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Magnetic properties of Co and Co-Ag alloys in equilibriumynonequilibrium structures studied
by ab initio calculations
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Ab initio calculations predict that the magnetic moments of the metastable fcc and bcc Co are 1.63 and
1.69ug, respectively, which are greater than the Lg#alue of the equilibrium hcp Co. For the Co-Ag
systemab initio calculations reveal that the CoAgCo;Ag, and CoAg alloys are energetically favored to be
in DO,g, D049, andB2 structures, respectively, and all prefer to be ferromagnetic rather than paramagnetic.
Moreover, the magnetic moments of Co atom are enhanced to 1.62 anc;TrtvB 0,9 Co;Ag andB2 CoAg
alloys, respectively, while reduced to 143 in the DO, CoAg; alloy. The results seem to suggest that an
expansion of average atomic volume would enhance the magnetic moment of Co, which, however, would be
reduced by nonmagnetic element alloying. Interestingly, the predictions agree reasonably well with those
obtained from experimental as well as theoretical studies.
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[. INTRODUCTION alloy systems featuring a GMR effect with special attention
devoted to the Co grains embedded in the Ag medium. Third,
Magnetism of solid/condensed matter has long been onié has also been found that though the Co-Ag system is es-
of the most important scientific issues for the global physicasentially immiscible, an effective intermixing did take place
society and a clear understanding of the magnetic property dit the Co-Ag interface under some specific circumstahices
the ferromagnetic elements as well as their alloys is of vitaWhich are expected to considerably affect the alloying behav-
importance for both scientific and technical concerns. In thelor between Co and Ag as well as the associated magnetic
oretical pursuits, since the mid 1980's, first-principles calcuProperty of the Co atom in the alloys. We present, in this
lations have been employed to study the magnetic propertie2Per theab initio calculation results concerning the mag-

of the ferromagnetic elements? Meanwhile, a number of N€tic momen{MM) of Co in pure metal and the metastabil-

nonequilibrium materials processing techniques have bee'|I1y .Of the Co-Ag system at three representative alloy compo-

developed and employed to obtain various nonequilibriumSltlons of CoAg, CoAg, and CoAg, as well as the

alloys containing ferromagnetic metals of Fe, Co, and Ni_assomated magnetic property of the Co-Ag alloys. In addi-

Generally. the obtained nonequilibrium all rstallized intion, the present calculation results are compared with those
eneraly, the obtainéd nonequ um alloys crystafized N,y qined from previous experimental/theoretical studies.

one of three simplest structures, i.e., hcp, bce, and fec, yet The Viennaab initio simulation packagévasp)'2~14was

not in those complicated structures corresponding t0 themioved to conduct the calculations based on the projector
equilibrium conjpo_undé.ln addition, some of the newly ob- 5,gmented wavéPAW) pseudopotentials, which have been
tained nonequilibrium alloys showed interesting magneticconstructed by considering the all-electrons effect, thus im-
properties, which required further theoretical studies for gyoving the precision and computatibrConcerning other

better understanding of the depth of electronic structures Ofetailed procedure of theasp calculation, the readers are
solids. In recent decades, the theoretical calculation methodgferred to some of our previous publicatidis!’

have also been developed/modified to improve the precision

of the calculated results. All these developments led the au-

thors’ group to initiate, very recently, a systematic study con- Il. RESULTS AND DISCUSSION
cerning the structural dependence of the magnetism of the
ferromagnetic elementd~e, Co, and Ni as well as their
equilibrium/nonequilibrium alloys byab initio calculations We first examine the structural stability of pure Co metal
based on the newly developed projector augmented waweith different structures, i.e., in hcp, fcc, and bece structures.
(PAW) pseudopotentials.In the present work, we concen- The energy-volume correlations of pure Co with respective
trated on calculating the magnetic moments of metal Co andtructures were acquired kgb initio calculations and then

the metastable Co-Ag alloys. Choosing Co and the equilibfitted to the Murnaghan equation of stdfe€E0S. The co-

rium immiscible Co-Ag system are based on the followinghesive properties of each structure are thus obtained and are
considerations. First, Co is a strong ferromagnetic elemenrtsted in Table |. First, the most stable structure of Co is
and keeps its ferromagnetic characteristics well in very thircalculated to be hcp. Second, the fcc Co has a little higher
films, which are frequently used in fabricating magnetic senenergy than hcp, matching well with the well-known fact.
sors and experimental studies. Second, the recent discovefhird, the bcc Co has the highest heat of formation and
of the giant magnetoresistancéGMR) in granular therefore is hard to be stabilized. In addition, the calculated
material$® has generated a great interest in studying thoséattice constants of hcpaE=2.49 A, c/a=1.62) and fcc

