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Simple transition-metal complexes of the formula Cp*M(CO),BR, [Cp* = C,(CH,),] 
containing an electrophilic, covalently bound main-group ligand react with alkanes and 
release products resulting from selective functionalization of an alkane at the terminal 
position. These reactions produce alkylboronate esters, which are common reagents in 
organic synthesis. Thus, the boryl complexes are rare chemical reagents that react 
selectivity at the terminal position of an alkane to provide simple functionalized products. 
Mechanistic analysis shows that ligand dissociation is induced photochemically and that 
thermal reaction of the resulting intermediate occurs with alkanes. 

O n e  major goal of transition-metal chem- 
istrv has been the selective functionaliza- 
tion of alkanes ( I ) .  Three primary ap- 
proaches involving transition metals have 
been followed to achieve this goal: C-H 
oxidative addition (2) ,  electrophilic cleav- 
age of C-H bonds (3),  and oxidation (4). 
None of these approaches has provided a 
single isomer of a useful organic product 
from an alkane. Svstems that cleave C-H 
bonds by oxidative addition or a-bond met- 
athesis only rarely provide unligated func- 
tionalized products (5),  and oxidation 
chemistry has not been selective for a single 
site of a n  alkane that contains more than 
one type of C-H bond. Approaches that do 
not involve transition metals have centered 
on radicals or superacids that show selectiv- 
ity for C-H bonds that is tertiary > second- 
ary > primary (6). The  large number of 
secondary positions in a linear alkane leads 
to several reaction products. 

Here we report a strategy for selective 
alkane functionalization by transition met- 
als and reveal a reagent for the conversion of 'z 

alkanes to functionalized products with high 
selectivitv. This reagent is a transition-met- " 
a1 complex that contains a n  electroposi- 
tive main-erour, element bound to the " .  
metal. Specifically, the photochemical 
reaction of Cp*Fe(CO),Bcatt [Cp* = 
C5(CH3)5, cat' = 1,2-02~,H2-3,5-(CH3)2]  
( I ) ,  Cp*Ru(CO),Bcat (2) ,  and 
Cp*W(CO),Bcatl (3 )  with a series of al- 
kanes gives alkylboronate esters with func- 
tionalization of the alkane exclusively at 
the terminal position and in high yields for 
tungsten complex 3. Little alkane activa- 
tion chemistry of any type has been ob- 
served for tungsten previously (7), and none 
has been observed for C P F ~ ( C O ) ~ R  (Cp = 
C5H5) and CpRu(CO),R complexes. T h e  
organoborane products of the chemistry re- 
ported here are well-known, highly versatile 
synthetic intermediates in  organic chemis- 
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try. Furthermore, the borylation of alkanes 
could ultimatelv be deve lo~ed  into a cata- 
lytic process, because a number of alkane 
borvlation reactions are either thermoneu- 
tral' or thermodynamically downhill, de- 
pending on  the borane (8). 

W e  previously reported the functional- 
ization of arenes by the simple boryl com- 
plex C ~ F e ( C 0 ) ~ B c a t  (cat = 02C,H4) (9). 
However, C ~ F e ( C 0 ) ~ B c a t  does not react 
with alkanes, presumably because of reac- 
tion of the complex with the sp2-hybridized 
positions of another CpFe(CO),Bcat. Thus, 
we prepared a derivative of this complex 
with the sp2-hybridized positions blocked. 
T h e  Cp*Fe(CO)2Bcat' ( I )  complex was 
prepared in 41% yield as yellow crystalline 
material by the reaction of CIBcatl (10) 
with a suspension of Na[Cp*Fe(CO),] (I 1 ) 
(Eq. 1 )  in pentane solvent. All metal boryl 
complexes in this work were isolated in 
pure form and were fully characterized (1 2).  

[Cp"M(CO),]-t CIBcat' - Cp*M(CO),Bcat' (1) 
M = Fe, n = 2 (1) 
M = Ru, n = 2 (2) 
M = W , n = 3 ( 3 )  

Irradiation of 1 in neat pentane solvent 
with a 450-W, medium-pressure Hanovia 
mercurv arc lamo resulted in the formation 
of a siAgle alkyiboronate ester (Eq. 2) in  
28% vield. resulting from selective reaction , . - 
at  the terminal position of pentane, as de- 
termined by 'H and "B nuclear magnetic 
resonance (NMR) spectroscopy (13), along 
with gas chromatography (GC)-mass spec- 
troscopy (MS), which showed a clear mo- 
lecular ion peak. Independent synthesis of 
the product by hydroboration of 1-pentene 
with HBcat' (14) and comparison of spec- 
tral data and GC retention times confirmed 
the identity of the product. 

