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Electronic structure and magnetism of Fg_,Pd, alloys
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An ab initio linearized augmented plane-wave method has been employed to calculate the electronic and
magnetic structures of both face-centered-cubic and body-centered-cybidBgealloys with x=0.25, 0.50,
and 0.75, respectively. Decreasing the Pd content in fRd, alloy from x= 1, the magnetic ordering of fcc
Fe, _,Pd, changes from paramagnetism to ferromagnetism, ferrimagnetism, and finally to antiferromagnetism.
However, the magnetism of bcc f£gPd, changes simply from paramagnetism to ferromagnetism.
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According to the itinerant electron model, ferromagnetismand motivated from a theoretical point of view to investigate
of transition metals occurs basically because of the spatidhe consequences of the interface mixing between Fe and Pd
localization ofd orbitals near the top of thd band! This by exploring the electronic and magnetic properties of
localization produces both a large density of states at th&€ —,Pd, alloys. This work is also motivated by the fact that
Fermi energyp(eg) and a relative large exchange integral  different (either thermodynamically stable or metastable
fulfilling the Stoner condition of ferromagnetisnip(sg) crystallographic structures of an alloy at fixed chemical com-
>1. The Stoner condition can indeed explain the existingPosition can be prepared by epitaxial growth on some appro-
fact that only some transition metals are ferromagnetic buPriate substrates, and their magnetic properties are very
others are not in the periodic table. The reason behind is thatifferent'® Thus it is interesting to study theoretically the
the product p() is large enough for ferromagnetism at the possible correlation between the structure and magnetism of
end of the 3l series(Fe, Co, and Nj but not the 4 series or  Fe1—xPd alloys at different compositions for both bcc and
the light elements in the®series. fcc structures.

It has long been noticed that Pd is a special case in the There have been several theoretical investigations on the
transition metals. The electronic configuration of Pd in itsmagnetism of Fe ,Pd, alloys using first-principles calcula-
atomic state is d1%s° and the atomic magnetic moment is tions. Galanakiset al. studied the FgsPdy 5 alloy using a
Zero. However’ in its metallic state the electronic ConfigurafelaﬁViStiC full-potential linear muffin-tin orbital method
tion of Pd changes to an unfilled band 4% %5s° (5 (FP-LMTO) with both the local-spin-density approximation

magnetism is not yet Satisﬁed, fcc Pd does show Strong par&.ases were not inVeStigated in that Work, while they could be
the paramagnetic Pd to a ferromagnetic state with some well-

/!
ments done towards this direction during the last decade,
tion, which might not be necessarily true in reality because 4
techniques—thermal evaporation and pulsed laser ablation—

~0.6) because of the stromsgd hybridization, resulting in a (LSDA)H and the generalized gradient approximation
net atomic momertAlthough the Stoner condition of ferro- (GGA).™ Unfortunately, the Fe-rich and Pd-rich FgPd,
magnetism with large susceptibility because of the fairlyimportant in discussing the intermixing effect as mentioned
large product p(e) 2 It is thus possible and hopeful to drive above. On the other hand, Kuhnen and da Silva did investi-
controlled perturbations such as the proximity effect with a

ferromagnet. In fact, there have been already some experi-

especially in the system of Fe/Pd® Nevertheless, the re- | L____ ]+t ___|__

sults were all interpreted based on a sharp-interface assump- 1

of the interface intermixing. A very recent experiment on 1

Fe/Pd100 prepared with two different epitaxial growth (a) bec structure (b) fec structure

does indicate that the magnetism of this system depends FIG. 1. Unit cells of Fg_,Pd, alloys in calculation{a) bcc and
strongly on the interface mixingTherefore it is interesting (b) fcc structure.
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TABLE |. Lattice constant§nm) used in calculation for both

6
bce and fcc phases. . Fe FeyrePdhas
Fe F@rPthos FesPthso FeofPthrs Pd 2
fcc 0.361 0.368 0.375 0.382 0.389 0
bcc 0.287 0.293 0.298 0.304 0.309 2
4
gate Fe-rich Fg;sPdhy s and Pd-rich FgyPdy 75 as wellas g '2
the FgPdys alloy using the self-consistent LMTO O Fe, ,Pd, -1 Fe, P, o1
method™® However, only the ferromagnetic spin configura- &
tions were considered in their calculation, while the ferri- % 2
magnetic or antiferromagnetic options were not taken intog 0 Mervan M A A
account. w®
In this work we have employed the first-principles linear- :"u_a/ 2
ized augmented plane-wayeAPW) method with the LSDA  ¢) 4
to calculate the electronic structure and magnetism of8 6
Fe, _,Pd, alloys at different chemical compositions for both s
body-centered-cubic and face-centered-cubic structures Fe, ,Pd, 5,
Meanwhile, the ferromagnetic, antiferromagnetic, and ferri- 4
magnetic spin configurations are all taken into account. 2
The crystallographic structures of FgPd, alloys are as- 0 N
sumed to be chemically ordered. Because of the limitation of
calculation capability, a unit cell containing only four atoms 2
is considered, which means that only the, Fg>d, alloys 4
with compositions ox=0, 1/4, 1/2, 3/4, and 1 are investi- 5
gated. The unit cells for bcc and fcc structures are illustrated 108 6 4 20 2 46 8 6 4 20 2 46
in Figs. 1@ and X1b), respectively. The four atoms labeled 1,
2, 3, and 4 in the figures can be either Fe or Pd atoms E(eV)

representing Re ,Pd, alloys with different compositions.

