubic space group.
H=—0jupJ-Beyxt Baol ~2v202+ O3} 3 However, the off-diagonal term in Eq7) will reduce the

Note that(i) the diagonal crystal field term has been nulli- energy of the fourA atoms. Once again, second order per-
fied, regardless of sign, arti) the transformation of Eq3)  turbation theory gives:

appl_ies to all _six R" ions s_hown in Fi_g. 1. Thus, the qua- Ey=—0su4p(15/2Bex— 794 @)
dratic crystal field terms will not contribute to the energy of L

rare earth ion to leading order iB,,. However, the off- P&l Dy** ion.

diagonal crystal field term®$,; and O$, will contribute to For a[110] direction of magnetization, the respective
the energy of the ion in second order and we may use secorfd’ " Hamiltonians are

ord_er perturbation theory to deduce the crystal field contri- Ha= —yupd-Bet Bagf — 1 0g0+ 205, 9)
bution to the ground state energy of th&"Rons. The con-

tribution is and

Hg=—0yupJ Bext Baof § 020+ 305, 05} (10

TABLE I. Point charge crystal field lattice summatiop&,} in units of

and the energy for thEL10] direction is:
Ka," for the B ion in RgFey; (ag is the Bohr radius The point charges ay EL10)

are Qg and Q.. To obtain the crystal field parametdiB,,,,}, multiply by Eg: —gyup(15/2Bg— 1162A. (11
the relevant Stevens coefficieriis, B, y), the 4f electronic radial averages
(r%), and the shielding parameters—{1-,). From an examination of Eq&5), (8), and(11), it is clear
that[111] is the favored direction of magnetization, irrespec-
Azo= — 68+ 2210k tive of sign (B,g). We suggest, therefore, théb the qua-

A40=5.4Qr—6.6Q¢ . . L N
AS.— — 18.50n+ 54 400, dratic crystal field at the rare earth sites in thg=8; inter

Agp=0.0200Q 5+ 0.1695; metallic compounds is responsible for the common easy
AS,=—0.725Qx+1.62TQx, direction of magnetl_zatlon, a_n(rjn) the majorlty of_the
RsFe,; compounds will magnetize along th&l1] direction,

J. Appl. Phys., Vol. 81, No. 8, 15 April 1997 Bowden et al. 4187



regardless of the sign of their Stevenscoefficient. The sublattice will be determined primarily by the second order
exceptions to this rule are, of coursesP6; and G@Fey;,  crystal field terms.
the former R" ion being nonmagnetic and the latter being
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