#-B+og~k ,, Bcat' 
oc"‘"L 0 - tHBcat (2) 

M=Fe28% -10% 
CO Me M = f lu 40% trace 

The  analogous ruthenium boryl com- 
pound c p * R ~ ( C O ) ~ B c a t '  (2) was prepared 
in 40% yield by a similar procedure (15). 
This complex also functionalized pentane 
(Eq. 2) selectively. T h e  yield of l-pentylbo- 
ronate ester was 40% in this case, signifi- 
cantly greater than that for 1. Small ( < 5 %  
yield) but observable amounts of HBcat' 
were formed in this reaction. 

T o  determine whether the Cp* and 
Bcat' groups in 1 and 2 led to alkane func- 
tionalization by blocking arene activation 
or by perturbing the electronic properties of 
the ligand set, we studied the chemistry of 
c ~ * F e ( C O ) ~ B c a t  and c ~ F e ( c O ) ~ B [ 1 , 2 -  
02C,H2-3,5-(t-Bu),] (Bu = C4H,). Nei- 
ther of these complexes gave substantial 
amounts of alkane activation products. 
Thus, the elimination of all accessible so2 
positions on  the metal boryl complex does 
account for the unusual reactivitv. 

Because the yields increased for reac- 
tions of the second-row, rather than first- 
row, metal, we sought a similar, readily 
accessible boryl complex of a third-row 
metal. W e  prepared Cp*W(CO),Bcat' (3 )  
from Na[Cp*W(CO)3] (16) and ClBcat' in  
67% yield by procedures analogous to those 
used to prepare 1 and 2. The  alkane func- 
tionalization chemistry of 3 (Scheme 1)  
resulted in remarkably high yields. 

hv - ,,,,, Bcat' 

85% 

t Bcat' 
2% 

0  cat' 

Scheme 1 22% 

Complex 3 showed high selectivity for 
functionalization of alkanes at  the primary 
position, as did 1 and 2. Reaction with 
pentane gave 1-pentylboronate ester as the 
only functionalization product in 85% 
yield. Reaction with ethylcyclohexane gave 
(2-cyclohexy1)-1-ethylboronate ester as the 
only functionalization product in 74% 
yield. Even selectivity for the two terminal 
positions of isopentane was good. Function- 
alization of the less hindered position oc- 
curred in 55% yield, whereas functionaliza- 
tion at the more hindered terminal position 
occurred in only 2% yield. W e  confirmed 
the absence of ~roduc ts  from internal acti- 
vation in all of the reactions by indepen- 
dently synthesizing the products and noting 
their absence in the reaction mixtures with 
the use of GC techniques. 

T h e  initial metal-containing products 
are the  metal hydrides Cp*M(CO),H. 
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During the course of the reactions, lowed by thermal reactivity of the resulting presence of both an unsaturated metal cen- 
Cp*Ru(CO),H and Cp*W(CO),H were 16-electron intermediate with the alkane ter and ligand could explain the unusually 
observed by 'H NMR spectroscopy (16, (path B). A series of data support initial, high reactivity. 
17). However, [Cp*M(CO),], complexes photochemically induced dissociation of 
(18) were the ultimate metal ~roducts as a CO that is irreversible: (i) No inhibition of REFERENCES AND NOTES . . 
iesult of the instability of t6e metal hy- the reactions of 3 was observed under 2 atm 
drides to the photochemical conditions). of CO; (ii) photolysis of 3 under I atm of B. A. Arndtsen' G' Bergman, T. A. T. H. 