The atomic magnetic moments at these sites can be different FIG. 2. Total density of states for majority and minority spins in
in magnitude as well as in direction, but only collinear con-the fcc phase.

figurations are considered. Fifty plane waves per atom and

45 k points in the first irreducible Brillouin zonéBZ) are  total magnetic moments per unit cell as well as the individual
used in the calculation. The self-consistency is better thaatomic magnetic moments in each unit cell for both bcc and
0.01 me/a.if. for charge density and spin density, and thefcc Fg _,Pd, alloys are calculated. In the following we will
stability is better than 0.1 mRy for the total energy per cell.discuss the results for the fcc and bcc cases separately.
The lattice constants of pure Fe and Pd are chosen from the fcc Fe;_,Pd, case The electronic structure and magne-
experimental data of 0.361 and 0.287 nm for fcc and bcc Féism are calculated for fcc ke,Pd, atx=0, 0.25, 0.5, 0.75,
and of 0.389 nm for fcc Pd, respectively. Since there is na@and 1. The results are summarized in Table II.

reported experimental value for bcc Pd so far, a value of Starting from the simplest case of pure fcc Pd, which is
0.309 nm is used based on an assumption that it has the sartie thermodynamically stable phase of metallic Pd, the cal-
atomic density as fcc Pd. With these four numbers fixed, theulated result shows that it is paramagnetic, which certainly
lattice constants for both bcc and fcc,FgPd, alloys at agrees to the known experimental result.

different compositions are then obtained by linear interpola- Adding 25% of Fe in the Pd matrix and forming a chemi-
tion, as listed in Table I. For the given lattice constants thecally ordered fcc Fg ,Pd, alloy with x=0.75, the calculated

TABLE Il. Calculated atomic magnetic momemtgi) (in unit ug fori=1, 2, 3, 4 as shown in Fig.) for
fcc Fe _Pd, alloys.m,, means the atomic moment averaged over the unit cell. The numbers with asterisks
represent the values for Fe atoms, and the others are for Pd atoms.

Fe F&.7Ph 25 FeysPth.sol FeosPthsell Feo2sPth.7s Pd
m(1) 1.86* 2.4+ 2.81* 2.75* 031 0.00
m(2) 1.86* 0.23 0.34 0.26 311 0.00
m(3) -1.71* 2.42* 2.81* 0.26 0.31 0.00
m(4) -1.71* -1.51* 0.34 2.75*% 0.24 0.00
m,, 0.07 0.89 1.57 1.51 0.99 0.00
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TABLE llI. Calculated atomic magnetic momentgi) (in unit ug fori=1, 2, 3, 4 as shown in Fig.)1
for bcc Fg_,Pd, alloys. m,, means the atomic moment averaged over the unit cell. The numbers with
asterisks represent the values for Fe atoms, and the others are for Pd atoms.

Fe F&.7Ph 25 FeysPth.sol FeosPh sl Feo28Pth 75 Pd
m(1) 2.32* 2.75% 2.92% 2.89* 0.28 0.00
m(2) 2.32* 0.40 0.35 0.27 3.13* 0.00
m(3) 2.32* 2,75+ 2.92* 0.27 0.28 0.00
m(4) 2.32% 2.59* 0.35 2.89* 0.12 0.00
my, 2.32 2.12 1.63 1.58 0.95 0.00

result shows that its ground state is not paramagnetic anfpregoing discussion, the three Fe are not equal to each other
more but is ferromagnetic with an average magnetic momertecause of the different coordination surroundings. However,
of 0.99ug /atom. Individually, Fe atoms at position 2 have athe antiparallel alignment of £4) spins with respect to the
magnetic moment of 3.}dg, Pd atoms at positions 1 and Other Fe spins is presumably caused by the tendency of an-
position 3 have the same magnetic moments of @g31and  tiferromagnetism in pure fcc Fe. o

