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Exper iment al data show that alumini um dop ed R C o5 systems crystal -

li ze in C aCu5 -typ e structure for most of the rare- earth elements (R ) . A l
impuriti es randomly occupy one of the tw o possible positions ( 2c and 3g)
and there is a critical concentration of A l, x c = 2 : 0, for RC o5 À x A lx when

the C o sublatti ce b ecomes nonmagnetic. The ab i ni t i o self-consistent calcu-
lations show strong dependence of magnetic prop erties of GdC o5 À x A l x on
concentration of A l and p ositio n of the impurities in the unit cell, further-

more to fulÙl experimental observation of existence of critical concentration,
x c = 2: 0, the A l impuriti es should pref er 3g positio ns otherw ise the magnetic
moments on C o atoms do not vanish.

PAC S numb ers: 71.20. {b, 71.20.Eh

1. I n t rod uct io n

Interm etal l ic com pounds of rare-earth (R) ato ms and tra nsiti on-metal (T)
ato m s are of great im porta nce both for the technological appl icati ons and f rom
funda m ental physi cal point of vi ew. Fi rst, the stro ngest permanent magnets belong
to thi s cl ass of materi als and some of them are prom ising m ateri als for use in
batteri esbecause of thei r special electro chemical properti es.Second, they represent
a bi g chal lenge for the electron theo ry because thei r properti es are determ ined by
two di ˜erent typ es of electroni c states, i .e. the hi ghly correl ated and strongly
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local ized 4 f states of rare-earth ato ms and the valence states of tra nsiti on-metal
ato m s whi ch are com parati vely weakl y correl ated and m ore delocal ized.

General ly, in the R{ T com pounds, there are three typ es of excha nge in-
tera cti ons: T{ T intera cti ons between m agneti c m oments of the T subl atti ce, the
R { T intersubl atti ce intera cti ons and the R { R intera cti ons between the m agneti c
m oments wi thi n the R subl atti ce. These intera cti ons lead to the R(5 d ) À T( 3 d ) hy-
bri dizati on. Intro ducti on of a m etal loid (M = B, Al or Ga) to the R { T system
causes addi ti onal hybri di zati on T( 3 d ) À M( p ) and R (5 d ) À M (p ).

R (T 1 À x M ) i s a one of the m ost intensi vel y examined systems, where R is
rare-earth metal , T = Co or Ni , and M = B, Al or Ga. The ini ti al RT system has
hexagonal ( 6 ) CaCu -typ e structure havi ng tw o inequivalent positi ons of
T ato ms: 2c and 3g (see Fi g. 1). Especially intensi vely exam ined were R(Co B )

because they form an interesti ng series of crysta l structures (see [1] and ref erences
therei n) whi ch can be expressed by a general form ula R Co B ( = 0

1, 2,. . . , ). Al tho ugh the system s have uni axi al symm etry , thei r Curi e tem -
peratures and satura ti on m agneti zati on are to o low to be sui ta ble for perm a-
nent m agnet appl icati ons [2{ 4]. In order to overcom e thi s drawba ck new series of
compounds R Co B wi th high Co content was proposed [5{ 8]. The m en-
ti oned above two hom ologous series can be expressed by a general ized f orm ula
R Co B , whi ch is f orm ed by al terna ti ve stacking of parts of RCo
wi th parts of R Co B along the axi s.

La (Ni (Al ,Co) ) system s and thei r hydri des were examined as poten-
ti al materi als f or batteri es. Hydro gen storage al loys based on La are com m er-
ci ally used as negati ve electrode materi als for ni ckel { meta l hydri de (Ni { MH )
battery [9{ 12]. These m ateri als combi ne a hi gh reversibl e energy storage capac-
i ty wi th fast electrochemical acti vati on, excellent long- term cycling stabi l i ty and
good charge/ discharge ki neti cs. In these al loys the ini ti al Ca Cu -typ e structure
is conserved and the neutro n di ˜ra cti on m easurem ents as wel l as the to ta l en-
ergy ab ini ti o calcul ati ons [13{ 15] showed tha t Al and Co im puri ti es pref er the
3g positi ons. Sim ilar results were also obta ined f or La Ni T (T = Fe or Mn)
[16, 17].
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The X- ray analysis revealed tha t also R(Co 1 À x Al x ) 5 al loys wi th x < 0 : 3