Peterson, Acc. Chem. Res. 28, 154 (1 995); J. A. Da- 
The primary versus secondary selectivity 13C0 in pentane solvent until half of 3 was vies, P. L. Watson, J. F. Liebman, A. Greenberg, ~ d s . ,  

is highlighted by reaction of 1, 2, and 3 consumed resulted in no incorporation of Selective Hydrocarbon Activation (Wiley-VCH, New 

with cyclohexane. Reaction of cyclohexane 13C0 into the remaining starting material 
~ ~ ~ ~ k ~ ~ ~ ~ ~ ~ i i ~ ; - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ t i O n  

with the tungsten boryl 3 occurred in only (20); (iii) reaction in pentane and pentane- 2, J, p ,  collman, L, S, Hegedus, J, R, Norton, R, G, 
22% yield; reaction with ruthenium beryl 2 dl, solvents.showed conversions at different Finke, Principles and Applications of Organotransi- 

gave only trace amounts of cyclohexylbor- time points that were indistinguishable, in Chemistw (University Science Books, Mill 
Valley, CA, ed. 2, 1987), pp. 279-354. 

onate ester; and reaction of cyclohexane contrast to the large isotope effect observed 3, P, Rothwell, in Activation and Functionalization of 
with iron boryl 1 gave no products from in a 1:l  mixture of the two solvents; (iv) Alkanes, C. L. Hill, Ed. (W~ley-Interscience, New 
cyclohexane activation. Thus, all three bo- photolysis of 3 in the presence of PMe, (Me YOrk' 1989)' PP 151-194. 

ryl complexes are much less reactive toward = CH,) in pentane solvent led to the for- ~ a ~ i ~ ~ ~ ~ ~ ~ , " ~ ~ ~ & " ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ l , " ~ ~  
secondary C-H bonds than toward primary mation of Cp*W(CO)2(PMe3)Bcat' (4) by pies andsynthetic Methodology Including Biochem- 
C-H bonds. replacement of CO (21), along with l-pen- ical Processes (Academic Press, New York, 1981). 

Preliminary mechanistic studies were tylboronate ester; and (v) reaction of 3 in ~ O ~ ~ ~ ~ ~ ~ b ~ ; ~ ~ ~ : ~ ,  ~ $ ~ ~ ~ ~ ~ , ~ ~ ~ , ~ ~ :  
performed to determine whether photo- pentane containing 2 equivalents of PMe, man, Eds, ( Wiley.VCH, Weinheim, Germany, 1990), 
chemical generation of a boryl radical or gave a 0.3 :1 ratio of 4:pentylboronate ester pp. 113-148; J. A. Maguire and A. S. Goldman, 
photoinduced CO extrusion precedes the products after roughly half of the starting J.Am Chem. Sot. 113,6706 (1991). 

alkane activation step. We measured the complex had been consumed, whereas reac- $ $ ~ i ~ ~ O r g a n i C C h e m i S t v ( W i I e Y y  New 

kinetic isotope effects for compounds 1, 2 ,  tion in the presence of 4 equivalents of 7, J, D, ~ ~ b ~ d ,  p, ~ ~ ~ ~ d i ~ ~ ,  S, A, R, J, ~ ~ t ~ h .  
and 3 by irradiating the complexes in an PMe, ~roduced a 0.6 : 1 ratio of the two elor, F. W. B. E~nstein, J. Am. Chem. Soc. 117,3288 

equimolar mixture of pentane and pentane- products. (1 995). 
8. P. D. Rablen and J. F. Hartwig, ibid. 118, 4648 

d12 and analyzing the products by GC-MS. Given the different ratios of products (1996). 
All three metal-boryl systems showed a sig- observed during reactions with different 9. K. M. Waltz, X. He, C. N. Muhoro, J. F. Hartwig, ibid. 
nificant primary isotope effect, but the val- concentrations of PMe,, the photochemi- 117,11357 (1995). 

ues were different for each system: 1.9, 2.2, cally generated intermediate is the branch l o .  The CIBcat' was 'ynthesized in pentane 
from BCI, and 3,5-dimethylcatechol, which was pre- 

and 5.1 for 1, 2, and 3, respectively. The point for formation of Cp*W(CO),(PMe,) pared by the procedure of D, D, weller and E, p, 
different values reflect a selectivity for pen- Bcat' and 1-pentylboronate ester. Consid- Stirchak [J. Org. Chem. 48,4873 (1983)l. 

tane versus pentane-d12 and rule out reac- ering the many ligand substitution reactions The anions used in this chemistry were pre- 
pared by NaIHg (for Fe and W) or K (for Ru) reduc- 

tion of the same intermediate, such as a that occur by photochemical extrusion of tion of the dimers and were heated and washed with 
boryl radical, with free alkane solvent (1 9). CO (22), it is most likely that this interme- toluene to remove as much tetrahydrofuran as pos- 

