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ABSTRACT
ﬁﬁusual, [ggg] énd [ggﬂ]—type‘eésy axes of1magﬁetizatiéﬁ-hé§e-beén

observed in some cubic rare-earth iron Laves compounds. The phenomenol-

. ogical treatment of the magnetic anisotropy requires the presence of

th

. 8" power cosine terms, in order to account for the presence of such -

directions of magﬁetization. The conditions imposed on the bulk magnetic

- aﬁisotropynconstants are derived. .

kkkkkkhkkhkikk ‘

.7_ The maghetic_anisotropy free energy'of cubic materials can be

expanded, according to the phenomenological treatment, into a power

- series of the direction cosines .o, of the axis of magnetization with

i

respect to the crystal axes. Usually only terms up to the 6th power

' of cosines are retained, thus

'Ea-=,1< + K (2 + azo? + o?az) +K (2 fa?) ...
0 1 1 2 2 3 3 1 ’ 21 2 3

": with (f + az + (f = 1, the Ki-s being the bulk magnetié anisotropy

constants. It can be easily shown, by differentiation with respect'to

the angles B and v (B = cos_la1 Yy = cos—lc2), that the only minima
_ \ > %, _

for Ea occur'fpr'o&—s corresponding to the major éxes of symmetry of the
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cubic sysgeﬁ, namely the [001], [011] and [111}1directiqns,' Whicﬁ of
these dirépéions beco@es an'easy axis of magnetizétion depends on'fhe
reléfive Va1uesvof K; and K2.

In reééﬁt.years Mossbauér effeét studies Eave‘beénlgucesésfully-
used, in_ofder to determine the.magnétic.anisottppy_probertiés of cubicv:

2,3

2 Laves

binary rare-earth (R) - iron RFe ' and ternary R;R Je

2 1-

compounds; In se;eral_instances wé foﬁnd that the éésy:aieé of mag-
.'nétization_of_these COmpounds were not parallei~t6,5ny pf thevﬁajor

vcuBic axes éymmetry. We observed ﬁwo.ﬁain typés-of'such behavior.

.1. :iﬁ iefnéry mixed'compounds.of_tfpg,R;Rl_#Fézwafs in thevcéurse of
spin.orientations.which'took place upon chaﬂge of»éither the compositions,
or the/temperature.‘2; In two_Binafy rérevéarthgiron Léveé cémpounds
CeFe2_6 and SﬁFé2.7 In most cases the depgfturelgf-the agisvéf- |
,maghetizétiéﬁ_fér'the major.axis df symmetry-takes ﬁlace'wiﬁhin a
reiativelY'widé temperature interval.b The'purpqsé qf'thié communi—
cation is tA:Show ﬁhat sugh'céses can.be analyzed-Qithin the framework

of the pheﬁémeﬁqlogical treaﬁmenﬁ of the magnéticfénisogropy energy.'

The analysié‘allowsito ésﬁablish.the cohditions'réQuiréd:froﬁ ﬁhe bﬁlk:
magnetic.énisotropy constants, in oyaer thét the’axi§’0f>éésy mag-
ne;izationfshould déviagé.from_the major‘axes of‘symmetry.

’

Since tﬁe retention of the 6th powef cosine terms only, yields Ea

‘minima associated with major axes of symmetry, we extend the powér

expansion to yet another term. Thus we start with.
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' 2.2 2.2 2.2
E. =K +K + +.
a 0 -1(a1a2 o‘29‘3_, OLaot1)

C+ K, (@Za2a?) + K (a*a* + atat + a*at) - (D)
FEEE R I M 31 2.+ 2 3 31 - -

The conditions for an extremum in Ea are

®

]
]

(@]

@

The extremum is a minimum if at pdiﬁtv(Bi,ﬁf) which satisfies conditions 2)

PE_(B.,y.) 2E_(B.,Y.)
3 1 15 —2 11 5
382 ’ - 882

" and the disériminént is definitely positive i.e.

2 3 | 2 N R I
PE (B BBy ‘[a Ea(Bi’Yi)] S o

582 3y2 389y

Applying (2) éhd (3) to the expression for Ea appearing in (1) we

obtain the necessary conditions imposed on the Ki—s'in order to obtain
- minima of Ea' The results indicate that such minima exist for direc-.
tions of the easy axis of magnetization parailel'to the major axes of

féymmetry and, in addition, for several directions of type [uuw] which
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correspond to angles 8 =, énd‘of type [ggp]'cohtained.in the (001)

_plane. The additional directions exist only for K >0. For the sake of
. . 3

_conciseness, it is helpful to express Kl and K in units of K ,v
o _ : 2 3 :
. " 1 ] i . :
appropriately we define‘K1 = KI/K;and K; = K2/K . A straightforward cal-
AR : 3

culatidn,(see:for details the Appendix) yields the conditions imposed

i

on the‘K'—s for presencé of axes of magnetization'other than the major
axes of symmetry.' The condition for [uuw]-type directions are:

