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Electronic structure and magnetic exchange coupling in ferromagnetic full Heusler alloys
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Density-functional studies of the electronic structures and exchange interaction parameters have been per-
formed for a series of ferromagnetic full Heusler alloys of general formulgM@@ (Z=Ga,Si,Ge, Sp
RhbMnZ (Z=Ge, Sn,Ph Ni,MnSn, CyMnSn, and PgMnSn, and the connection between the electronic
spectra and the magnetic interactions have been studied. Different mechanisms contributing to the exchange
coupling are revealed. The band dependence of the exchange parameters, their dependence on volume and
valence electron concentration have been thoroughly analyzed within the Green function technique. The dif-
ference between the exact adiabatic approach and the long-wavelength approximation is discussed.
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[. INTRODUCTION electronic structure variations induced by atomic substitu-
tions or volume variations. The paper is organized as fol-
The evolving field of spin-electronics has triggered an in-lows: In Sec. Il we describe the crystal structure under in-
creasing interest in materials with full spin polarization at thevestigation and the computational method chosen. Section IlI
Fermi level. Many of these systems have been predicted big devoted to the parameter-free derivation of exchange pa-
means of electronic band-structure calculatibAignd some rameters by theoretical approaches within density-functional
of them are in use already as elements in multilayered magheory. Section IV contains our results for the electronic
netoelectronic devices such as magnetic tunnel junctfons structures and the magnetic interaction parameters of the
and also as giant magnetoresistance spin v@Wwemising Co,MnZ, Rhb,MnZ and X,MnSn families of alloys. Finally,
device candidates are characterized by a strong spin polawve summarize our results in Sec. V.
ization, by a high Curie temperatu(€:) and by a large band
gap, too. Among the most popular groups of materials is the
extraordinarily large family of magnetic Heusler allbys Il. CRYSTAL STRUCTURE AND COMPUTATIONAL
which is traditionally considered to be an ideal local-moment DETAILS
systern?‘g This imp_lies that their _exch_ange Qouplings can be The Heusler alloysrepresent a class of ternary interme-
described by a Heisenberg Hamiltonian which allows the in-

o i : tallic compounds of general formul&,Y Z in which X is a
vestigation of the temperature properties of the magnetic SYStansition metalZ is a metal of main groups IlI-V, an¥ is

tems within a very simple conceptual frame. It the_reforea magnetically active transition metal such as manganese.
seems that the problem of calculating the exchange interacen o Heusler alloys adopt ordered L &tructures, given in

tion parameters with the help of reliable electronic structureFig 1, which may be understood as being the result of four
methods must have a very high priority in this field. interpenetrating face-centered-culiicc) lattices. According

Nonetheless, despite a thorough theoretical understandiqg the L2, structure jargon, th atoms occupy thé andC
of the electronic structures of many full Heusler allggse, sites thelY atoms are on ,thB sites. and the atoms are

for example, Refs. 9-35 only very few publications are found on theD sites. Thus, site8, B, C andD correspond to
dedicated to the discussions of magnetic exchange interac- ' T

tions in these systems. Noda and Ishik&nlzave extracted
the exchange parameters from the spin-wave spectrum using
a model-like Heisenberg fit. On the theoretical side, Kubler,

oo0e
NS x

Williams, and Sommers focused on the calculated total- o7, =
energy differences between the ferromagnéfi®l) and dif- [
ferent antiferromagneti¢AFM) states’ The parameters of : i
the Heisenberg Hamiltonian were then fitted to reproduce the i
course of the calculated energies but such technique usually B 4%
allows to extract only the parameters of the first and second &
neighbors, and the interactions between Mn and all other
atoms are neglected for reasons of simplicity.
In this contribution, we obtain the magnetic exchange pa-
rameters of a number of Heusler alloys from first principles FIG. 1. The L3 structure type composed of four interpenetrat-
and then analyze the magnetic coupling dependence upanyg fcc lattices.
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TABLE |. Experimental lattice parametess calculated partial and experimental total magnetic momegnend calculated and experi-
mental Curie temperaturdg for X,MnZ compounds. All experimental values have been taken from Ref. 35.

Head 1p) Mexpt(MB) Te (K)

Compound a(a.u) X Mn Total Total LWA Exact Expt.
Co,MnGa 10.904 0.73 2.78 4.13 4.05 635 807 694
Co,MnSi 10.685 1.01 3.08 5.00 5.07 1251 1434 985
Co,MnGe 10.853 0.97 3.14 5.00 5.11 1115 1299 905
Co,MnSn 11.338 0.95 3.24 5.04 5.08 1063 1215 829
RhhMnGe 11.325 0.42 3.67 4.49 4.62 410 504 450
RhbMnSn 11.815 0.45 3.73 4.60 3.10 435 537 412
Rh,MnPb 11.966 0.45 3.69 4.58 4.12 423 530 338
Ni,MnSn 11.439 0.23 3.57 3.97 4.05 373 461 344
CuMnSn 11.665 0.04 3.79 3.81 4.11 602 624 530
PdMnSn 12.056 0.07 4.02 4.07 4.23 232 254 189