These reactions of 1, 2, and 3 with a 1 : 1 diate is Cp*W(C0)2Bcat', the 16-electron sible; V. Guerchaisand D. Astruc, Chem. COmmun. 
1985, 835 (1 985). ratio of pentane and pentane-dl, also elim- unsaturated intermediate in path B. Fur- 12, Spectroscopicandanalytlcaldata~ Cp*Fe(CO)2Bcat, 

in'ate a potential mechanism involving al- ther, the alkane functionalization and phos- (1): 1~ NMR (c,~,): chemical shift 6 6.89 ppm (s, 
kane dehydrogenation and subsequent anti- phine coordination that occur after ~ h o t o -  1 HI, 6.51 (s, 1 H), 2.34 (s, 3H), 2.15 (s, 3H), 1.58 (s, 

Markovnikov hydroboration of the result- chemical generation of this intermediate 1 ~ ~ , ~ 9 ~ ~ 3 { ~ ~ , L ,  :~~,"S.%6,~2,2~72fb,12~i i : 
ing alkene. Reaction between 1, 2 ,  or 3 and are likely to be thermal reactions. In this 21.69, 15,26,10.31; 118 NMR (c,~,): 6 54; infrared 
a 1 : 1 mixture of pentane and pentane-dl, case, the alkane functionalization would be (IR) (c,D,): v,, = 1996 cm-I (s), 1939 (s); analysis 

did not produce the dl or dl, products that driven by formation of a E C  bond, which ~~~~~~ ~~~02$g~~,",R";($0"j29~6a7~($I~~ 
would result from such a pathway. More- is 10 to 15 kcal/mol stronger than the orig- NMR (c,D,): 6 6.90 (s, 1 HI, 6.52 (s, 1 H), 2.35 (s, 3 ~ 1 ,  
over, irradiation of these boryl complexes in inal C-H bond (8). The strengths of a 2.15 (s, 3H), 1.71 (s, 15H); 13C {lH) NMR (C,D,): 6 

the presence of alkenes in alkane solvents metal-hydride and a metal-beryl bond have ::::::: :%,:: ~ ~ ~ ~ , l ~ l ~ ~ ~ i ~ ~ ; ~ ~ ~ i  
gave vinylboronate rather than alkylbor- been shown previously to be similar (23). (c,D,): 6 48; IR (c,D,): v,, 201 2 (s), 1952 (s); anal- 
onate esters as the dominant products. One potential mechanism for alkane ys~s calculated for C,,H,,BO,RU: C, 54.69; H, 5.28. 

Potential pathways for alkane activation functionalization by the 16-electron inter- Fou":C, 54.77; H' 5.15.CpFe(CO)2B[l ,2-02C6H2- 
3,5-(t -Bu),]: 'H NMR (C,D,): 6 7.25 (d J = 1.91 Hz, by intact boryl complexes (Scheme 2) in- mediate involves an endothermic oxidative 7,16 (d, = ,94 Hz, 4,27 (s: 5H), ,58 (s, 

addition of the alkane C-H bond, followed 9 ~ 1 ,  I .31 (s, 9H); 13c { l ~ )  NMR (c,D,): 6 214.55, 
yp*  CP' by exothermic reductive elimination of the 151.31, 146.87, 145.16, 134.00, 115.71, 107.53, 

I 84.22,35.39,35.03,32.41,30.36; 11BNMR(C,D6): oc I I ,w .~ I I I~B~~~ '  - OCII~W..IIIIH + RBcat' alkylboronate ester. The endothermicity of 8 51 ; IR (pentanel: ,,,, 2022 (s), 1969 (s); analysis 
OC' 'CO 

hv 
oc' 'co the step involving C-H bond cleavage calculated for C2,H2,B0,Fe: C, 61.81; H, 6.17. 

would account for the previously seen ab- Found: C, 61.85; HI 6.12. Cp*Fe(CO),B(1,2- 

sence of products from alkane oxidative 02C6H4): lH NMR (C,D,): 7.14 (m, 2H), 6,79 (m, 

?P* 
2H), 1.55 (s, 15H); 13C{lH} NMR (C,D,): 6 21 6.37, 

C;P* addition with these systems (24). A second I 51.43, I 22.00, I I I .70, 96.07, 10.26; 1 1 ~  NMR 
oc IIIW.SUIII Bcaf' + OCII~W~*IIIBC~~' potential mechanism would involve direct (C,D,): 6 54; IR (pentane): v,, 1996 (s), 1940 (s); 

