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Band theory of induced magnetic moments in CM (M =Rh, Ru) alloys
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Experimentally observed induced magnetism on Rh and Ru when alloyed with Co is studied within a tight
binding linear muffin-tin orbital TB-LMTO) method in atomic sphere approximatiohSA). Different pos-
sible crystal structures of GM (M =Rh,Ru) are considered and it is shown that the hexagonal close packed
(hcp structure is the most stable with induced magnetic moments on Rh and Ru. Some other off-stoichiometric
structures such as GgM ,o and Cag;M Lare also considered. The band theory explains quite well the observed
induced magnetism in different cases.

[. INTRODUCTION each plane has one atom Mf and three atoms of Co which
is the usual NiSn typeDO 9. Another possibility is that
One of the most active researches pursued these dayspfaneA contains two atoms dfl and two of Co whileB has
the induced magnetism in otherwise nonmagnetic transitiopnly Co atoms. This structure we cathodified DD qq or
metals (NTM's) alloyed with 3 ferromagnetic transition pQ;; Besides hcp structure these alloys may also exist in a
metals(FTM's). The magnetism induced in a nonmagnetic ¢ hic structurd. 1, where three simple cubic sublattices of a

spacer due to FTM overlayers is very interesting due 0 NeW,q centred cube are occupied by Co and the remaining one
phenomena observed in these systems. One of them is tl‘ge

- ; ; > > 'S occupied byM.2° According to phase diagram GBu
exciting observation of spin wave oscillations as a function P y 9 b g G

of spacer thickness between two succesive FTM lay&es- does not exist in the.le phase’” Hence, for CqRu the
sides this sandwich technique, the induced magnetism iferay band calculations have been done only for hcp struc-

4d elements is also studied through intermetallic alloying!""®" Thi EQM lchemlcal_form:JIa approachei g’éﬁh”
with FTM. One of the classical systems is the FeRh a"quune_ well but only aaproxmatey 10 GaRuyg, the alloys
which was first studied by Fallot in 193®&ef. 2 and still Studied by Harpetal™ To approach CaM,q closer, we
facinates many research workérin earlier studies, these Nave studied CeM, and CoM, by replacing the lacking
intermetallic alloys contained mainly Fe FTM or in a few CO Sitesin CosM;) by empty spheres. These empty spheres
cases Ni. Recently, Hargt al# have grown Co/d (Rh, Ry ~ &'® denoted b¥,, (n=1,2) so the general chemical formula
alloy samples as 500—1000 A thick films on fused quartzfor off-stoichiometric alloys becomes stoichiometric in the
wafers by codeposition using magneton sputtering with thd®™m of C0s_nM>E, (n=1,2). Furthermore, to obtain mag-
substrate held at 500 °C. They have thus obtained alloys df€tic moments with a higher concentration idf in CoM
Co,Rhys, CoRU,, and CagRhs,. The induced mag- alloys without empty spheres, we hav.e also considered the
netic moments in these alloys were investigated througi3YStem C@-nMz., (n=1,2) where missing Cp are re-
x-ray magnetic circular dichroisfXMCD). The interesting  Placed byM,,. These above systems are only studied in hcp
results are that in the GRhye_« (X=77, 49 alloy, the  Structure. , _
induced magnetic moment on Rh is about 1/3 the Co mo- The electronic structure calculqtmns are performgd b_y the
ment whereas in CQRU,q the induced moment on Ru is TB-LMTO method with an ator’mc sphere approximation
<1/14 the Co moment. So far the origin of these induceo(AS,A),' Thus, the charge 'transfer is the measure of the charge
magnetic moments have not been explained on the basis ygariation in a given atomic sphere as compared to the neutral
the band theory. In the present work we undertake a seliconfiguration. The valence electrons in neutral configuration
' Tpc2410 bR 25”0 TEc2E R0
consistent energy band calculation by the tight binding linea@'® 31'4s74p" for Co, 4d°5s"5p" for Ru, and 41'5s°5p
muffin-tin orbital (TB-LMTO) method in the atomic sphere for Rh. _The_rest of the occ_:upled I_evel_s are considered frozen.
approximation(ASA).5 In the next section we give some The Brillouin zone(BZ). integration is performed. by _the
details of an energy band calculation of these alloys andiSual tetrahedron technigifeWe use about 208 points in
present the results obtained. Then, these results are discus<B irreducible BZ to construct the tetrahedrons. These points
and compared with experimental data. Finally, a short con@'® found sufficient to obtain a converged result for these

clusion is drawn. structures. _
Since the lattice parameters for these alloys are not yet

known precisely, we have performed the calculations of the

Il. CALCULATION AND RESULTS electronic structure in each case as a function of the lattice

parameter to obtain the lowest energy lattice constant. For a

The Co;M (or CogM>,) alloys are of the same structure given alloy structure this lowest energy lattice parameter is
as Co;Pt which were grown earlier by Hamt al® and also  found to be the same in par®) and ferro £)-magnetic

by Maretet al.” It is a hexagonal close packéticp struc-  phases. Around the lowest energy lattice parameter, the total

ture composed of two alternating plaresndB. In one case energy increases parabolically for decreasing or increasing
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TABLE |. For different alloy CM (M =Rh, Ry structures the nearest neighbor distadgg (a.u),
energy of magnetizatioAE (mRy), density of states/unit celh(eg) at the Fermi level, magnetic moment
m, (@=CoM) (in ug), and charge variatioNQ,, in a givena atomic sphere are presented.