1. -=2< K <4
2
2. (K +2)2 K -1
, T . 2
—L— <K<

The conditions for a [BXO]—tyﬁe direction are:

_ . L
. > > - =
1 o) Kl, 2
. 1]
2. 2 < K
‘ _ 2 .
: '
Figure 1 is a graphical representation in the K:, K2 plane of the
regions with the different possible axes of magnetizatipn.' Within - |
the approiimately triangular region ABC, the axis of magnetization is

‘of type [uuw]; Wichin this region thevangle 6 ='¢os—1a3 . défined as

the angle between the direction of‘magnetization and the [001] axis, lies

:between 0 and 54.4°. Lines of constant 6 have been plotted in the ABC

"region. fhe:éhanée of 6 1is contiﬂuous only acro;s‘the AB boundafy,bdf

6 jumps disédﬁtinuously, when crossing the AC'of‘BC.boupdaries. " The -

 "cros§—hatched region ih~the neighborhood of A corresponds to a region
vof local minima of Ea for [uuw] types of magnetization. Sﬁch directidps

will therefore not be stable. Region CED is similar to ABC, in that




_ from Mossbauer effect measurements in CeFe

~ types of behavior. In the case of CeFe

<~_;temperature increase from 140 to 240 K.  1In Ho

0 U D0 49207844

-

the diréctiph of easy magnetizatiqn is of type [uuw], the anglé 6 within
this region &aries bétwéen 54.4 aﬁd 90°. Betﬁeen,point E and G there |
is again abvery narrow band corresponding to nbn?stable (local minima

of E ) axeé of type [uuw]. Region DBML is part of the area in which

the direction of magnetization is of type [230]5 i.e, 0= 90f_énd

¢ = tan—;(v/u).. Lines of constant ® have also been plotted in this region,

. which contiﬁdes indefinitely towards the right, bounded by the straight

lines K; = 0and K = - 1/2.
The variation of the angle 6 as function of:témperature, deduced

and SwmFe,, -is shown in Fig. 2.

2 2

.In_SmFe2 the direction of magnetizafion.rotatesvcontinuously_from the

2

_ [110] axis at 140 K towards the {111] axis at 240 K. 1In CeFe, the axis

of magnetization 1s parallel to the [001] direction up ﬁo 150 K, above .

~ this temperature it changes to tyﬁé-[uuﬁ] with 6= 20°. Just below

;:thé Curie temperature at 230 K, this angle increases to 30°. 1In some -

ternary compounds, such as Ho

O.SErO.SFEZ’ the behavior }s‘more complgg.

~ With increasing temperature the direction of magnetization gbes through

~ the sequence [uuw] > [110]~+ [uv0] > [100].

The phenomenvlogical treatment developed abové'accbpnts for all
; the values of K , K and K

v 2 . 1 2 3

vary in such a way with increasing temperature that.theif projection in

K', K; plane follows the heavy arrow (a) in Fig. 1. For SmFeé the
1 \ : e 2

same projection is represented by arrow (b) which crosses region CED .

_ngiﬁg_from region [110] towards region [111]. This occurs during the -

O.SErO.SFeZ-the projection

follows reverse arrow (b) at low temperatures and then after the general

direction of arrow (c).
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Examination of Flg 1 also indicates that a spin reorlentatlon 1nvolv-

", ing the [111] direction, namely of type [111]2[100] or of type [111]1[110]
will not necessarily take place through a transition region, if K and K -

are sufficiently large, relative to K . On the'Other hand for a'[IOO]Z[IIO].

spin reorientation, there will always be a transition region, w1th axes
- of magnetization of type [UVO], even for very sﬁall.values of the tulk
magnetlc aﬁlsotropy constant Ky . | |

Reeent}y a-rhombphedral dlstortion has'beenKteported for TbFe2.8f

© This distortion is probably associated With.extremely_strong magneto- _K'

elastic 1ntetaetion present:in TbFe2 end aleo inKSmFe2.7 In principle
therefore,-a‘distortioﬁbfrom cubicieymhetry; if present.in S@Fez,
weuld dettect from the validity of the use of Eq. 1 in a nen-cubic_"”
matetiai; -fhie however, would not_te the ease for CeFez, which is:a..
ferromagnetkwith itsvmagnetie‘anisotropy eXclusi?ely,due to‘theviren
sublattice; The tetrayalentFCe4+';oh, has no ﬁg_electrensvwhich mey
give rise_to magnetoelestic interactione.leading'to a distortioh from.

- cubic symmetry. No detecteble distortions have been'observed in either

HoFe,, or'ErFe_z8 - it ean‘be assumed that the cubie'symmetry,is retained

2
in the (HoEr)Fe2 compouhds..

