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The ~ [ ) ~ n - p ~ ~ l , t ~ i z ~ J  t1.1mI ~ ~ I c u i a ~ i o n ~  111~1uJing s ~ ) i l ~ - u r b ~ t  1nterac!Iotl (or 1 I,, l'rl't 
'!;id <opt o r J e : r~ !  . I I I O \ \  I~avtl been perlorlned \rr!h I h l ' l i )  AS-I. nlcthod in rhr franie 
of local <pin Jc,n.~t) r u l~c r~ona l  a p p ~ o x i r n a ~ i o n .  It has heel1 shown that $iron$ clnlilr- 
ial ningnelic anl,ctiropv o l 'horh  alloys IS hroughi about  by a large sp~n-orb11 coupling 
dt 1'1 aiorn arid n i t ~ \ ) i ~ g  I ~ y l i r l ~ l ~ r ; ~ l ~ o n  !>I' PI d band. wilt, h~ghly  polarized i-c (Co)  d 
hands. The o h t s ~ n r d  1nagnetocrys1alline dnisotrL>y.> enel-gy ( h l A t )  is ahout 16. 10' 
J ' I I I '  for Fci't nnil 9 * l i ) '  J ;  nr' Sol Col ' t .  11 is  a l w  Sokind thnc horh h l . A t ' 5  h a \ e  a 
i rcnd  01' increiiw 011h il,<reaslng ;~xial  ratlo c i a  t r ~  rhr t,i<.ini~v oS n~rn~ti:ed c ; o .  l h i s  
car! hc regarded a \  h a n g  a\\ucialcd w i ~ h  111s hrhnvlc~r 1h.u the MAE'S decrease w ~ t  h in- 
crca\lng hand lilllng. 

; !~e  L.\1TO ~neth , )d .  r leitronic 5trticrure. LSI) f unc~ iona l  apprortimation, FePt. 
I 'oPt .  magnetcicrysralline anlaorropy elierg), magnetic moment 

LI., (CuAu) type Copt, ' '  FePt2' and M n ~ l "  
ordered alloys exhibit strong magnetic 
anisotropy and then have a potential applica- 
tion t o  the hard magnetic materials. Though 
in general, a magnetic anisotropy is partially 
attributed t o  magnetostatic dipole-dipole inter- 
action. practical use requires much stronger 
uniaxial magnetic anisotropy originating from 
the magnetocrystalline anisotropy. An origin 
of the magnetocrystalline anisotropy is W I I -  
sidered t o  lie in the microscopic (electronic) 
nature such as crystalline electric field and 
spin-orbit interaction. Besides these electronic 
feature, however, a necessary condition for 
the uniaxial nlagnetic anisotro!?y is thar the 
~ rys t a l  stl-uctilre considered has a uniaxial 
sn~sotropy.  

In fact, the alloys mentioned ahove form 
tetragorial structure with a 1111iasiiil a~lisotropy 
through axial raiiil [c/o)  difkrenr !rain unity.  
Hcwever, i r  has i t o r  yet been ~ l ; t r~ l i i~ i !  Ilov,, the 
axial ratio rcb!ch to the ~nagr?c:o~ryst:~l1ir1e 
anisotropy or magnetic e:lsv direction both 
qualitatively and quantita~ivcly. On tile other 
hand, L l n  srruct~ll-e of these ralloys rs vcry sim- 
ple and rypical crystal s trustu~-c for binary 

transition meral ordered alloys, and the investi- 
gation of these systems is expected lo give us 
much information about t l ~ e  magnetocrystal- 
line anisotropy of transition metal systems. 

In the previous paper," we reported calcu- 
lated results of  magnetic properties of  MnAI 
containing magnetocrystalline anisotropy 
energy (MAE). In the present work Cop t  and 
FePt are adopted to obtain a systematic under- 
standing about  he MAE of 3d-St1 transition 
metal alloys. Although the MAE of Copt  and 
FePt have been already calculated w i th~n  a 
first principles theory by Daalderop ef 4 1 1 . , ~ '  

our main concern lies in the rzlationshiy be- 
tween the MAE and the axial ratio ( r / u )  of the 
Lln structure. 