Alloy structure dnn AE n(eg) Ko Ko AQco AQ, AQg

CogRh,— L1, 472 —0030 22519 123 034  0.0325 —0.0975
CogRh,~DO;,y, 478 —0.049 27148 150 051  0.0365 —0.1095
CogRh,—DO}, 480 —0.038 24881 152  0.39 0.065 —0.195
CogRu,~DO;, 475 —0.030 28300 074  0.15 0.085 —0.255
CogRu,—DO}, 478 —0.015 189.68 1.10 -0.01  0.115 —0.345
CosRh,E,—hcp 474 -0.020 28214 142 053 -0.092 -0.305  1.07
Co,Rh,E,—hcp 465 -0.014 23317 107 037 -0.310 -0537  1.157

CosRU,E;—hcp 465 0000 16674 000 000 -0062 —0411  1.132
Co,RU,E,—hcp 461 0000 13665 000 000 -0317 -0556  1.19
CosRhs—hcp 486 —0.048 32261 154  0.40 0.071 —0.118
CosRug—hcp 482 —0005 20388 087 0.05 0.446 —0.743
Co,Rh,—hcp 483 —0008 23211 101 0.6 0.252 —0.252
Co,Ru,—hcp 485 —0.001 17327 043  0.02 0.367 —0.367

lattice parameter. The curvature of the parabola is quite largeonsistent calculation always converges to paramagnetic
and the minimum energy point can be determined withouphase. For the alloy of type Go,M,., (n=1,2) where
any ambiguity. When the magnetic moments in Eh@hase  there is no empty sphere we again obtain a small energy of
are studied as a function of lattice parameters, one obtaingagnetization even wheM =Ru. These results show that
transition from theP to F phase at a critical point, then the Cog_,RU,., is magnetic as opposed to Eo,RU,E,.
magnetic_moment increases monotonically as the lattice payhen we compare the density of states;) at the Fermi
rameter increases. All three phaseklf, DO, and |eyel e, given in column 4 of Table I, for different compo-
DO;g of CosRh are found to be more stable in thephase.  sjtions and structures, it is noticed that the presence of empty
For Cos,M2E, and Cq;_,M3,, we have studied only gpace in Cg_,Rh,E, does not change mugi(eg) as com-
hcp structures since we know that {0 (M =Rh, 'RL) have pared to C@Rh,. On the contrary, in the case of
the lowest energies in thBO,4 phase. According to the Cog_RU,E,, the n(er) is reduced dramatically as com-

prr(]aser:\; EaRIck:]uIat;]on (%Q“MﬁEn[:A fRfout?]d to Ifbe mggtnetlc pared to CgRu,. This fact is in favor of the absence of
when M =Rh, whereas, whe =Ru the self-consistency magnetism in Cg_ ,RU,E, .

always converges to a nonmagnetic phase. Lastly, The magnetic moments on Co aMi are given in col-

C0g-nMp.2 (N=1,2) are found to be stable in e phase | "7 g 6, respectively. The magnetic moments on Co

even whenM =Ru, which is not true for Cp_,M,E,. In ; .
Table | we present the magnetic rr;mrzner;nﬂa (#co and RN gy in the L1, structure in CgRh, are