The siﬁgle—ion model; which accounts successfully f9r>thevmain"’x
features ofvthe magnetic anisotropy propefties'of the rare-earth iren
- Kaees coﬂ_lpd_u_nds,3 is unable to explain thepresenee.of [Egg]_type aies_
of easy mégﬁetizatiqn. The.localized'ﬁf_electtonebof the'rare—eartﬁ
ions do‘not yield 8th power cosine terms in tﬁe'éagnetic enisotropy
energy e#paneiqn;_The'non—negligible presence oftK? terms in the

power expanéion of transition metals has previdusly“been observed in
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‘the coursé of careful torque measurements on Ni metal.10 In the present
case they might tentatively be attributed to the intrinsic magnetic

o anisotropy}of the iron sublattice.
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-APPENDIX

Starting with Eq. 1, substitutingd2=ls-a2—a2, changing the notation
, 3 o1 2 '

_t0(11= cos B and a2= cos Y and applying conditions (2) for the extremum

we obtain

OE : o _
“532 = 2 sinB cosp (2 cos?B-1 + éoszy){K + K2 cos?y -
. ) 1 v .
2K3(cos"6 - cos‘B + cos?Bcos?y + cos“y)] = 0
JE- : g
2 = 2 sinY cosy (2 cos?y - 1 + cos?B)[K + K cos’p -
3y : 1 2. :

2K (cos‘y - cos?y + coszyéoszB + cos*B)] = 0
3 . , . v

' Each derivative is a product of 4 factors. These derivatives will

simultaneously satisfy conditions (2) whenever one of the 4 factors
(not necessarily the same in the two expressions) will vanish. We

distinguish several cases.

”' 1. - 8inB = siny = 0

This case corresponds to the <100> axes of magnetiiation.

2. cosB 0 and 2 cos?y = 1 + cos?R =10

or

cosy = 0 and 2 cos?B - 1 + cos®y =0

~This corresponds to the <110> axes of magnetization.

0

o 2., _ 24
3. 2 cos‘y ‘ 1+ cos“B and

0

2 cos?B - 1 + cos?y

Corresponding to the <111> axes of magnetization.
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Substitﬁting the values cosf ‘and téSY‘in each cése‘in the quadratic form
" (Eq. 3) yielas the limiting values of K; and K;V(éssumihg Kﬁ >d) fdf which '
the above meﬁtioned major axes'of‘symmefry'becbme éasyvaxeS»magnetization.
- 4, The hon'major axes of easyvmagnetization aré-obtained by the yanisﬁ—_
' ingibf;tﬁe 256 and 4th factors respeéﬁively in thé‘2 derivativesvi.e.;
cosf =0 ‘ | .

Kl + K2 cosiZB--f'ZK,3 (cosﬁy - éos?y,¥ é0528C§$2Y/ +'css“8) = 0'.
this yields the <EZQ> directions, tﬁe anglé éfﬁetﬁeén‘;hé direcfioﬁ.of

magnetization and the [100] axis being in this case sin’2¢ = sin®28 ==

® o -3 K %
1 n K 50). ' el
K (againlk; 0). The @agnetic anisotropy free_energy Euvo 4K

3 T o B : _ , 3
5. Finally the vanishing of the 3rd factor of one derivative and the,
4th in the second or, the vaniéhing of both 4th féctoﬁs-i.e.

2q _ . ey =
2 cos B -1+ cosy =0 and

]
O

Kl + K2 cos?B - 2K (cos“y - cos?y +.COS?YCOSZB + cos*B) "

or

L]

'_:Kl +_Ké cos?Y‘F'éKs(cbgkﬂj; COszBf¥:cés?B§dszy + cstY) 
| and v

.{KI + chészs'_ 2K;(cbsuy‘- coszy ¥;c0528coszY + cog?B) = é
%yields the minima forAthe'<quw> directiohg. The_angle 6 (see Fig. 1)1;,

“in this case is 6 = c‘os_1 (1 - 2cos?R)

(K +#2k) + /(K + 2k )2 + 24 KK
2 3 2 3 1.3

and o cosB

12K
3

substituting-in (3) and taking into account that 1 = cos?B = 0 we obtain

the boundaries of region ABDGECA in Fig. 1. Thefekpressionifor_the energy
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in this case is complicated. 'Numefical cdmputatioﬁs show that the .shaded

area near A and in the narrow strip between G and E the minima for a Tuuw]

_ directidn'are'local minima only or in other words, the magnetic ansotropy

free energy}has lower values in these regions for the major axes of

symmetry. = -
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FIGURE CAPTIONS

Boundaries of regions with different easy axes of magnetization

in the K’ = K /K and K' = K /K'plane For details see text.

'Temperature dependence of the angle of incllnatlon 6 of the axis

of magnetization with respect to the [001] axis. in CeFe2 SmFe2
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United States Government. Neither the United States nor the United
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