are sing le phase, occur in the CaCu 5 structure, and the intensi ti es of the X- ray
l ines showed tha t Al atom s randomly occupy the Co sites. Al substi tuti ons f or Co
in RCo5 bri ngs three im porta nt e˜ects on the magneti c properti es of RCo 5 [18]:
a decrease in the Curi e tem perature (T C ) and m agneti c m oments of Co ato ms
(ñ ), and a change of magneti c ani sotro py. The and vanish at a cri ti cal
concentra ti on of Al , = 0 4. Sim i lar situa ti on is for R Co B .

The aim of thi s paper is to inv estigate relati on between di ˜erent positi ons
of Co and Al ato m s in Gd(Co Al ) system s ( = 0 , 0.2, and 0.4) and thei r
m agneti c properti es based on the spin polari zed ab ini tio calculati ons.

The electro nic structure wa s calcul ated based on the ti ght- bi ndi ng l inear
m u£n- ti n orbi ta l (TB LMT O) m etho d in the ato m ic sphere appro xi mati on (ASA)
[19, 20]. In the ASA the uni t cell is Ùlled by W igner{ Seitz spheres havi ng the same
to ta l vo lume: (4 3 ) = (4 3 ) = , where ( = 1 . . . ) is the index
of ato m in the uni t cell , is numb er of ato m s in the cell , is the W igner{ Seitz
radi us of the -th ato m , is the average W igner{ Seitz radius, is the volume
of the uni t cell . In our case the uni t cell conta ins one form ula uni t ( = 5 ato ms).
The hexagonal uni t is presented in Fi g. 1.

The coordi nates of the ato m s in the uni t cell were ta ken from [6] and are
summ arized in T able I. The overl ap volume of the mu£ n- ti n spheres is about
8.2%. The standard combi ned correcti on term s [19] for overl appi ng were used to
compensate for errors due to the ASA. The scalar relati vi sti c appro xi mati on for
band electrons and the ful ly relati vi sti c trea tm ent for the frozen core electrons were
used. The spi n{ orbi t intera cti ons were ta ken into account in the form pro posed by
Mi n and Jang [21]. The exchange correl ati on potenti al was assumed in the f orm
pro posed by von Barth and Hedi n (BH) [22] and, for com parison, by Perdew et
al . (PW ) [23] wi th non- local correcti ons. The starti ng ato mic conÙgura ti ons were
ta ken as: core + 4 5 6 for Gd, core + 3 4 for Co and core + 3 3 for Al
ato m . The spin-polarized calcul ati ons were perform ed for the experi menta l values
of the latti ce constants [18] and for al l possibl e positi ons of Al im puri ti es in the
uni t cell . In the case of GdCo Al the single Al ato ms are located in 3g and 2c
positi ons one after another. For GdCo Al the situa ti on is m ore compl icated and
al l possible conÙgurati ons were considered: two Al atom s in 2c or 3g positi ons, and
a m ixed situa ti on, where the im puri ties are located in 2c and 3g sites. The crysta l -
lographi c characteri sti cs are col lected in T able I. The self -consistent calcul ati ons
were perform ed for at least 9248 -points in the who le Bri l loui n zone. The num ber
of -points was dependent on the sym metry of considered system s, determ ined by
positi ons of Al impuri ties in the uni t cell . The tetra hedron m etho d [24{ 26] was
used for integ rati on over the Bri l louin zone. The itera ti ons were repeated unti l the
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TABLE I

Crystallograph ic characteristics of GdC o5 , GdC o4 A l, and GdC o3 A l 2 com-
pounds: the lattice constants a and c , the Wigner{Sei tz radii (in a.u. , average,
S a v , and for particul ar atoms). T he lattice constants for GdC o3 A l2 were ex-
trap olated from experimental data for smaller concentrations of A l.