A. Structural stability of Co and metastable Co-Ag alloys
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TABLE I. Cohesive properties of pure Co in different structures SP results to discuss the structural stability of the four pos-
obtained from the presemib initio calculations. Available experi-  sible structures. Apparently, thel5 structure has the highest
mental values are given in parenthesdsy(: minimum total en-  hositive heat of formation. The6, structure has the second
ergy; AH: heat of formation\V,: equilibrium average atomic vol- et positive heat of formation, which is much lower than
ume; & lattice constantc/a: relaxedc/a ratio; MM: magnetic  yoo o theA15 structure. The.1, and theDOq structures
moment of Co at the equilibrium volume. .

are in a same low energy level and 84 structure has the

Structure hep fee bee lowest heat of formation among the four possible structures.
Interestingly, theab initio predicted most stabl®@ 0,9 CoAg;
Enmin (eV/atom —6.998 —6.975 —6.890 state has ever been observed in experiments, i.e., a meta-
AH (eV/atom 0 0.023 0.108 stable CoAg alloy of hcp structure was obtained in thin
Vo (A3 10.827 10.919 11.036 films upon ion irradiation and its lattice constants were de-
a(h) 2.492.50) 3.523.544) 2.81 termined by diffraction analysis to ba=2.84 A andc/a
c/a 1.62 =1.652% Comparing to the present SP calculation results of
MM (ug) 1.571.7P) 1.631.74) 1.691.80) a=2.76 A andc/a=1.632, a difference is only about 3%. It
is known that in a routine diffraction analysis, an inevitable
°Reference 19. error is at least 3—5 %, the agreement betweenathaitio
*~%Extrapolated from Refs. 20, 21, and 22, respectively. calculation and experiment, in this respect, is therefore ex-

cellent. Incidentally, Liuet al1® have studied the structural

(3.52 A) Co are in good agreement with the experimentalstability of the CoAg alloy by first-principles calculation
values of 2.50 A ¢/a=1.62) and 3.544 A, respectively. based on the Vanderbilt-type ultrasoft pseudopoteftia,
Although the above calculation results for the Co are well-which the magnetic interactions have not been taken into
known facts, the agreement betweenvhsp calculation and  account. It is noted that their calculations predicted the same
the experimental data confirms the relevance or serves asséability order for the CoAgalloy among the possible struc-
calibration of the calculation performed in the present work.tures as revealed in the present work, though the calculated

Prior to studying the magnetic behavior of the possibleformation energies and the lattice constants showed some
metastable Co-Ag alloys, the structural stability, i.e., the reladifference probably due to the different pseudopotentials
tively stable structures, of the respective alloys should beised in the calculations. In addition, the calculated properties
identified. In the present work, three representative alloyobtained in the present work are believed to have an im-
compositions, i.e., G&Ag and CoAg, and CoAg, were se- proved precision.
lected and some relatively simple structures, Ad5,D0,g, For the CgAg alloy, similar results are obtained and are
L1,, andL6, at CgAg and CoAg, andB1, B2, andB3 at  listed in Table Ill. Comparing the SP and SUP results, it is
CoAg, respectively, were calculated. The criteria of choosingconcluded that a ferromagnetic state is also energetically fa-
the limited alloy compositions and some relatively simplevored. Regarding to the metastability of the possible struc-
structures in calculations have been described in details itures, a same energy order is also found as in the GoAg
some of our previous publications; " case. TheAl5 structure has the highest energy. Tih@,

For the CoAg alloy, Table Il lists the spin polarize®P  structure has a second highest energy. While lifhg and
and spin unpolarizedSUP calculation results, from which DO0;g structures have a lower energy than the above two
one can easily find that the CoAglloys in all the calculated structures and share an approximately same energy level.
structures prefer to be ferromagnetic, as the heats of formaFhe heat of formation oD0,4 Structure is calculated to be
tion of the respective structures obtained by SP calculation i8.383 eV/atom, which is 0.011 eV/atom lower than that of
lower than those from SUP calculation. We take the preferred.1,.

TABLE Il. Cohesive properties of CoAgn different structures obtained from the presahtinitio calculations. The symbols in the table
are the same as used in Table .

Structure Al5 DO0g L1, L6¢
Spin Emin (€V) —4.285 —4.406 —4.409 —4.401
unpolarized AH (eV/atom 0.558 0.436 0.4335 0.442
calculations Vo (A3) 15.070 14.680 14.644 14.676
a(A) 4.94 2.75 3.88 4.07
c/a 1.632 0.868
Spin Ein (€V) -4.319 —4.449 —4.443 —4.431
polarized AH (eV/atom 0.523 0.393 0.399 0.411
calcualtion Vo (As) 15.260 14.824 14.805 14.832
a(h) 4.96 2.76 3.90 4.09
cl/a 1.632 0.867
MM ( ug) 1.48 1.43 1.31 1.36

134446-2



MAGNETIC PROPERTIES OF Co AND Co-Ag ALLOS. .. PHYSICAL REVIEW B 68, 134446 (2003

TABLE Ill. Cohesive properties of G@\g in different structures obtained from the presahtinitio calculations. The symbols in the
table are the same as used in Table I.