OC' OC' 'PM~, formation of the alkylboronate ester from analysis calculated for C18H19B04Fe: C, 59.07; H, 
5.23. Found: C, 59.08; H, 5.23. Cp*W(CO),Bcat' (3): 

Scheme 2 the unsaturated intermediate l H  NMR (C,D,): 6 6.83 (s, 1 H), 6.49 (s, 1 H), 2.30 (s, 
metathesis (25). In this case, the electro- 3H), 2.13 (s, 3H), 1.82 (s, 15H); 13C (lH] NMR (C6D6): 

clude direct reaction of 3 or one of its philic, rather than more typical nucleophil- 224.07' 219.67, 151,45, 148,48, 131,57, 124,19, 
121.16, 110.29, 104.65, 21.63, 15.17, 11.17; llB 

photochemically excited states with alkane ic, character of the covalent ligand could NMR (pentane): 6 53; IR (C,H,): V,o 2002 (m), 1920 
(path A)  or initial dissociation of CO fol- explain the unusual regiochemistry, and the (s), 1900 (vs); analysis calculated for c,,H,,Bo,w: 
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C, 45.81; H, 4.21. Found: C, 45.69; H, 4.17. trans- 
Cp*W(CO),(PMe,)Bcat' (4): l H  NMR (C,D,): 6 6.90 
(~,1H),6.52(~,1H),2.40(~,3H),2.15(~,3H),  1.92(s, 
15H), 1.29 (d, J,, = 8.9 Hz, 9H); 13C jlH] NMR 
(C,D,): 6 229.63 (d, ?/,, = 19.7 HZ, lJcw = 143.0 
Hz), 152.03, 149.03, 130.43, 123.37, 120.23, 
109.96, 102.65, 21.74, 20.35 (d, J,, = 33.0 Hz), 
15.42, 11.79; "B NMR (C,D,): 6 58; 3lP jlH] NMR 
(C,D,): 6 -10.6 (s, J,, = 273.4 Hz); IR (C,D,): v,, 
1906 (m), 1823 (s); analysis calculated for 
C,,H,,BO,PW: C, 46.19; H, 5.39. Found: C, 46.30; 
H 539 . . , - . . 

13. H. Noth and B. Wrackmeyer, in NMR Basic Princ~j~les 
and Progress, P. Diehl, E. Fluck, R. Kosfeld, Eds. 
(Springer-Verlag, New York, 1978), vol. 14, p. 271. 
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both photochemical dissoc~ation of CO to form a 

16-electron complex, which would then bind alkane, 
and photochemical generation of free boryl radical, 
whlch would react with the alkane complex. Al- 
though thls mechanism is consistent with our data, 
we suggest two slmpler mechanisms. 

20. We showed that 13C0 was incorporated into the 
transition metal products, [Cp*W(CO),], and 
Cp*W(CO),H, as determined by 13C NMR spec- 
troscopy. However, control reactions showed that 
13C0 was incorporated Into the products under 
reaction conditions slmilar to those of the function- 
alizatlon process. 

21. Thls complex was independently synthesized by 
reaction of the known Li[Cp*W(CO),PMe,] [S. 
Schmitzer et a/. , Inorg. Chem. 32, 303 (1 993)] with 
CIBcat'. Spectral and analytical data are provlded 
In (72). 
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Element-Specific Magnetic Anisotropy 
Determined by Transverse Magnetic Circular 

X-ray Dichroism 
H. A. Durr, G. Y. Guo, G. van der Laan, J. Lee, G. Lauhoff, 

J. A. C. Bland 

Understanding of the magnetocrystalline anisotropy in magnetic materials (the influence 
of different elemental components on the direction of easy magnetization) can be greatly 
enhanced by measuring the orbital moment anisotropy of the elemental constituents. A 
circular x-ray dichroism technique is presented that allows the determination of the 
hicroscopic origin of the spin reorientation transition in ultrathin single-crystalline cobalt/ 
nickel films. The stronger anisotropy contribution of a much thinner cobalt layer redirects 
the easy magnetization direction of the entire film. 