Lattice constants and Wigner{Sei tz radii used in calculati ons

Positions and GdC o5 GdC o4 A l GdC o3 A l2

[coordinates ] a = 9 :399 5 0 a = 9 :49399 a = 9 :595 20

of atoms c = 7: 52 67 8 c = 7 : 60993 c = 7: 69788

S a v = 2: 84034 S a v = 2: 86983 S a v = 2: 90128

3g-1 C o A l Co A l A l Co

[1 =2 ; 1 =2 ; 1 =2 ] 2.6463 2.6965 2. 6527 2.7264 2.7053 2.6818

3g-2 C o C o Co A l Co Co

[1 =2 ; 0 ; 1= 2] 2.6463 2.6965 2. 6527 2.7264 2.7053 2.6818

3g-3 C o C o Co C o Co Co

[0 ; 1 =2 ; 1= 2] 2.6463 2.6965 2. 6527 2.7264 2.7053 2.6818

2c-1 C o C o A l C o A l A l

[2 =3 ; 1 =3 ; 0] 2.6518 2.6320 2. 7285 2.6632 2.7107 2.7611

2c-2 C o C o Co C o Co A l

[1/3, 2/3, 0] 2.6518 2.6320 2. 7285 2.6632 2.7107 2.7611

1a Gd Gd Gd Gd Gd Gd

[0 ; 0 ; 0] 3.5457 3.5966 3. 5617 3.6331 3.6164 3.5976

energy eigenvalues of the consecuti ve i tera ti on steps were the sam e wi thi n an error
0.01 m R y.

3. R esul t s an d d iscu ssio n

The TB LMTO ASA metho d al lows di ˜erenta ti on of the ions in the cell but
e˜ect of di sorder due to Al substi tuti on is neglected. In the case of the Haucke- t yp e
phase GdCo5 (see Fi g. 1 and T able I), two typ es of Co sites must be disti ngui shed:
the 2-fold degenerate basal sites (2c) located in the basal plane to gether wi th Gd
ato m s and 3-fold degenerate non-basal sites (3g) located in the plane wi th z = 1 =2 .
In accorda nce wi th experim ental observati ons for La Ni 5 [27] and GdCo5 [18], i t
is assumed tha t the Gd sites do not accom m odate Co and Al ato m s. The to ta l
densiti es of states (DOS) and local contri buti ons of indi vi dual ato ms are presented
in Fi gs. 2{ 7. The electroni c structure of GdCo 5 was calcul ated earl ier by other
autho rs [28, 29]. These calculati ons were perform ed usi ng di ˜erent m ethods but
they are consistent wi th ours. Theref ore we trea t our calcul ati ons for thi s system
as reference resul ts for the doped compounds to avoid di scussion on di ˜erences
whi ch can be caused by disti nct appro aches and techni cal deta i ls.
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Fig. 2. The total and site- pro j ected D OS functions for the GdC o5 comp ound.

Fig. 3. The total and site- proj ected DO S functions for the GdC o4 A l comp ound for A l

lo cated in 3g-1 position.

The wi dth of the valence band of the GdCo 5 system is about 7.9 eV. The
valence bands for GdCo 4 Al and GdCo3 Al 2 are wi der, by about 0.8 and 1.3 eV,
respect ively. It is caused by the Al ato m s, thei r s and p electrons are located near
the botto m of the valence band. The valence bands of the doped system s are wi der
tha n for the undo ped case and because of reduced numb er of valence electro ns (see
T able I I) the values of DOS at the Ferm i level should also be lower.

It is genera lly true but strongly depends on the locati on of the Al impuri ti es
(see T able I I I).

The im puri ti es cause charge tra nsfer between ions: from Al to Co and Gd
ato m s. El ectron tra nsfer to Co ato m s f ulÙls d band and reduces thei r m agneti c
m oments (see Tabl e IV).

The Al atom s cause reconstructi on of the starti ng GdCo 5 band structure
and change the values of D OS at the Fermi level. The DOS(E = E ) for GdCo
is equal to about 15.81 states/ (eV f.u.) wi th about 95% contri buti on of Co ato ms
(2.318 and 4.04 states/ (eV ato m) for Co(3g) and Co(2c) ato ms, respectively).