the positions(0,0,0, (3,%,3), (2,1 1) and (2,2,2) within  magnets, spin glasses, @fsuch a perturbative treatment is
the fcc superceft! not applicable for systems with strong interatomic exchange
The uniqueness of the Heusler alloys is due to the faccouplings, and it is valid only asymptoticalljR — ). Sur-
that they exhibit cooperative magnetic phenomena—prisingly enough, the case of a strong exchange coupling was
especially ferromagnetism—in the desired temperature rangeever analyzed in the theory of magnetism for real materials
although no constituent of their archetype ,®nAl, exhib-  but the so-called long-wave approximatitVA) was con-
its such properties in the elemental state. Even simpler thasidered, for many years, as the suitable approach in the
Cuw,MnAl is the phase MnAl which also displays strong fer- density-functional community. Recently, we reconsidered the
romagnetic behavior and is of technological interest becausmost general definition of the exchange coupling and ana-
of an enhanced magnetic anisotropy. The tetragonal MnAlyzed several conditions of LWA applicabilif§. Below we
ground state results from two subsequéalectronic and  will apply both “exact” and LWA adiabatic formalisms for
structura) distortions away from a cubic structuté The the calculation ofJ;; in Heusler alloys where both localized
group of cubic Heusler alloys considered in this paper, howand itinerant types of magnetism coexist. First we shortly
ever, all contain Mn atoms as thé atoms, and all phases describe our computational approach.
exhibit ferromagnetic order. Their lattice parameters, mag- The exchange coupling paramefgrbetween two centers
netic saturation moments and also experimental Curie temi-andj being part of a magnetic material is usually defined in
peratures are shown in Table I. the following standard adiabatic procedure using the so-
For the band-structure calculation we used the TB-called rigid spin approximatiofRSA),2*
LMTO-ASA method®?°and took the experimental values of
the lattice parameters. The local density approximation
(LDA) according to the Vosko-Wilk-Nusair exchange-
correlation functional was uséd.The tetrahedron integra-
tion over the entire Brillouin zoné8Z) was performed with whereE is the total energy of the system is the magnetic
a total of 195k points in the irreducible part of the BZ. The moment on sité, and y;; is a static magnetic susceptibility.
Green function technique was implemented according to Inthe above Eq(l), the entryy can also be formulated as
Ref. 22. the adiabatidstatig limit (w— 0) of the transversal part of
the Fourier transform of thg-dependent transversal part of
the spin-dynamical susceptibility

2

J.. =

_ -1
i miﬁmi amjmj =mi[xJ;m;, (1)

lll. THE CALCULATION OF EXCHANGE-INTERACTIONS . .
PARAMETERS IN DENSITY-FUNCTIONAL THEORY Qo)=S <pl(k)goj(k + Q)%T(k)@i,(k +q)
xX\g,w) =

In this paper we will use a linear-response technique for el(k) - sly,(k +9)-w+i0
the calculation of the exchange coupling. This technique was
first applied for the description of the exchange couplingwheree!(k) ande!(k) are eigenfunctions and eigenvalues of
between magnetic impurities in diluted alloys and is tradi-the band-structure problem, and the arrows designate differ-
tionally required for the so-called Ruderman-Kasuya-Kittel-ent spin directions. It can be shown that the static limit of
Yosida(RKKY) interaction?® While the formalism was suc- this susceptibility contributes to the adiabatic full-potential
cessful for many systemgdiluted magnetic alloys,f  expression for the spin-wave spectrirf

(2)
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o(q) = m{[x(a)] ™Ky = [x(0)17Y, (3 g) = %E 3 €

where the Fourier transform &€ is E
11 (7 “1x 1LdR:
i = NE = deimTr{A[TITH; A jeRi
— a
N v v] *
K(r,r)=1-2, T_—lJri()QDJ(f)@i(f)V 1 (Er -1
g, &, :—f dsImTr{Ai(J dkTT(k)Tl(k‘FQ)) Ai:|,

X[eL ) V@ ) =@, ) Vel ()], @) "

v 4 (10)
andf,, is a Fermi function. Equatiof¥) describes the dif- whereA;=(T,-T)/2 and
ference in the spatial distribution of the wave functions for L L
the different spins and is negligible if the spin full-potential —o _ _f o()aldRii = _—_ oLy -14qR;i
effects are small or if the spatial dispersions of the bands" (g, dkT(@e™™ QOgz dlp"(e) = Sta)I"e .
with different spins are the same. Assumikg=1 (very

L 11
small effects of the “kinetic” exchange or Iar@czel (1)
—si,, whereB, is the exchange-correlation figJdhe well-  Here, T? is a scattering path operat@y(e) is an atomic-
known Heisenberg-type dispersion law is obtained potential scattering matrix arflis a matrix of structure con-

stants. The corresponding LWAY(q) was obtained in Ref.

(@) =mx(a) -y {0]=mJq-I0)]. (5 27andreads
1
()

Er
The static(adiabatig limit used above can be justified if I(q) = f JdkdsImTr{pTT(k)Tl(k +q)p},
BZ

elk) - (k+q) =Im> o, (6) (12)

wherep=(p'-p')/2. In real space, the zero-moment of the
where| is an effective Stoner parameter amg=|m|. This  exchange interactions can be calculated accordingly to the
condition[Eq. (6)] determines a whole range of spin-wave sum rule
frequencies for which one may use the adiabatic approxima- 1 (&
tion. Iw _ w_ * B

Below we will estimate the validity of the above criterion =23 = wJ deimTr(pdy + T/ Tip).  (13)

for several compounds studied in this paper. Whenever Eq.
(6) is satisfied in localized systems, however, Eg.can be The linearization of the multiple-scattering expression leads
further simplified if the LWA is applied using a smallness to the LMTO Green function formalism where, in a two-

criteria either in reciprocal space, center approximation, th&” matrix can be replaced by its
linearized analogue
~1(~) _ 1 -10) < 1 7 . "
[X (Q) X (O)]/X (O) ) ( ) Tij(s)=Al’ZGijA1’2, (14)
or in real space, where G{i is the pairwise LMTO Green function, and the
spin-dependent LMTO potential paramet&f is a band-
Xﬁllxﬁlz Jilli < 1. (8)  width for a given quantum number. The LMTO linearization

represents a well-known low-energy scattering in quantum
dgechanics, and a potential scattering function can be pre-