W2. hiethctd of Calculation 

' I  linear-mufin-ti11 orbital (!-hlTO) 
nlett1ocin,-' with atomic-spl~ere-;~p~)rosin~;ition 
(ASA) hiis been erllployed 10 !xrfiirnl a scnll- ,. 
relalivist~c band coliulatic>n withoi~t  >pin-orbil 
irl:c!-action i l l  ~ l ~ e  1'1 antci.. trrh of !oc:iI s p i i i  c.le11- 

y ( I  SD) func t lu~~dl  approx~lcat ioc.  \\'c us<: 
!!~e 2xchangc-correla~ioi\ ICI-nl t!~ar rake!: rile 
form of Barth and ! . l ed r~ i "  \with par;knlctela 
given by .lanak.'"The core cilarge density is ,:i11- 

culaizd wit!i thc Dirac cquat ini~ l u t  L I't.ce 



atom and the result is used as a so-called 
frozen core. For valence states, we uses, p and 
d basis functions for. Fe (Co) and Pt atoms. 
The density of states are evaluated by the tetra- 
hedron method. 

For the calculation of magnetic moments in- 
cluding orbital moments and the MAE, a spin- 
orbit interaction is introduced in the LMTO 
Hamiltonian. We have followed the manner 
given by Andersen6' for evaluating the spin-or- 
bit coupling and constructing the spin-orbit 
matrix in the LMTO Hamiltonian. With use 
of the force theorem,"' the MAE can be ob- 
tained as a difference between sums of eigen- 
values of the Kohn-Sham equation over occu- 
pied states 

where ~ , ( [ n ] ,  k )  is the Kohn-Sham eigenvalue 
calculated for the magnetization direction of 
In]. In this step the number of &-points in the 
summation is set at 18928 in the full Brillouin 
zone (BZ). For dealing with the rotation of the 
magnetization direction, we take the unitary 
transformation of the structure constants in 
the LMTO matrices, which corresponds to the 
rotation of the total angular momentum j, as 
introduced by Ebert."' 

According to Brooks,"' effects of the orbital 
polarization term originating from Hund's sec- 
ond rule should generally be included for the 
calculations of MAE and orbital magnetic mo- 
ments since it is not taken into account in the 
LSD approximation. In thc present study, 
however, we drop the orbital polarization 
term because the results by Daalderop el al. in- 
dicate that it does not play a decisive role in 
MAE for Copt and FePt. 

lipure I shows the crystal structure of FePt 
and CoPt with Llo structure. As shown in Fig. 
1 ,  tlie L l o  structure can be reduced to the- 
pri~nitive structure which is regarded as a 
tetragonally distorted B2 type structure. In the 
prescnt study we basically adopted the Llo 
structure as a unit cell with basis vectors (012, 
-a/2,  L ' ) ,  ( - -a /2 ,a /2 ,  c )  and ( ~ 1 2 ,  a /2 ,  - c ) ,  
including four atoms in the cell, (0, 0, O), 
( ~ 1 2 ,  a /2 ,  0) for Fe (Co) and ( a / &  0, c/2). 
(0, a /2 ,  c/2) for Pt. We chose the axial ratio 
c / a  of 0.96 for FePt and 0.979 for Copt from 

Fig. I .  Crystal structure of Fe(Co)-Pt with (a) LI, 
and (b) taragonally distorted I32 representations. 

the experimental data.','' The atomic sphere 
(Wigner-Seitz) radii are set at rp,=2.701 a.u., 
rpl = 2.91 5 a.u. for FePt, and rc,= 2.624 a.u., 
rp,=2.901 a.u. for CoPt, following Daalderop 
et 01. The average atomic sphere radii (rws) 
amount to 2.8121 a.u. and 2.7694 a.u. for 
~ e ~ t  and CoPt, respectively. 