Structure Al5 DO04g L1, L6g
Spin Emin (€V/atom —6.340 —6.470 —6.482 —6.456
unpolarized AH (eV/atom) 0.686 0.556 0.544 0.570
calculations Vo (A3 11.561 11.335 11.290 11.325
a(h) 4.52 2.52 3.56 3.68
c/a 1.630 0.906
Spin Emin (€V) -6.537 —6.64 —6.632 —6.601
polarized AH (eV/atom 0.489 0.383 0.394 0.425
calculations Vo (A3) 11.874 11.612 11.597 11.665
a(h) 4.56 2.55 3.59 3.75
c/a 1.628 0.882
MM (ug) 1.62 1.62 1.60 1.61

For the CoAg alloy, similar SP and SUP calculations areare also calculated by using the lattice constants of Cu and
carried out for three selected possible structures BE.B2,  Ag, which are both greater than 3.52 A of the relatively
and B3. It turns out that a ferromagnetic state is also enerstable fcc Co discussed above, and the calculated MMs
getically favored rather than a paramagnetic one in three po§1.64ug and 1.8, respectivelyare indeed a little greater
sible structures and among the possible structures, the md&tan 1.63.5. Incidentally, the calculated MMs are fairly
stable one is predicted to be tB structure. Nonetheless, compatible with those (1.8 and 1.8G.5, respectively
the heat of formation of the most statB® phase is rather reported by Nogueir&’ _ _
large being 0.573 and 0.695 eV/atom in SP and SUP calcu- It is of importance to compare the calcul_atlon results with
lations, respectively. It is therefore anticipated that it is prob-"0S€ obtained from experiments. Concerning the MM of hcp
ably necessary to have a far-from-equilibrium processing (a)
technique capable of providing a considerable extra energy
during the processing procedure to obtain such a highly en- 44

A
ergetic metastable CoAg alloy predicted aly initio calcu- /A——’//;cc
lation. 1.7 hA fec °

. -
1.6 p/'
B. Magnetic properties of Co and metastable Co-Ag alloys o
1.5
Referring again to the magnetic properties illustrated in
Table 1, one sees that the equilibrium hcp Co is indeed cal-g 14 —0— Calculation Results
culated to be ferromagnetic with a magnetic mom@ni ) 2 13 —4&— From Experiments
of 1.57ug, and that the MMs for the fcc and bcc Co are S '
predicted to be 1.635 and 1.6z, respectively, which are < 12

both greater than that of the equilibrium hcp Co. The above &
calculations clearly show the variation of MM of Co atom in = C 1085 10.90
hcp, fcc, and bcece structures. The next question is to find outg 19
what is the relevant parametgr pertinent to such a varia- &

tion. Naturally, the MM of a Co atom could be influenced by o 18

its surrounding environment. Viewing a structure at an © 47 DO,, (hcp) Co.Ag
atomic scale, the number and the distance of the neighborinc% 16 " ° ’
atoms to an atom should be considered. Virtually, changing‘2 ' —

the number and the distance of the neighboring atoms of the ~ 15 hep Co

atom would result in varying the average atomic volume of 14 .

the atom. The average atomic volume is therefore used as a - DO, (hep) CoAg,
intrinsic parameter to reflect the atomic environment of a Co '

atom concerned. Consequently, we plot a two-dimensional 12

figure with the calculated MMs of Co in different structures L T T B
against the corresponding average atomic volumes as dis 11.00 12.00 13.00 14.00 15.00
played in Fig. 1a). Obviously, the plot shows that an expan-
sion of the average atomic volume tends to enhance the MM
of the Co atom, which is in accordance with that reported by FIG. 1. Correlation of MM of Co atom vs average atomic vol-
Moruzzi! To examine if fcc Co also features such a trendume in (a) pure Co metal with different structures aro) hcp
while varying its average atomic volume, the MMs of fcc Co structured Co-Ag alloys at different compositions.