Then, the exchange coupling in the LWA can be expressed
sented as

3= milxdimy = mixi g tmy = milixg iy, (9) . . _Cl-¢
p (8) - AU— )

(15

where)(i'1 is the on-site element of the inverted spin suscep-
tibility. Due to similarity between Eq(6) and Eqs.(7) and ~ Where the paramete€” is the center of a band. One can
(8), one cannot use the stafiadiabati¢ expressiofEq. (5) show?® that in this approximation the effective exchange can
or any type of Heisenberg modebr large g values if re- be presented as
quirement(7) is fulfilled. The model will be correct for both 1 ( AL\ Y2 AT\ 22
itinerant and localized systems for short spin wavelengths Jw = _f deIlmTr [CT<_) _Cl<_) ]
(largeq) only if boththe LWA and the adiabatic approxima- Voo { Al Al
tion are removed simultaneously. AL\12 AT\12

The currently most practical expression for the exchange XGJJ-GJ%[CT<—T) - Cl<—l> }
coupling is based on the Green function or multiple- A A
scattering formalism. In this technique, an analogue of Eg. 1 Er
(1) can be derive#f which reads = —|mTfVi<J dSGiTjGjli)Vj =TrVix;Vj, (16

w
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where V=CI(A!/AT)2-CL(AT/AN)1? is the effective spin 3t
splitting. So, wheneveA'=Al, that is, equal bandwidth for d4.d5 _/2’6;\_ d4.d5
different spin projections, theW=C!-C!=Im, and the Fou- Co d1,d2,d3 53120 — g1.d2.d3 Co

rier transform of Eq(12) can be rewritten in the form of Eq.
(9). It is this limiting case which allows us to separate the
pure Stoner splitting and hybridizatigdifferent bandwidths ?29
for different spin bands contributions from the total ex- F
change coupling. In the present paper, we will mostly use the /
Fourier transform of Eq(12) because of its simplicity, but {

2eg

the applicability of this approach will be checked and Eq. ,/' 2_99\

(10) will be used if necessary. A significant difference be- A — d‘;‘2/‘2’5d3 Mn
tween these two approaches would indicate that the adiabatic 26y__j/28u ji 910%

(or LWA) criterion[Eq. (6)] is not fulfilled and the nonadia- Co—Co St TR E

batic corrections should be added. To avoid any further com- 3tyg i i F
plications, we will be using the simple mean field approxi- 263\ ™ 3729 I,"

mation (MFA) for the T estimation below. \

Due to the presence of several magnetic atoms in a primi- N
tive cell, a multiatomic expression fafc must be used. In N
the MFA, T¢ of a system withN nonequivalent magnetic 2eg

atoms is calculatéd as a largest solution of the equation : o L )
FIG. 2. Schematic hybridization between the minority spin or-

det(T,— Tém =0, (17 bitals of CoMnGa, first between two Co aton(®p), then between

o ) . two Co atoms and a neighboring Mn atdiimottonm). The coeffi-
wheren andm are the indices of the nonequivalent magnetiCgjents label the degeneracies of the orbital &g notations in Ref.

sublattices T,,=2J2,, andJZ,, is an effective interaction of 10).
an atom from sublatticen with all other atoms from the

sublatticem. In our case Wi_th two nonequivalent magnetic spite of having a lower total ener§yCompared to the case
atoms per cell, the expression fog is reduced to of Co,MnGe 0 the Fermi energyEy) in the Z=Ga casdsee
_1r10 0 [0 0 \2 0 2 Fig. 2 is placed below the Co-Ct, and e, orbitals. For
= + + - + . S :
Te = 3lIunn + I+ Vunvin = Jx)” + 4] Co,MnGe, thet,, orbital is filled with one extra electron.
(18) Figure 3 presents the spin-polarized DOS of,l@0Ga,
and the splittings between different symmetry states have

While below we provide the MFA estimation 0% using
both approaches described above, a significant difference be-
tweenJ;; and J:‘]” may indicate the presence of some mag-
netic short-range order or a large degree of itineracy in the
system?®® In this case, such a simple adiabatic estimation of
Tc which is based on a “no strong short-range order” as-
sumption can be questionable and much more sophisticated
approaches are required. However, the calculated parameters
can be usednutatis mutandisn these more elaborated theo-
ries.

IV. RESULTS AND DISCUSSION
A. CooMnZ (Z=Ga, Si, Ge, and Sn) compounds

To start with, we performed calculations of the electronic
band structures of four Co-based Heusler alloys with the ge-
neric formula CgMnZ (Z=Ga, Si, Ge, and SnThe results
for the electronic spectra are in good agreement with existing
calculations of the electronic structures of these
compound$-14To better analyze the density of statg¥D9)
curves presented later, we first schematically sketch the
hybridizationg® of the minority-spin orbitals between the Co
and Mn atoms in C#MnGa, given in Fig. 2. It is justified to
take the minority-spin orbitals because, due to the exchange E (Ry)
hole, these lie higher in energy and are relatively diffuse such
that they are much more involved in the chemical bonding.  FIG. 3. Total and partial DOS for the compound,8mGa. The
Their larger diffuseness also leads to the finding that spineharacter of each peak belonging to the minority spin states has
polarized ground states show larger interatomic distances déeen indicated, and the Fermi level is set to the energy zero.