$3. Results and Discussion 

3.1 Density of states and the magnetic mo- 
ments 

The spin-polarized density of states (DOS) 
of FePt and Copt are shown in Figs. 2 and 3, 
respectively. Structures in DOS at energies 
higher than 0.2 Ry are mostly constructed 
from d bands. Both DOS's exhibit guite simi- 
lar shapes and the Fermi energy ( E F )  is located 
so as to reflect the difference of the electron 
numbers ( I  electron): the rigid band model 
seems to hold for the gross feature of the 
DOS. Characteristic aspect commonly seen in 
both systems is that the d bands of Pt and Fe 
(Co) form bonding and anti-bonding states, re- 
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Fig. 2. Density of states of FePt. The solid and 
dashed lines represent partial. density of states of Fe 
and P I ,  respect~vely. The vertical line co r respo~~ds  lo  
the kernli energy, EF. 

spectively, in the minority spin state, while in 
the majority spin state the d bands of P t  and 
Fc (Co) highly overlap in the same energy 
region below 4. This means that both d 
bands in the majority spin state strongly hy- 
bridize each other. 

In Table 1,  we show the calculated values of  
the spin-orbit couplir~g of  cl orbitals and  the 
resultant orbital and spin nlagnetic moments 
estimated within each atomic sp!~cre. The  spin 
magnetic moments of  Fe and C o  are enhanced 
compared with those of  their elemental metals 
because the large amount  of  the minority spin 
d bands of Fe (Co) a re  raised above El. by the 
l't d bands. O n  the other hand,  the Pt cl bands 
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Fig. 3 .  1)ensity ot states of Copt .  The solid and 
dashed lines represent partial density of' slarcs 01' Co 
and Pt ,  recl)c.ctively. The vertical line corresponds lo  
the 1.el-rr11 energy, El .  

are alrnost fulfilled both in majority and 
minority spin states. This can be a main rea- 
son ~ h y  they d o  not  give a main cont r ibu t~on  
t o  the magnetic moments both In spln and  
orbital components. It should be noted, 
howebzr, that the spin-orbit coupling of  P t  is 
found about  ten times larger in magnitude 
than those of  Fe and Co.  By this effect, 
together with the strong d-d hybr~dization be- 
tween Pt  and Fe o r  C o ,  the 01 bital moments of 
Fe and C o  are enhanced compared with their 
elemental metals (0.06pe, 0.09yu, respec- 
tively). It is found that the calculated magnetic 
moments can reach the experimental values 
given in Table I with the help of the orbital 

Table I. Sp~n-orbi t  couplin#\ f 01 i/ orl)ical (in mK)). the spin irldglietic nlolrlrnts S ( ~ n  ! I , , ) ,  tl;r orbitirl :nagnr'~ic 
momenis L (In 11"). Iot:11 milg~~etic li~t)melits $1, and ~ n e i i s ~ ~ r r d  nlagnelic momenls Mr.. Notation TM in thc. 
suffice\- means Fe or  ('0. The data in the parenthes~s are results by L)aalderop rr ul. (rel. 5 ) .  
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moments. 

3.2 Magnetocrystallirre anisotropy energy 
Figures 4 and 5 show the MAE ( A E  in eq. 

( I ) )  for FePt and CoPt, respectively, as a func- 
tion of band filling q .  As pointed out by Daal- 
derop er a!.,'' the AE vs. band filling q plot 1s 
useful as a probe of the sensitivity of the MAE 
to details of the band structure such as split- 
ting features due to  thr spin-orbit interaction 
and rearrangements of the band occupation 
due to the change of the magnetization direc- 
tion. Moreover, because the MAE is quite sen- 
sitive to  the calculational condition, the A E  
vs. q plot is also meaningful when we make a 

Bandfilling q 

Fig. 4. Magnetocrystalline anisoiropy energy A E  of  
FePt as a func~ion of band filling, q. The arrow indi- 
cates the valence electron nt!mber in the formula 
unit. Solid line represents the present result. Dashed 
line is the result by Daalderop et old (ref. 5) without 
the orbital polarization correction. 