Understanding of the magnetic anisotropy 
in nanostructures is of both scientific and 
technological importance. In device appli- 
cations, such as magnetic and magneto- 
optic recording, the use of different magnet- 
ic materials such as alloys or layered systems 
allows tailoring of the magnetic anisotropy, 
that is, the easy direction of magnetization. 
So far it has only been possible to measure 
the magnetic anisotropy of the total system. 
We report here the separate measurement 
of the anisotropy contributions of the ele- 
mental constituents with transverse mag- 
netic circular x-rav dichroism (TMCXD). 
The difference in x-ray absorption between 
left and right circularly polarized light is 
measured in a transverse geometry where 

H. A. Durr, G. Y. Guo, G. van der Laan, Daresbury Lab- 
oratory, Warrington WA4 4AD, UK. 
J. Lee, G. Lauhoff, J. A. C. Bland, Cavendish Laboratory, 
University of Cambridge, Cambridge CB3 OHE, UK. 

for an isotropic sample the dichroism signal 
vanishes. 

We studied the changes in the magne- 
tocrystalline anisotropy (MCA) that oc- 
curred when an ultrathin Co film was de- 
posited onto a 33-monolayer-(ML)-thick Ni 
layer. The films were grown and structurally 
characterized under ultrahigh vacuum con- 
ditions as described in detail elsewhere (1). 
The conventional wav to obtain informa- 
tion about magnetic aAisotropies is through 
hysteresis loops (Fig. I) .  In the 33-ML Ni 
film, the spins are remanently oriented 
along the sample normal. Deposition of only 
3 ML of Co onto the Ni surface forces the 
spins into the surface plane. With the mag- 
neto-optical Kerr effect, which is the usual 
method to measure the loops in Fig. 1, it is 
not possible to distinguish between the dif- 
ferent elements Co and Ni (2).  Magnetom- 
etry with conventional MCXD can in prin- 

ciple achieve this by measuring the element- 
resolved orientation of the spin magnetic 
moments (3). However, because of the 
strong exchange coupling between Ni and 
Co, the hysteresis loops for the two elements 
are identical, makine it difficult to differen- - 
tiate between the different mechanisms de- 
scribing the behavior displayed in Fig. 1. It 
has been shown that the perpendicular mag- 
netic anisotropy of the Ni film in Fig. 1 is 
related to the Ni in-plane lattice expansion 
in the epitaxial Ni/Cu system (1, 4). Thus, 
the Co top layer, which favors a smaller 
lattice Darameter than the substrate (5). , , ,  

could be forcing the spins in-plane through 
a strain reduction in the Ni laver. An alter- 
native is that face-centered-cubic Ni and Co 
lattices respond differently to strain; Ni has 
an easy magnetization axis perpendicular to 
the direction of the lattice expansion, 
whereas the Co spins prefer to be parallel 
(6). We show below the close relation be- 
tween MCA and the orbital moment aniso- 
tropy. Element-specific TMCXD measure- 
ments show that it is indeed the stronger 
in-plane anisotropy of the thinner Co layer 
that forces the larger magnetic moment of 
the Ni layer in-plane. 

The leading contribution to the MCA is 
thought to be the spin-orbit coupling (7, 8). 
It can be shown that. for 3d transition metal 
magnets, the spin-orbit contribution to the 
ground-state energy E is proportional to the 
scalar product of the expectation value of 
the orbital moment vector L and a unit 
vector S in the direction of the sample 
magnetization (9) 

where 5 is the spin-orbit coupling parame- 
ter. This result is verv intuitive. It shows 
that the spin-orbit co&ling tries to align L 
and S (antibarallel to each other to mini- 
mize the total energy of the system. The 
negative sign applies to the transition met- 
als with more than half-filled 3d shells and 
corresponds to a parallel alignment of L and 
S. In transition metals, the orbital moment 
is determined by the interplay of the spin- 
orbit coupling with the much stronger crys- 
talline field interaction. It is the crystalline 
field that acts directly on the electron orbits 
and fixes L relative to the crystal lattice. As 
a conseauence. we obtain different values of 
L if the spins are oriented along different 
crystal directions by a strong external mag- 
netic field. The easy magnetization direc- 
tion N is then eiven as the direction with 

u 

the largest component of L that results in 
the lowest energy (Eq. 1). This important 
relation of the orbital moment and the 
MCA has recently been verified experi- 
mentally by Weller et  al. (1 0). 

L and S are parallel when S is along a 
high-symmetry direction of the crystalline 
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