DOS (states/Ry cell)
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TABLE II. Sublattices contributions]ﬂm (in mRy) to the effective magnetic exchange parameﬂﬂrsEmJﬂm for the XoMnZ group of
compoundgboth LWA and exact adiabatic results are shawn

X-X X-Mn Mn-Mn
Compound Jw J Jw J Jw J
Co,MnGa —0.36 -0.21 5.8 7.31 0.81 0.89
Co,MnSi 1.57 2.6 10.2 11.4 1.83 1.85
Co,MnGe 1.12 2.3 8.92 10.1 2.20 2.2
Co,MnSn 0.55 0.94 8.66 9.9 2.24 2.3
Rhb,MnGe 0.06 0.2 3.17 4.0 1.28 1.31
Rh,MnSn 0.11 0.25 3.38 4.25 1.29 1.38
Rh,MnPb 0.14 0.38 3.24 4.15 1.32 1.35
Ni,MnSn —0.064 -0.1 1.92 2.8 2.52 2.63
Cwp,MnSn 0.00 0.01 0.26 0.40 571 5.9
PdMnSn 0.00 0.01 0.29 0.41 2.17 2.34
been extracted at the zone cenftefor minority-spin states Accordingly, the calculated values of the partial contribu-

(see also discussion in Ref.)10Note that this is an over- tions J2,, to the effective exchange parameti are pre-
simplification because the symmetry labels are not strictlysented in Table Il. As has been alluded to already, the inter-
valid over the entire reciprocal space. As expected, the DOSction between Mn and Co atoms gives laading
around the Fermi level is heavily dominated by tliesBates ~ contribution to the total effective coupling, thereby question-
of the Mn and Co atoms, and the majority spin states aréng the assumption used in earlier wdik that only Mn-Mn
nearly fully occupied. The DOS curves for the minority spinsinteractions were taken into consideration; in terms df 3
exhibit two peaks above the Fermi level which are due to3d orbital overlap, this leading contribution is not at all sur-
both Mn and Co @ contributions. The difference in the po- prising. On the other side, the Co-Co interaction is negative
sitions of these two peaks is directly determined by the dif<{(—0.36 mRy in Co,MnGa and thereby demonstrates the ten-
ference in intra-atomic exchange splitting between Mn andlency for AFM ordering in the Co sublattice. This negative
Co. The broad structure in the lowest energy region betweewalue, however, is compensated by the langesitiveinter-
—0.8 and—0.55 Ry goes back témagnetically inactiveds  action between Co and M@, ;=2 % 2.9 mRy such that
and 4 states of Ga, and they are well separated from the 3theeffective d of Co remains large and positive. The Mn-Mn
states positioned in an energy region betwe&n45 and 0.3  contribution toJ},, is on the order of only 1 mRy, this is
Ry. It is interesting to note that the Fermi level of MnGa  nearly five times smaller than the Co-Mn interaction.

is found at the DOS minimum of the minority states, but for ~For completeness, we mention that purdn exhibits an
Z=Si and Ge it is positioned exactly in a gap, that is, theséAFM ordering at low temperaturéJy<0), and the small
two latter compounds exhibit 100% spin polarization. Thispositive exchange parameters by the nearest-neighbor
gap has previously been reported by other authors and &In-Mn pairs in Mn-based Heusler compounds correspond to
formed due to the strongd33d hybridization (orbital mix-  likewise positive and small second-neighbor pairs exchange
ing) between the Co and Mn atorhs!4 parameters in pure-Mn. The theoretical values for the Cu-

In such half-metallic compounds the total spin momentrie temperature$. obtained by the MFA are also included in
should ideally be an integer numbgsee discussion in Ref. Table I. For CoMnGa, T arrives at 635 K and underesti-
10). Our results for the CMnZ group, presented in Table |, mates the experimental vali@94 K) by about 10%. Taking
come very close to that finding, and there is only a slightinto account the observation that the MFA usualleresti-
deviation from integer numbers reproducing so-called SlatermatesCurie temperatures, this must be considered an even
Pauling behavior: here, the total moment equals=N larger disagreement with experiment indicating a presence of
—24 whereN is the total number of valence electrons per unitmagnetic short-range ord&.
cell. In accord with the DOS observation in Fig. 3, the To check the nature of this disagreement, we performed a
(sptype) atoms in CeMnZ have negligible moments. The calculation ofJ beyond the LWA using Eq(10). In Table |
minority-spin states of the Mn atoms are nearly em{sge we also show the corresponding results obtained using this
also Fig. 3, and the values of the local Mn spin moments approach. Our calculations reveal that the effective coupling
arrive at ca. gg. The Co atoms do have significant spin between the Mn atoms is practically unchanged so that the
moments, about Ogi in Co,MnGa and about 145 in the  LWA is perfectly suitable for the description of this coupling.
remaining compounds of this family. Clearly, and also mostHowever, all other couplings are affected much more
importantly, the exchange interactions between the Co anstrongly by this approximation. For instance, the Co-Co in-
Mn atoms cannot be neglectedpriori. teractions are modified nearly by a factor of 2 while Co-Mn
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E (Ry)

FIG. 5. Density of states of the compounds,®oSi (solid
line), Co,MnGe (dashed ling and CgMnSn (dotted ling. The
Fermi level is at the energy zero.