L S e e o e e e
10.95 11.00 11.05

(b)

Average Atomic Volume (10'3nm3)
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Co, Myers has measured the MM of a single crystal Co in alid confirm an energetically favored ferromagnetic state of
temperature range from liquid oxygér183°CQ to hcp-to- Co in the above described atomic environments. For the
fcc transition temperatur¢450°C of Co and obtained a CoAg alloys, the calculated MMs of Co in different possible
MM-temperature correlatioff. Extrapolating the MM- structures are all much larger than that of pure Co and in
temperature correlation to 0 K, the MM of hcp Co is deducedparticular, the predicted MM of Co iB3 CoAg alloy could
to be 1.7 0.05ug . Referring again to the calculated values be as large as 1.3 . As has been mentioned before, the
listed in Table I, the smallest difference between the calcuCoAg alloy has a rather large positive heat of formation and
lated and extrapolated values from experiments is abouherefore could only be stabilized under some strict condi-
5.4%. For the case of fcc Co, Crangle has studied a series tibns.
fcc structured Co-Cu alloys and obtained a correlation be- The variation of the MMs of the Co-Ag alloys revealed by
tween MM and Co concentratidn.By extrapolating the ex- ab initio calculations is not as straightforward as in the case
perimentally obtained MM-Co correlation to pure Co, the of pure Co to correlate with its crystalline structure, because
MM of Co in the fcc structure is deduced to be 1.74of the involving of the nonmagnetic element Ag. As de-
+0.05ug. Similarly, the smallest difference between the scribed above, the expansion of the average atomic volume
calculated value and the experimental one is about 3.6%. Fdends to enhance the MM of Co atom, while the increasing of
the case of bcc Co, Bardos has reported the measured MMke number of Ag neighbors is prone to reduce the MM,
of some bcc structured Fe-Co allo¥fsand from his pub- which is in accordance with the previous observatibfis.
lished data, the MM of Co in bcc structure is figured out toThe resultant magnetic moment is therefore attributed to a
be 1.80+0.05ug . Incidentally, Collins has also obtained an combining effect of the two competitive factors. Take the
approximately the same value (18§ for bcc Co?® Com-  hcp structured Co-Ag alloys as an example, Fig) Shows
paring the experimentally determined MM of bcc Co with the variation of the MM of Co atom versus the average
our calculated value, the smallest difference is 3.5%. Wittatomic volume for pure Co and two hcp structured Co-Ag
these data in hand, the experimentally determined MMs oélloys at different compositions. In the ¢&g alloy, the
Co in three different structures versus the corresponding awatomic volume expansion plays more important role than the
erage atomic volumes are also plotted in Figg)land it is  Ag alloying effect and the MM of Co in G@\g is therefore
highly interesting that the correlation shows a similar trendlarger than that in pure Co. In contrast, for the Cg/Adjoy,
as that observed from the calculated ones. the reduction of MM of Co originated from increasing Ag
Naturally, by introducing some alloying atoms into the Co neighbors dominates, leading to a smaller MM of Co in the
lattice, the atomic environment of Co could be changed andlloy than that of pure Co.
we now turn to study the alloying effect of Ag in the meta-
stable Co-Ag alloys. From the data displayed in Table I, it is
found that the MMs of Co calculated for the CoAajloys in
four possible structures are predicted to be smaller than that In summaryab initio calculations reveal that the pure Co
of pure hcp Co, e.g., MMs are 1.43 and 1.3k in DO;g  metal in hcp, fcc, and bec structures could all be ferromag-
(hcp and L1, (fcc), respectively. Coincidently, the calcu- netic and the metastable fcc and bcec Co could possess greater
lated MMs of Co in the CoAgalloys are in accordance with magnetic moments than the equilibrium hcp Co. It also re-
the verdict of a proposed mean field model that the MM ofveals that the CoAg Co;Ag, and CoAg alloys are energeti-
Co would decrease with increasing the Ag neighi3éisor  cally favored to be iD0;, D09, andB2 structures, re-
the CgAg alloys, the MMs of Co calculated for the four spectively, and all prefer to be ferromagnetic rather than
possible structures are sitting in between those of pure hcparamagnetic. The present calculation results seem to sug-
and fcc Co, as is shown in Table IIl. For example, for thegest that the variation of the magnetic moment of Co is gov-
D049 (hcp andL1, (fcc) CozAg alloys, the MMs are calcu- erned by a combining effect of two competitive factors, i.e.,
lated to be 1.62g and 1.6Qug, respectively. Coincidently, an atomic volume expansion enhances whereas an Ag alloy-
Morkowski have calculated the MMs of some hypotheticaling reduces the magnetic moment of Co.
hcp/fcc ordered structures by the SP tight binding linear
muffin-tin orbital (TB-LMTO) method and reported that
the MMs of hcp and fcc CgAg,s alloys were
1.5490-1.72045 and 1.67%p, respectively?® Though the The authors are grateful for the financial support from the
reported calculation method and condition were not the samBational Natural Science Foundation of China, The Ministry
as in the present work, the calculated MMs matched thef Science and Technology of ChingGrant No.
present results reasonably well. After all, both calculationg520000672, and the Administration of Tsinghua University.
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