For GdCo Al system s the values of DOS( ) decrease and reach 12.036 and
8.554 states/ (eV f.u.) f or im puri ties located in 3g and 2c sites, respecti vely. In both
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Fig. 4. The total and site- proj ected DO S functions for the GdC o4 A l comp ound for A l

atom located in 2c-1 p osition.

Fig. 5. T he total and site- proj ected DO S functions for the GdC o3 A l 2 comp ound for

tw o atoms of A l located in 2c positions . T he Fermi level is located in the high p eak of

DO S formed by the Co(d ) electrons. In this conÙguration the DO S(E = E F ) and the

magnetic moments on Co atoms reach the highest values (see T able II I and I V ).

casesthe highest va lues of magneti c mom ents for Co atom s were obta ined in near-
est neighbouri ng of Al ato m s. Sim i lar phenom enon wa s observed for R (Co 1 À x Al x ) 2

(R = rare-earth or yttri um ato m), where smal l concentra ti ons (about 10%) of Al
ato m s increase the Curi e tem peratures of these com pounds [30]. In the case of
GdCo 4 : Al the mean m agneti c m oment for Co is higher tha n for undo ped sys-
tem [18, 31].

For the GdCo Al system and the BH potenti al the calcul ated mean m ag-
neti c moments for Co ato ms are equal to 1.053 and 1.122 / Co ato m for Al ato ms
located in 3g and 2c sites, respecti vely. The second value is cl oser to the experi -
m enta l result, whi ch varies from 1.25 to 1.43 [18 31 32] . Sim i larly is for the
calculati ons wi th the PW potenti al but the values are slightl y hi gher: 1.140 and
1.202 / Co ato m , respectivel y. Smal l m agneti c m oments, about 0.1 / ato m,
para l lel ori ented to the Gd ones, are induced on Al ato ms. The m oments on Co
ato m s have opposite di recti ons to the m oments located on Gd ones. The di ˜er-
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Fig. 6. T he total and site- proj ected DO S functions for the GdC o3 A l 2 comp ound for

tw o atoms of A l located in 3g-1 and 3g-2 positio ns. T he Fermi level is located above the

p eaks formed by Co( d) electrons. T he values of DO S( E = E F ) reach the low est values

and the magnetic moments on Co atoms are close to zero.

Fig. 7. T he total and site- proj ected DO S functions for the GdC o3 A l 2 comp ound for

tw o atoms of A l located in 3g- 3 and 2c-2 positions. A n intermediate situation to the

presented in Figs. 5 and 6. T he C o magnetic moments reach the values of about

0. 4À 0 :5 ñ B = atom.

ences between m ean m agneti c m oments for disti nct local izati ons of Al ato ms are
very smal l (0 .087 and 0.080 ñ B / Co ato m for BH and PW potenti als, respectively)
and i t is very di £ cul t to adm i t them as concl usive for site pref erence of the im -
puri ti es. D etai led analysis of X-ray di ˜ra cti on patterns for YCo 4 Al and NdCo 4 Al
system s [33] showed tha t distri buti on of Al on the 3g and 2c sites of CaCu 5 - typ e
structure is not qui te rando m. The Al ato m s pref er a l ittl e more the 3g site tha n
the 2c one. However, for light rare-earth m etals situa ti on can be slightl y di ˜er-
ent because of 4 f 3 hybri dizati on. The obta ined rare-earth moments (f or Nd,
Pr, and Sm ato ms) were consi derabl y smal ler tha n the free tri v alent ion values.
Thi s discrepancy increases wi th increasing concentra ti on of Al ato m s and di splays
im porta nt ro le of Al (3 ) electrons in hybri dizati on e˜ects .

Second Co ato m replaced by Al one in GdCo Al intensi Ùesthe decrease in
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TABLE I I

Total numb ers of valence electrons (N OS; per f .u. ) and individ ual
contributions of the Gd, Co, and A l atoms to the electron count in
the GdC o5 , GdC o4 A l, and GdC o3 A l 2 comp ounds. T he starting occu-
pation numb ers were the follow ing: Gd( 4 f 7 5d 1 6 s 2 ), C o(3d 7 4 s 2 ), and

A l( 3s
2

3 p
1 ).