[

150 :

100 /J : 1 Nonetheless, the total moment calculated from the elec-
I 1 tronic structure of CeMnGa only by extending the DOS to

29 valence electrons is just 4f, that is, 8% smaller than

the numerical resul(5ug) for Co,MnGe, and we will soon

. focus on this small discrepancy originating from differing

0.04 interatomic distances. In the frame of the RBA, the signifi-

E (Ry) cant increase in the exchange paramef€able Il) in going

from CoMnGa to CgMnGe goes back to the shift of the

FIG. 4. Density of states an#(E) for the Mn (solid line) and Fermi energy(band filling i_n Ref. 2_2 which corresponds to
Co (dashed lingatoms of CeMnGa (top) and CaMnGe (bottom the one extra electron. This evolution of the effective param-
: 0 _10 0 0 _10 0
The Fermi level is at zero energy for @dnGe (29 valence elec-  €t€rSdyn=Jyn-mn* Iun-co @Nd alSAe,=Jco.cot Jun-co/ 2 @S @

trong and shifted to the left for GdnGa (28 valence electropy  function of the Fermi level is also included in Fig. 4. In fact,
the rigid-band shifAER. the Jy values of CgMnGa at the Fermi level corresponding

to Co,MnGe equal those of the real @dnGe phase. Taking

interactions are increased by 25-35 % overall. Correspondnto consideration the usual MFA overestimation of the Curie
ingly, the estimated critical temperatures of magnetic phaseemperatures, our calculation for £dénGe gives an accept-
transition for this group of alloys are increased by 10-20 %able agreementl115 K) with the experimental value of 905
and they are larger than the experimentally observed quantk.
ties. The dependence of the electronic structures and magnetic

It follows from the results presented in Table Il that the properties of the CMnZ alloys on the chemical nature of
substitution of the main-group Il element Ga by a main-the isoelectroniZ atom has already been discussed in Refs.
group IV element such as Si, Ge, or Sn leads to a significant0, 11, 14, and 15. We will focus on the DOSee Fig. % of
increase of botl2, \,, and Jy,.. Values. The modification Co,MnZ (Z=Si, Ge, and Shwhich all display the same
of J%O_COforZ:Sn is related to the very large volume changevalence electron concentration. Not too surprisingly, the
relative to Z=Ge. However, the variation in the absolute DOSs are similar to the preceding one of,BaGa. How-
value ofJ2_ ., is much smaller than the total value&f The  ever, all peaks below the Fermi level move to higher energies
implications for the changing electronic structure introducedwith increasing lattice parameters because of the enlarged
by the elemental substitution can be well described withinatomic radii. This results in a smaller overlap between the
the rigid-band approximatiofRBA) (see Ref. 10 and 24 Mn 3d and Co &l orbitals which, in turn, leads to a smaller
For illustration, Fig. 4 shows a comparison between the elecdispersion of these bandspecoming more atomiclike. As a
tronic structures of CdInGa and CeMnGe in the energy consequence, the DOS peaks come closer to each other and
region =0.1 Ry around the Fermi level. The zero energy intheir amplitudes growFig. 5).
the lower DOS curve corresponds to the Fermi level of Because the changes in peak positions upon exchanging
Co,MnGe with 29 valence electrori&8 for CoMnGa); the  the Z element is proportional to the change in the lattice
Fermi levels are shown by the dashed vertical lines in bottparameter, the replacement of Si by Ge has smaller conse-
DOSs. Despite the fact that the zero energy inMnGa is  quences than the replacement of Ge by Sn; in terms of radii
not exactly in the gap of the minority spin statéée in (and chemical behaviprSi and Ge are more similar to each
Co,MnGe), the contribution from these additional filled other. Thus, the energetic shift in the DOS peaks is more
states is small because it reduces the total magnetic momedistinct for CaMnSn. In agreement with the results of full-
by 0.3ug and slightly changes the position of tig([E) ex-  potential calculationd! the Mn magnetic moment obtained
tremum in the Ga-based compound. Thus, the RBA reproin our TB-LMTO-ASA calculation slightlyincreasesin the
duces the substitution of Ga by Ge fairly well, at least quali-Si— Ge— Sn series. On the other hand, the Co magnetic
tatively. moment islowered so that the total magnetic moment is

DOS

|
|
l
0

-0.08 -0.04
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12 tained from these calculations, and the purely volume-
Mn derived exchange parameters exhibit the same tendencies as

8 do theJ, for the real CgMnGe and CeMnSn systems with

1" their correct lattice parameters. Nonetheless, the simple cal-

10

culation based only on the volume change significantly over-
4 Co T estimates the decrease Bffor Co,MnSn; the disagreement
is a consequence of the differing electronic structures of the
CopMnZ Si and Sn atoms. One possible way to imitate this difference
o7 oE Tos T T i T 4 is to selgctavolume for QIS_VInSi which leads to equivalent
(attice parameter (a.u.) conduction-electron bandwidths for both compounds, and the
necessary lattice parameter for the Si-based alloy is equal to
FIG. 6. Course ofly, (solid line) and J2, (dashed lingas a  10.97 a.u. Then, the values &f can be reproduced with an
function of the lattice parameter in @dnSi. Filled circles corre-  accuracy of a few percents. Summarizing, the decrease of the
spond toJ}, and empty ones a2, for the real CgMnZ systems  Curie temperature can be explained by the following two
(Z=Si, Ge and 9Sn calculated at their experimental lattice cgyses: by a simple volume effect and by a change of band-
parameters. width upon substitution.