Pd atoms at position 4 have a magnetic moment of 924 fcc Fe is found to be antiferromagnetic with the(Feand
There are several points to be noticed from these result§&&2) Spins parallel to each other but antiparallel to thé3fe
First, the magnetic moment of Fe atoms in fcg, FEd 75 anld Fed) spins, in agreement with the previous theoretical
(3.11ug) is much higher than that in bulk Fe metal (2. ca gulatlon. However the small uncompensated net mag-
This phenomenon is similar to the well-established surfac&€HC (Tgm?r?t f(oglfﬁ tlr;hTabIe I t_here ispresumably
giant moment that Fe atoms on the surface show an jncaused by the fact hat the magnetic group operaltipin

d atomi i t when the hvbridizati inversion plus translation between two sublattjckas not
creased alomic magnetic moment when the hybridization Ohaay eyplicitly included. Of course it could also be due to the

their d orbitals with neighbor atoms is decreased. Second, il umerical error from the finite number fpoints in the BZ
seem a little puzzling from first glance why @d and Pd3) integration

have the same magnetic moment (3} but are different
from that of Pd4) (0.24ug), while all of three Pd atoms
have the same distance from the central Fe atoms. The re¢
son behind is that they do have quite different coordination
surroundings; Pd) or Pd3) has four Fe atoms and eight Pd
atoms as its first nearest neighbors, but4pdas two Fe
atoms and ten Pd atoms as its nearest neighbo(4) Rds a
smaller magnetic moment than that of (Pdor Pd3) be-
cause the former has fewer Fe atoms around, or in othe
words, it is less spin polarized by the Fe atoms. Finally, the
results obtained here agree quite well with the neutron dif-"&
fraction data where the magnetic moments of Fe and Pd wern @
determined to be 2.98/atom and 0.34g/atom,
respectively?®

For fcc Fg_,Pd, at x=0.5, there are two distinct atomic
arrangements in the alloy. Type | has the configuration of
Fe1), Fe3), Pd2), and Pd4); Type Il has the configuration
of Fe(1), Pd2), Pd3), and Fé4). The calculation indicates
that Fg sPd, 5 in both cases shows ferromagnetism. The only
difference lies in their detailed values of the magnetic mo-
ments, as shown in Table Il. From the total-energy calcula-
tion, it is found that type | has a lower energy of 17 mRy/cell
than that of type Il. Interestingly the experimental result of
Cableet al. revealed that fcc Re,Pd, atx=0.5 is ferromag-
netic and the magnetic moments measured by neutron dif
fraction were 2.8h.g/atom for Fe and 0.3bg/atom for Pd,
respectively®* which are also closer to those values of our
type-I configuration.

Now for Fe-rich fcc Fe_,Pd, alloys atx=0.25, the cal-
culated result shows that the(#g Fg2), and Pd3) spins are E(e\/)
parallel to each other but are antiparallel to thé4Fepins,
leading to a ferrimagnetic ordering with an overall net mag- FIG. 3. Total density of states for majority and minority spins in
netic moment of 0.88gz/atom in a unit cell. Similar to the the bcc phase.
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In addition, as shown in Fig. 2, it might be useful to configurations too. However the total-energy calculation in-
provide here the calculated density of states near the Ferndicates that the type-I configuration is much more stable with
energy for the Fg_,Pd, alloys with different compositions, an energy difference of 94 mRy/cell lower than that of
in order to be verified with photoemission in the future.  type-Il configuration. Again we show in Fig. 3 the calculated

bcc Fe_,Pd, case The calculated results for bcc density of states near the Fermi energy for bcg KBd,
Fe_Pd, at different compositions are much simpler com- alloys, waiting fc_Jr_future expenmental verification. _
paring to the fcc case and they are listed in Table IIl. The N summary, it is shown in this work that the magnetism
magnetic orderings of bcc Fe,Pd, are all ferromagnetic, ©f Fé-xPd. alloys depends strongly on their structures as
except for pure bee Pd, which is paramagnetic as expecte vell as the chemical compositions. Aferrlmagnetlc_ ordering
Starting from pure bcc Pd, the average magnetic moment p T predicted _for the f.CC Iﬁequ(_alloy atx=0.25, while the
unit cell increases monotonically with Fe concentration. Thiserromagnetlc ordering is obtained for both fcg_Ech& at
strong tendency of ferromagnetism is certainly very differentxzo'5 and 0.75 and bec ke, Pd, at all compositions.

from that in the former fcc Re ,Pd, cases. A clear differ- This work was supported by the National Natural Science
ence is observed between fcc,EgPd, and bce Fe_Pd, at  Foundation of China. X.F.J. also acknowledges support from
x=0.25. The former is ferrimagnetic with an average mo-the Cheung Kong Program, the Hong Kong Qiushi Science
ment 0.8%g/atom while the latter is ferromagnetic with an Foundation, the Y.D. Fok Education Foundation, and Shang-
average moment 2.} /atom. It is wished that such a dif- hai Science and Technology Committee. D.S.W. also ac-
ference can be observed in experiments in the future. Simildtnowledges the support from a national grafiflo.

to the foregoing fcc case, bce FgPd, at x=0.5 has two G19990328-02
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