N umb er of electrons per atom

Positions GdC o5 GdC o4 A l GdC o3 A l2

of atoms Total N O S

55 49 43

C o A l C o A l A l Co

3g- 1 s 0.688 s 0.953 s 0.665 s 0. 955 s 0.931 s 0.656

p 0.708 p 1.299 p 0.727 p 1. 359 p 1.358 p 0.784

d 7.560 d 0.315 d 7.611 d 0.312 d 0.302 d 7.669

C o Co C o A l C o Co

3g- 2 s 0.6828 s 0.696 s 0.665 s 0. 955 s 0.672 s 0.657

p 0.7076 p 0.763 p 0.727 p 1. 359 p 0.773 p 0.780

d 7.5596 d 7.633 d 7.611 d 0.312 d 7.712 d 7.669

C o Co C o Co C o Co

3g- 3 s 0.688 s 0.696 s 0.665 s 0. 694 s 0.672 s 0.657

p 0.708 p 0.763 p 0.727 p 0. 772 p 0.773 p 0.780

d 7.560 d 7.633 d 7.611 d 7.722 d 7.712 d 7.669

C o Co A l Co A l A l

2c-1 s 0.664 s 0.633 s 0.964 s 0. 626 s 0.945 s 0.968

p 0.647 p 0.622 p 1.254 p 0. 634 p 1.272 p 1.290

d 7.585 d 7.633 d 0.330 d 7.742 d 0.290 d 0.345

C o Co C o Co C o A l

2c-2 s 0.664 s 0.633 s 0.705 s 0. 626 s 0.669 s 0.968

p 0.647 p 0.622 p 0.718 p 0. 634 p 0.698 p 1.290

d 7.585 d 7.633 d 7.656 d 7.742 d 7.701 d 0.345

Gd Gd Gd Gd Gd Gd

s 0.591 s 0.616 s 0.586 s 0. 617 s 0.602 s 0.596

1a p 0.725 p 0.755 p 0.724 p 0. 785 p 0.765 p 0.746

d 1.724 d 1.766 d 1.766 d 1.792 d 1.833 d 1.830

f 7. 300 f 7.336 f 7.289 f 7.362 f 7.320 f 7.291

D OS(E = E F ) but onl y in the case when at least one of the Al ato m s is located in
3g site: 5.159 states/ (eV f .u. ) for two Al ato ms in 3g sites and 7.486 states/ (eV f.u.)
for impuri ti essim ulta neously located in 3g and 2c sites. The m agneti c m om ents on
Co ato m s are reduced. Especial ly in the Ùrst case where m ean magneti c mom ent
on Co ato m s is equal to 0.028 ñ B / ato m, and Co mom ents located in 2c sites are
para l lel to the m oments of Gd ato ms.
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T ABLE II I

T he values of the spin proj ected DO S at the Fermi level
for the GdC o5 , GdC o4 A l, and GdC o3 A l2 comp ounds. T he
upp er values concern the electrons w ith spin up and the low er
ones the electrons w ith opp osite spin direction (total DO S

calcula ted per f .u. ).

DO S [states/(eV spin atom)]