Bandfilling q 

Fie. 5 .  Magnetocrystalline misotropy energy A E  of 
CoR as a function of band filing, q.  The arrow indi- 
cates the valence electron number in the formola 
unit. Solid line represents rhe present result and 
dashed line by Daalderop et 01. (ref. 5 )  without the or- 
bital polarization correction. 

comparison of the calculated results with 
those by other people. In Figs. 4 and 5 we 9 
show also the calculated results by Daalderop 
et al. without the orbital polarization correc- 
tion. Qualitatively the present results agree 
with their data. Although the amplitudes of  
A E  ( q )  are considerably smaller in our results 
than that of Daalderop et al., much discrep- 
ancy can not be seen, especially at  the actual 
valence electron number, q=18 and 19 for 
FePt and CoPt, respectively. So we are led to 
conclude that there is no essential difference be- 
tween our results and those of Daalderop et 
al., except for minor differences which may 
originate from numerical details. 

As for the behavior of A E  ( q )  of FePt and -2 

CoPt, both profiles exhibit a similar shape 
around each valence electron number. 
However, the peak position of A  E  ( q )  of Copt 
is shifted as large as about A q  -0.5 from that 
of FePt. Apart from the difference in the axial 

! 1 

ratio of FePt and CoPt, this indicates that it is 
difficult to predict MAE of one system from , 

A E ( q )  of another system, on a basis of the 
rigid band model. 

Figures 6 and 7 show A E  at each valence 
electron number of FePt and CoPt, respec- 
tively, as a function of axial ratio (c/o) under 
the constant unit cell volume. For any cla, the 
atomic sphere radius of each atom is fixed at 

Fig. 6. Magnetocrystalline anisotropy energy d E  of 
FePt as a function of c/o under the constant average 
atomic sphere radius. rU,=2.8121 a.u. The closed cir- 
cle indicates the measured r a l w  of n~agnetic 
anisotropy constant K. at room temperature (ref. 2).  



Fig..']. Mapnrt~rysralline anismropy energy A E  of 
Copt ac a function o f  c/o under I he constant average 
a~ornii kphere radius, r , , =  2.7694 a.u. The closed d r -  
clc indicarcs ~ h s  measured value of magnaic 
anisofropy sonstan1 R, at room temperature (ref. 1 ). 

the value given in 52. As can be understood 
easily from Fig. I ,  c / a =  113'2 (-0.7071, c/li 
= I) corresponds to the where the primi- 
tive cell of this system falls in the cubic B2 
structure. Therefore, if EIIOO] (= ~ ~ ~ c , ( [ 1 0 0 ] ,  
k)) and E[llO] have a same value, A E  
(=E  [I001 - E  [001]) at this point must be 
vanished because [I 101 in the Llo  representa- 
tion corresponds to (1001 in the B2 representa- 
tion. However, LIE of both FePt and Copt 
takes positive value at this point. On [hi. other 
hand, the calculated I-esult of E [ l  IO] - E  10011 
is also found to have positive value of same 
degree, wherea\ E [110] - E [001] must be ex- 
acrly zero when c / a =  1 /%, 2 ( c . / c i =  1 ). The rela- 
tively largc value of i l  E at this point is consi- 
dered to reflect a numerical error which may 
be caused by the practical way of a BZ divi- 
sion. Generally, the calculation of 3 E  is 
strongly affected by a construction of rhe k -  
mesh in the BZ, such as number of k-points 
and shape of the tetrahedra. Furthermore the 
BZ reflects the shape of crystal structure. Thus 
the change of the axial ratio may also affect 
the accuracy of caiculated A E .  Actually, J E  
of Copt and FePt are quite sensitive to cia, 
and they cut across zero at c / a  slightly larger 
than IlJT. 