(a=Co,Rh,RWatom, energy of magnetizatiohE/unit cell smaller than the corresponding valuesDiD,q and DO g4
and some other physical quantities. The energy of magnetithe tco in DO1g and DO;4 are the same wheregszy, in
zation AE is defined as the difference of energieéF)— DOjq is somewhat smaller than iDO44. For comparison
E(P) in the F andP phases. with experimental values we will consid&O 4 since this
has the lowest total energy. The experimental values for
Co,Rh,; given by Harpetal® are uc,=1.34ug and
Mrn=0.64ug . According to these authors the x-ray magnetic
The nearest neighbor distandg, which gives the lowest circular dichroism(XMCD) measurements may have an er-
total energy for a given structure indicated in the secondor of 20 and 30 % inuc, and ugy, respectively. The theo-
column of Table | shows that the the lattice parameters areetical valuespc,=1.50ug and ug,=0.51ug are in quite
not the same for the different cases considered here. Thgood agreement with experimental measurements.
type of fully self-consistent calculation deemed necessary In the case of CgRu,, again the ferromagnetiDOq
due to the absence of any measured value of the lattice pghase is the most stable. MO, the Co atom has an im-
rameters. portant magnetic moment 1.4Q whereas Ru has a small
In the third column of Table | we give the energy of (—0.01ug) magnetic moment antiparallel to the Co atom. In
magnetization as defined earlier. The alloys®b, has the the stable phase DO;q) the magnetic moments ul,
lowest energy in thd O 4 structure in its magnetic phase. =0.74ug, ur,=0.15ug) are much stronger, particularly
The same is true for GRu, as well. For this alloy only ug,, than the experimental valugsc,=0.42 andg,<0.03
D049 andD Oy, crystal structures are considered sihde, ~ ug measured on alloy GQRU,g. This alloy has a somewhat
according to the phase diagrihdoes not exist. The magni- higher concentration of Ru than GRu,s that we have
tude of energies of magnetization for gEqM,E,  treated theoretically. Thus, to check the effect of the concen-
(n=1,2 are smaller than the corresponding {Bb,. In the  tration we have studied Go,M,,, (n=1,2) and
case of Cq_,Ru,E, the AE is strictly zero since the self- Cog_,M,E,. The first chemical formula is compact

Ill. DISCUSSION
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whereas the second contains empty spheres. The emptyoments fuc,; ur,) are(0.87;0.05 and(0.43;0.02, respec-
spheres,, simply replace the missing Gdattice sites. For tively, for CosRu; and CqRu,. The experimental
these cases we consider the usual hcp oy structure  observatiofl e, =0.42, ur,<0.03 and fucy/ury) > 14 for

of CogM, and replace missing Gdattice sites byM, or by  Co,,Ru,q agrees quite well with our results for GRu,. But

E,, respectively, for Cg_,M,,, and Cqg_,M,E,. The keeping in mind that, usually, the values of magnetic mo-
nonstoichiometric alloy Cgp ,M, thus becomes stoichio- ments by XMCD(Ref. 4 are much smaller than the corre-
metric due to the presence &f,. The results are certainly sponding bulk calculations, our results for §Ruj; (i.e., Co
very surprising. The presence of empty spheres in the case @fRus,) could be considered comparable with experimental
Cos_nRh,E, varies slightly the magnetic momenisc,  values, particulary, when we compaug/ gy

(1.42ug) and wgp (0.58ug) whenn=1, but it does decrease

t0 1.07ug (mco) and 0.3%g (#rn) Whenn=2. On the other IV. CONCLUSION

hand for Cq_,Ru,E, the magnetization disappears even _

with a single vacant site. These observations exclude the From the present energy band calculation we reach the

possibility of the presence of high vacancies in the experiS&Me conclusion as earftathat Rh and Ru behave and po-

mental samples where in GfRu,, a magnetic moment of larize mu_ch differently when allpyed with Co. The_surpr_ising
the order of 0.42g on Co is obtained. This chemical for- OPservation thatcdur) > 14 is confirmed by thisb ini-
mula is represented by GRu, with empty spheres in place tio study. Th.e vacancieg@mpty sphergsdo not produce the
of missing Co. same efft_act in Co-Rh gnd Co-Ru alloys. In the case of Co-Ru
When we consider concentrated alloys of the typecVen a single vacandy.e., Co;Ru,E) destroys the magne-
Cos_,M,., We obtain a stable ferromagnetic state for iSM: Accordingly, we exclude the presence of any appre-
M=Rh as well as Ru and also wher=1 and 2. The mea- ciable vacancies in the experimental sample of the CojRu
sured magnetic moments in GRhs; (mco=0.45up, alloy used by Haret al# It should be noted that the experi-
urn=0.11u5) (Ref. 4 are smaller than the values mentally prepared samples are real alloys whereas our theo-
uih=1 01#2 and wp,=0.16us that we obtain for retical samples are compounds with three-dimensional peri-
o=1. .

Co,Rh, (Table ). It should be noted that their measured odicity (bulk). In spite of this difference our results are very
values of the magnetic moments on,Feh,; are also much close to the experimental measurements.

smaller than a perfectly ordered bulk alyBut the ten-
dency that theuc/ugn ratio increases almost two times
when we go from CeRh,; to CosgRh5; as observed by The Institut de Physique et Chimie des NMiex de
Harp et al* is confirmed by the present band theasee  Strasbourg(IPCMS) is “Unité Mixte Associe au Centre
CogRh, and Cq,Rh, in Table |). The satisfactory results are National de la Recherche Scientifique No. 46.” This work
also obtained for Cg_,Ru,, , as far as the respective mag- was partly supported by the European Community program
netic moments are concerned. The magnetic moments on Géuman Capital and Mobility through Contract No. CHRX-
and Ru decrease as we increase the Ru concentration but th&it93-0369. We wish to thank Dr. O. Jepsen for much useful
on Ru decreases more rapidly than that on Co. The magnetaxvice.
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