A detailed comparison of Tables Il and IV in terms Bf
close to qug in all three casegsee Table)l This increase of makes it clear that the interactions are relatively short ranged
the Mn magnetic moment is consistent with the increase oénd do not exceed the first four neighbors in each sublattice.
the Mn-Mn contribution to the effectivd, (third column in ~ The main exchange parametdy, of Co;-Mn in Table I,
Table Il) in this series of compounds. The increase, howevercorresponds to the nearest-neighbor Co-Mn interaction. This
is compensated by lower values for the Co-Co and alsgarticular entry of the table alone already gives about 70% of
Co-Mn interactions. Thus, the calculatéds decrease along the total contribution td, between Co and Mn atoms and is
the line Si—Ge— Sn(see Table)l, and this qualitative trend about 10 times larger than the corresponding Co-Co and
agrees with the tendency observed experimentally. Mn-Mn interactions; a remarkable result but, as has been

To fully demonstrate the volume dependence of the exsaid before, not too surprising when considering the inter-
change interactiongand Curie temperatures, tpove also  atomic overlap. For comparison, Table Ill also contains the
calculated the course df in Co,MnSi solelyas a function of  exchange parameters obtained in earlier Wevkere the au-
its volume. That is to say, the structure of MMSi was thors calculated Mn-Mn exchange parameters from the total
artificially expanded to lattice parameters that would betteenergy differences of the FM and AFM structures but ig-
fit the compounds adopted by its higher homologues Ge andored the Co-Mn interactions.

Sn; unfortunately, this is impossible to realize experimen- Naturally, their approach had to result in significantly
tally. Figure 6 displays the values of tlig parameters ob- larger Mn-Mn interactions in order to reproduce the FM/

JO (mRy)

TABLE llI. Pair exchange interaction parametgfs(in uRy) in the LWA for the CgMnZ (Z=Ga, Si, Ge or Spfamily and results from
Ref. 9.

Compound Sublattice J; J, J; Js N Js J; Jg

Co,MnGa Cq-Co; -11 4 -7 -7 2 2 1 1
Co-Co, 49 4 -76 -5 0 -3 2 1
Co-Mn 557 64 -5 -3 -1 -3 0 0
Mn-Mn 36 -2 4 17 2 -3 8 3

Co,MnSi Co-Co; 5 59 1 1 1 -2 1 1
Co;-Co, 165 72 -31 -6 10 0 2 1
Co;-Mn 1106 38 12 2 4 1 0 0
Mn-Mn 130 58 -12 24 0 -8 0 -2

Co,MnGe Cq-Co; -11 55 2 2 1 -2 0 0
Co-Co, 136 75 -53 -5 10 -1 2 1
Co;-Mn 932 41 11 3 6 1 0 0
Mn-Mn 141 60 -5 23 1 -5 1 -4

Co,MnSn Cq-Coq —40 57 4 4 2 -5 0 0
Co,-Co, 73 87 -56 -6 13 -4 2 4
Co;-Mn 907 40 7 0 9 2 4 1
Co;-Mn 907 40 7 0 9 2 4 1
Mn-Mn 126 78 5 26 -3 -13 0 0
Mn-Mn (Ref. 9 630 135
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TABLE IV. The radius-vector, the distance from the central atamand the number of equivalent nearest neighiodiar the L2, type
of structures.

Ji Xi-Xq X1-Xp X;-Mn Mn-Mn
n r r n r r n r r n r r

11 1 111 11
J 12 0.707 330 6 0.500 030 4 0433 3 12 0.707 330
J 6 1.000 0 4 o866  1iil 12 0829 1l 6 1.000 0
j 12 1225 71 4 0.866 333 12 1090 33 24 1225 21
3 12 1225 11l 24 1118 lo1 12 1299 311 12 1.414 110
Js 12 1.414 110 6 1500 003 4 1.299 233 24 1581 033
Js 24 1581 012 12 1500  1i1 24 1479 231 8 1.732 111
b 4 1732 111 12 1500 131 12 1639 3523 48 1871 313
Jg 4 1.732 111 12 1658 131 12 1785 i1l 6 2.000 oa

AFM energy differences because in such an approximatiospin orbitals for Mn. The same effect takes place in RePd
all interactionsftMn-Mn and Mn-C9 are effectivelymapped where Fe acquires a very large moment because of being too
into the Mn-Mn-typeJ;;. Thus, one needs to compare an spacious’! Unlike the results given in Ref. 10, however, the
effective parameter for the Mn atom, namel§,=J9,..y,  total magnetic moments of our calculations do not monotoni-
+J0 . from Table Il withJ%, =12x J,;+6x J, from Ref. 9.  cally increase in the row Ge Sn—Pb, but this effect is
The obtained values are 10.9 mRy and 8.4 mRy correspongrobably related to the atomic spheres approximation used
ingly. This similarity between the results of the very different by us.
models suggests relatively localized magnetic character in We will now analyze the results for the exchange coupling
this system. using Eq.(9). The values of the exchange splittingd; for
the Rh atoms are about three times smaller than for the Co
atoms so that Rh-Rh and Rh-Mn exchange parameters are
B. Rh,MnZ (=Ge, Sn, and Pb) compounds about 10 and three times lower if compared with the Co-Co
Independent full-potential calculations of the electronicand Co-Mn pairgsee Table Il only because of this splitting
structure of this group have been published recéfitfo ~ renormalization. Such a simple explanation, however, is not
ease the understanding of this chemical system, we compare