In larger value of  c /o ,  the curves of A E of 

FePt and Copt ex,.. 
ing a stational value at ,. 
positive slope against c / o  in . 
t*>0.8. Qualitatively, this trend ca,. 
stood in a certain degree from the p,. 
of A E f q )  in Figs. 4 and 5 as foilowa. Thl- 
tetragonal distortion splits the d bands of 1-c 
(Co) and,  the^^, a portion of the d bands ne;rr 
EG in the minority spin state is raised above 
Ev. The larger the axial ratio c / o  (> 1 / \. 2 at 
!east) is, the higher the split d bands above El 
are. Roughly speaking, this may correspond 
to  a lowering of El of thc system as shown in 
Fig. 8. Figures 4 and 5 indicate that the 
decrease in the band filling rl causes an in- 
crease in A E  in the vicinity of each valence 
electron number in both systems. Thus wc can 
consider that the sign of dAE/d(c/cr) is con- 
nected to that of -dAE/dq.  Actually, d d  E /  
d(c/a) of MnAl is negative in c/a>0.8 and 
concurrently d A E / d q  is found to be positive, 
which can be seen in our previous paper.4J In 
addition, we consider that the above interpre- 
tation could be an explanation also for the 
result that A E  of Copt is shifted to  larger c/u 
by about 0.05-0.1 than that of FePt, espe- 
cially in the region of c/a>0.8. That is, Copt 
has higher Et than FePt as is seen in D O S  in 
Figs. 2 and 3, while increase in c / o  plays a 
equivalent role as decreasing EF as mentioned 
above. As a result, the value of A E  of Copt 
can reach that of FePt at a larger value of c / o  

d - D O S  n e a r  E r  

Fig. 8 .  Schsniarrc rspracntatiol~ of the rlfect\ of 
changing of c / o  and the hand tilling on the ilrcrronic 
\trtlr.lure nl-ar El . Terragonat di51or1ion with ina'sas- 
~ n g  c / o  nla\ give s~milar etf-I wuled hy a decrease in 
band lilting hzcau\c the letraganal di\lor~ion moves a 
poixion ol the d hand, h o v e  E, 
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Fig. 7. h~agnawry~a lk ine  anisorropy energy A E  o f  
Copt as a funcrion of c / o  under rhe constant average 
atomii rphere radius. r,,  = 2.7694 a.u. The closed dr-  
ile indicalts the mearured value of magneric 
anisofropy ionrlanl A', at r m m  temperature (ref. 1 ) .  

the value given in $2. As can be understood 
easily from Fig. I ,  c / a =  1 /*.'2 (-0.7071, c/rS 
= I) corresponds to  the case where the primi- 
tive cell of this system falls in the cubic B2 
structure. Therefore. if E I1001 (= ~ ~ ~ c , ( [ 1 0 0 ] ,  
k ) )  and E l l  101 have a same value, A E  
( = E  [100]-E [OI ] )  at this point must be 
vanished because [I lo] in the Llo representa- 
ticin corresponds to  I l O ]  in the B2 representa- 
tion. Howsver, A E  of both FePt and Copt 
takes positive value at this point. On thr: other 
hand, the calculated I-esult of E i l  lo] - E [OOl] 
is also found to hnvc positive value of same 
degree, wherea5 E 11 101 - E 1001) must be ex- 
actly zero when c / a =  I / \ ,  2 ( c / a =  1 ). The rela- 
tively large value of i l  E at this point is consi- 
dered to reflect a numerical error which may 
be caused by ihr practical way of a BZ divi- 
sion. Generally, the calcvlation of LIE is 
strongly affected by a construction of the k-  
mesh in the BZ, such as number of k-points 
and shape of the tetrahedra. Furthermore the 
BZ reflects the shape of crystal structure. Thus 
the change of the axial ratio may also affect 
the accuracy of calculated A E. Actually, d E 
of Copt and FePt are quite sensitive to  c /o ,  
and they cut across zero at c / o  slightly larger 
than 1/ iT.  