Positions GdC o5 GdC o4 A l GdC o3 A l2

of atoms Total DO S

14.290 11.295 7.341 2.202 5.022 13.051

1.520 0. 741 1.213 2.957 2.464 1.489

Co A l Co A l A l C o

3g-1 2.052 0. 116 1.863 0.072 0.102 4.134

0.266 0. 055 0.206 0.077 0.124 0.331

Co C o Co A l C o C o

3g-2 2.052 2. 794 1.863 0.072 1.617 4.134

0.266 0. 148 0.206 0.077 0.608 0.331

Co C o Co C o C o C o

3g-3 2.052 2. 794 1.863 0.771 1.617 4.134

0.266 0. 148 0.206 0.740 0.608 0.331

Co C o A l C o A l A l

2c-1 3.832 2. 575 0.130 0.541 0.074 0.190

0.208 0. 134 0.103 0.880 0.131 0.106

Co C o Co C o C o A l

2c-2 3.832 2. 575 1.389 0.541 1.389 0.190

0.208 0. 134 0.255 0.880 0.661 0.106

Gd Gd Gd Gd Gd Gd

1a 0.470 0. 441 0.233 0.205 0.223 0.269

0.306 0. 122 0.237 0.303 0.332 0.284

In the rest of the considered conÙgurati ons Co mom ents are always anti par-
al lel oriented to the Gd ones. The m agneti c moments induced on Al ato ms in
thi s conÙgurati on reach the smal lest values ( ¤ 1 0 À 3 ñ B / ato m). In the second case
(two Al ato ms sim ulta neously in 2c and 3g sites) the Co m agneti c m oments are
larger and reach values 0 : 4 Ë 0 : 5 ñ B / ato m (see Table IV). These values seem to
be to o high com paring wi th exp erimenta l m easurem ents [18] whi ch show tha t the
Co mom ents should have v alues close to zero. Sim i lar concl usion is for the case
where two Al ato ms are located in 2c sites. D OS(E ) reaches the hi ghest value
14.54 states/ (eV f .u. ) and the Co m agneti c m oments are above 0.7 / ato m.
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T ABLE IV

T he ab init io calculated total (in ñ B per f .u. ) and local magnetic moments (in ñ B

p er atom) for GdC o5 À x A lx , x = 0, 1.0 and 2.0, w hen the A l impuriti es are located in
di ˜erent crystallogra phi c p ositions . T he calculati ons w ere perf ormed for two typ es of
the exchange- correlation potential: B H and PW (the values in parenthesis).

Magnetic moments [ñ B /(f .u. or atom)]

Positions GdC o5 GdC o4 A l GdC o3 A l 2

of atoms {0. 038 {3. 027 {2. 809 {7. 069 {5. 824 {5. 000

({0. 188) ({2. 819) ({2. 636) ({6. 964) ({5. 169) ({4. 684)

3g-1 Co 1.440 A l {0. 073 Co 1.091 A l 0.003 A l {0. 017 C o 0.727

(1. 514) ({0. 104) (1. 170) ({0. 001) ({0. 040) (0. 883)

3g-2 Co 1.440 Co 1.098 Co 1.091 A l 0.003 Co 0.384 C o 0.727

(1. 514) (1. 191) (1. 170) ({0. 001) (0. 660) (0. 883)

3g-3 Co 1.440 Co 1.098 Co 1.091 Co 0.049 Co 0.384 C o 0.727

(1. 514) (1. 191) (1. 170) (0. 152) (0. 660) (0. 883)

2c-1 Co 1.456 Co 1.007 A l {0. 082 C o {0. 066 A l {0. 035 A l {0. 041

(1. 517) (1. 089) ({0. 116) ({0. 035) ({0. 064) ({0. 067)

2c-2 Co 1.456 Co 1.007 Co 1.214 C o {0. 066 Co 0.524 A l {0. 041

(1. 517) (1. 089) (1. 298) ({0. 035) (0. 797) ({0. 067)

1a Gd {7. 270 Gd {7. 164 Gd {7. 214 Gd {6. 992 Gd {7. 064 Gd {7. 099

({7. 388) ({7. 275) ({7. 328) ({7. 044) ({7. 182) ({7. 199)

4. Co n cl usion s

A system ati c study of magneti c m oments of GdCo 5 , GdCo 4 Al , and GdCo 3 Al 2

compounds was perform ed usi ng TB LMTO ASA m etho d. The calculated resul ts
were compared wi th experim enta l data [18], whi ch reported exi stence of a cri ti cal
concentra ti on of Al , x c 2, for GdCo Al when the Co subl atti ce becomes
nonm agneti c. Our calcul ati ons showed stro ng dependence of m agneti c pro perti es
of GdCo Al on concentra ti on of Al and positi on of the im puri ties in the uni t
cell . To ful Ùl exp erimenta l observati on of existence of the cri ti cal concentra ti on
the Al im puri ti es should prefer 3g sites otherwi se the magneti c m oments on Co
ato m s do not vani sh.

Ac kn owl ed gm ent s

The band calcul ati ons were perform ed in the Supercom puter and Netwo rki ng
Centre in Pozna¥ (PCSS).
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