the densities of states of RMInSn with the preceding one of 100
Co,MnSn, and both are included in Fig. 7. Generally, the gap 50 |
in the minority-spin states of the @dnZ phases can also be
observed for the RIMnZ phases but this gap apparently be- 0
comes broader and the Fermi level is no longer found in the
gap. Consequently, the total magnetic moment can no longer = -50} :
be an integer number for this group of intermetallic com- ] |
pounds, and the entries of Table | impressively support this > i
statement. e Co,MnSn :
Another important difference is given by the smaller ﬁ 150 |
width and also polarization of the rhodiund 4tates relative g 100 | :
to those of cobalt. In chemical terms, this notable difference ~ |
between the & and 4l (and also 8) elements is easily ex- 8 50 | :
plained by differences in spatial shielding, with interesting (a) \
similarities to main-group chemistfy.In any case, the mag- 0 "I
netic moment of the Rh atoms is only about one-half the size NY
of those of the Co atoms, namely ca. Qugcompared to ca. =50 | :
lug. I
In contrast to the Co-based system, the Mn moments in -100} |
this group are larger by about Q. Such a change has been 150 :
explained® by a smaller hybridization between the Rh and —150¢ . . |
Mn atoms than between the Co and Mn atoms. Alternatively, -0.4 -0.2 0
a chemical interpretation would focus on an effectively over- E (Ry)

sized Mn atom because of the strongly widened lattice due to

the large Rh atoms. Thus, the majority/minority spin splitting  FIG. 7. Total(solid line) and partial densities of statédashed
for Mn is strongly favored, and the intra-atomic exchangeline) of Rh and Co in RfMnSn and CeMnSn. The Fermi level is
splitting will be mirrored by extraordinarily diffuse minority- at the energy zero.
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data. The calculated Curie temperatures in the LWA for
Rhb,MnSn (435 K) and RBMnPb (423 K) are not too far
away from the experimental ones, 412 and 338 K, respec-
! tively. For RhMnGe, however, we underestimakg (410 K)

| compared to an experimental 450 K. The usage of (E).

| leads to a significant modification of Rh-Rh coupliffgctor

1o of 2-3 and a 25-30 % increase of the Rh-Mn coupling, i.e.,
13 the MFA produces significantly larger numbers Tgy. How-

& ever, all relative trends remain similar to the exchange cou-
0 0.04 pling within the LWA.

The energy dependence &fin the RhMnZ compounds,
depicted in Fig. 8, looks different from the one discussed
(solid) and J%, (dashed ling as a function of band filing for ~before in the CgMnZ group. First, the amplitude af(E) is
Rh,MnGe. Vertical lines corresponds to 2&h,MnAl) and 29 sSmaller and, second, the maximum of the curve is a broad
(Rh,MnGe) electrons per unit cell. The energy zero corresponds tddlateau. The last finding means that an increase of the elec-
the Fermi level of REMnGe. tron concentration willnot lead to a significant change for

the exchange parameters. An alternative decrease of the elec-
applicable for the Mn-Mn interactions where the correspondiron concentration, however, leads to negatiwalues such
ing susceptibility has also changed. In the Mn sublattice, théhat an FM state is no longer stable. For instance, the substi-
interactions decrease in magnitude by about 1 mRy upotution of Ge by Al shifts the Fermi level down by 0.04 Ry
substitution of Co by Rh despite the increase visible for thevertical line in Fig. 8 and leads to a significant decrease of
Mn magnetic moments. The lowered Mn-Mn exchange pad. This interpretation is supported by the experimental AFM
rameters reflect a general AFM tendency for a nearly halfordering observed for RMnAl 34
filled d band and an FM tendency for a nearly empty or filled Closing this section, we would like to mention that the
d band; this has been discussed befdréhe manganesd =~ Rh,MnZ compounds are traditionally discussed as systems
states in the Rh-based compounds are nearly half-filled whilevith fully localized magnetic moments, in contrast to the
in Co-based compounds these Mn-centered states have be€o,MnZ-type compounds where the Co magnetic moment
filled by approximately 0.6 electrons despite Co/Rh beingcan obviously not be neglected. The results for the effective
isoelectronic(the d states contribution to the magnetic mo- J values in Table Il and the pair-magnetic exchange values
ment of the Mn atoms is 34 in R,MnSn and 3.Lg in - J;; in Table V clearly evidence that Rh-Mn interactions are
Co,MnSn). evenlarger than Mn-Mn interactions. A similar behavior is

When it comes to the volume dependence of the magnetiknown from Fe/Pd alloys where the Fe atom magnetically
properties of the Rh-based compounds, we reiterate thpolarizes the d metal upon strong Fe-Pd chemical
course found for the GMnZ (Z=Si, Ge, Sm group(Fig. 5). bonding?! In the present case, the Rh-Mn exchange param-
One also expects a decrease of the Curie temperatures wighers are mostly determined by the first-neighbpmterac-
increasing volume, and this is what the experimefitalal-  tion. Mn-Mn interactions show a significantly longer range
ues reflect in the row Ge Sn— Pb (see Table)l Unfortu-  with the main contributions coming from large and positive
nately, this trend is somewhat obscured in the theoretical;, J, and negativelg entries.