In larger value of c /o ,  the curves of A E of 

FePt and Copt exhibit a similar behavior, hav- 
ing a stational value at around c / u  - 0.8 and a 
positive slope against c / o  in the region of r /  
tv>0.8. Qualitatively, this trend can be under- 
stood in a certain degree from the profiles 
of A E ( q )  in Figs. 4 and 5 as follows. Thc 
tetragonal distortion splits the d band5 of I-e 
(Co) and, then, a portion of the d bands near 
Et in the minority spin state is raised above 
E+. The larger the axial ratio c / o  (>  I / v 2 at 
least) is, the higher the split d bands above El 
are. Roughly speaki~lg, this may correspond 
to a lowering of El- of the system as shown in 
Fig. 8. Figures 4 and 5 indicate that the 
decrease in the band filling q causes an in- 
crease in A E  in the vicinity of each valence 
electron number in both systems. Thus we can 
consider that the sign of d d  E/d(c/cr) is con- 
nected to that of -d A E l d q .  Actually. d A E /  
d(c/a)  of MnAl is negative in c /a>0.8  and 
concurrently d A E / d q  is found to be positive, 
which can be seen in our previous paper.4) In 
addition, we consider that the above interpre- 
tation could be an explanation also for the 
result that A E  of Copt is shifted to larger c /u  
by -about 0.05 - 0.1 I han that of FePt, espe- 
cially in the region of c /a>0.8 .  That is, Copt  
has higher Ek than FePt as is seen in DOS in 
Figs. 2 and 3, while increase in c / o  plays a 
equivalent role as decreasing EF as mentioned 
above. As a result, the value of A E  of Copt 
can reach that of FePt at a larger value of c / o  

d - D O S  n e a r  E F  

Fig. 8 .  Schemat~c rqrtxntat iol~ oi the elfecl\ of 
changing o f  < . / a  and the band tilling on the ilrcrronic 
\trrtr.lurr near E, . Te~rclgonal d i s~or~ ion  with iocl.ea\- 
Ing CIU nlay gibe similar e l k t  cawed by a decrease in 
hand filling h e i a u x  rhr retragonal di\mrlion m o v a  ;I 
wrrion o l  rhe d hands above E , .  



!ha11 that of I r P t .  H o w e ~ c r ,  ~t 5ho~1ld be the cxpei~rnental balt~es at room temperature. 
noied rhat the rigid band ~rlodei does nut rieces- It is also f m n d  rhat borli hIXF:'.s have a trend 
w i l y  worh well for SlAE, quantitat~vely. that it increases uitti incr~asirlg cia in the vi- 

The MAE'S obtained from d E  are 2.8 cinity of meaiured axial ratlo c . / r r .  T h ~ c  can be 
meV/ f.u. for FePt and I . j  mcV / l'.u. for understood from the behavior that the hIXE's 
CoPt. The valuci are q ~ ~ i t e  large as transition decrease i; h increasillg band filli~rg q because 
~neral systenis. 7 his can be attributed to the the band splitting near Eb with the tetragonal 
fact that the Pt atom has a large spin-orb~t d ~ s t o r t ~ o ~ ~  (increase ~n c i a )  e1ri.s an cqu~\alrnr 
coupling a r ~ d  hybridizes strongly with highly effect as lowering E, (decreasing q )  in the 
spin polarized Fe (Co) d bands. As a n~agnetic prescnt q>srcrn 
anisotropy colirtant, \he obtain 16.3 x 10' J j 
m' and 9.0x 10" J / m l  for FePt and <'oPt, re- Hcferenrcs 

spectively. These anlount to two times larger 1 )  v ,  v .  hl,lvkov..A Y. Yerrnako1.C; v .  Ivano\,  V. I .  
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54. Summary 

Spin-polarized band structure calculations 
including the spin-orbit interaction for Llo- 
FePt and Copt ordered alloys have been per- 
formed with LhlTO-ASA method in the 
framework of the local spin density functional 
approximation. It has been shown that a 
strong uniaxial magnetic anisotropy of both 
alloys is brought about by the large spin-orbit 
coupling of Pt atoms and the strong hybridiza- 
tion of Pt d bands with highly polarized Fe 
(Co) d bands. The obtained magnetocrystal- 
line anisotropy energy (MAE) is about 
I6 x 10' J l m '  for FePt and 9 x lO"/m' for 
Copt which are about two times larger than 
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