RhaMnAl

-0.08

|
o
=3
5

E (Ry)

FIG. 8. The calculated effective exchange parametifs

TABLE V. Pair magnetic exchange interactiodjs (in uRy) in the LWA calculated for RfMnZ (Z=Ge, Sn or Ph

Compound Sublattice N J, J3 Js Js Js J; Jg
Rh,MnGe Rh-Rhy -9 13 0 0 -1 0 0 0
Rh-Rh, 17 0 -3 -2 6 0 0 1
Rh-Mn 312 21 2 2 2 1 0 -1
Mn-Mn 87 102 3 18 -5 -27 -4 -9
Rh,MnSn Rh-Rhy -8 15 0 0 -2 0 0 0
Rh-Rh, 20 2 -3 -2 8 -1 0 1
Rh;-Mn 340 20 3 2 2 1 1 -1
Mn-Mn 61 108 6 29 -6 =27 -4 -3
Rh,MnPb Rh-Rhy -8 15 0 0 -2 1 -1 -1
Rh;-Rh, 22 2 -5 -2 7 -1 0 1
Rh;-Mn 327 17 5 2 1 1 1 -1
Mn-Mn 57 96 21 33 -8 -34 -9 —4
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JO (mRy)

oMnSn

2 [Ni.
o
o

0.1
E(Ry)

FIG. 9. The calculated effective parametéf,ﬁ (solid line) and
J2_ (dashed lingas a function of band filling in G&nSn. Vertical
lines correspond to 2Fe,MnSn), 29 (Co,MnSn), 31 (Ni,MnSn),
and 33(Cw,MnSn) electrons per unit cell.

C. XoMnSn (X=Ni, Cu, and Pd) compounds

In this section, we will analyze the change of the mag-
netic properties of the Heusler alloys upon atomic substitu
tion by theX component, the non-Md metal. For the com-
pounds withX=Ni, Cu, and Pd, the electronic structures

PHYSICAL REVIEW B 71, 014425(2005

crease forX=Cu. The authors of Ref. 9 suggested that the
principal role of theX atoms is to simply determine the size
of the crystal lattice. To check this assumption, we calculated
Jo for Ni,MnSn but with a lattice parameter that is charac-
teristic for CyMnSn. As a result,J% ,,=1.3 mRy and

3 _un=2.3 mRy differ from the correctly calculated of

the real CuMnSn phase by 0.3 and 5.7 mRy, respectively
(see Table . Also, the modified exchange parameters upon
d-metal substitution is not reproduced by the RBA which
worked nicely for anrsp-component substitution.

In order to analyze the problem in more detail, we show
the course ofl(E) as a function of CéMnSn band filling in
Fig. 9. The vertical lines correspond to the Fermi levels
where the total number of valence electrons is equal to the
corresponding compound of th&MnSn family. While it is
clear thatJ continuously decreases upon ©dNi (and also
Cu) substitution, this lowering isinderestimatedand the
effective JY,, obtained from Fig. 9 is close to 8 mRy but the
properly calculated?,, is 5 mRy (see Table .

The predicted Curie temperatures obtained from the cal-
culated parameters are presented in Table |. The correct ten-
dency for the calculated Curie temperatures has been men-
tioned above, except for BMnSn where the disagreement is

have been studied in Refs. 10 and 9. Similar to the precedingithin the accuracy of the method. The total exchange pa-

Rh,MnZ group, the Fermi level is no longer in the minority-

rameter], is mostly determined by the fir&-Mn pair inter-

spin DOS gap and the total moment is not an integer numbeaction and has significant long-range contributions; at least

The substitution of Co by Rh or Ni leads to a significant
decrease of thel-metal polarization and, also, to a nearly
complete filling of their minority-spin states. The magnetic
moment of theX atoms is thereby reduced fronud (Co) to

ca. 0.5ug (Rh) and, finally, to about 0,25 (Ni), given in

Table I. This reduction is accompanied by an increase of th
Mn magnetic moment only during the first substitution. The

six interactions are important, see Table VI. We also include
the results obtained from total-energy calculatfoasd from

a fit to spin-wave dispersiort8.The exchange coupling in
the LWA produces somewhat smaller values for the Mn-Mn
interaction whileX-Mn interactions are underestimated by
€0-60 % when compared with those from the general defi-
nition [Eq. (10)]. All T¢'s are overestimated in this approach

limiting case is given by the compounds with the nonmag-and we expect that any improvement of the MFA will pro-

netic Cu and Pd atoms.

Using the calculated magnetization valuss we can es-
timate the reduction of thé)_, and J%_,,. parametergsee
discussion aboye The obtained parameters give qualitative

duce better agreement with experiment. The calculated ex-
change parameters can be used in any more sophisticated
calculations of the critical temperature.

As mentioned before, one may compare the Mn total ex-

agreement with the directly calculated results, listed in Tablehange only. Thé;; obtained in Ref. 9 are in good agreement
[l. However, this estimation cannot reproduce the decrease afith our results for PgMnSn (2.1 and 2.5 mRy, respec-

J%_mn for X=Rh and, on the other hand, the significant in-

tively), but for the Ni- and Cu-based compounds, the authors

TABLE VI. Pair magnetic exchange interactiofs(in xRy) in the LWA calculated foX,MnSn (X=Ni, Cu or Pd and results from Refs.

9 and 16.

Compound Sublattice J; J, J3 s Js Js J; Jg

Ni,MnSn Ni-Mn 263 —-18 1 4 8 1 1 2
Mn-Mn 151 116 29 —104 14 -30 12 -14
Mn-Mn (Ref. 9 187 -13
Mn-Mn (Ref. 16 82 105 38 37 -6 17 4 2

Cuw,MNnSn Cu-Mn 30 2 0 0 -1 0 0 0
Mn-Mn 491 318 —118 19 -12 65 9 9
Mn-Mn (Ref. 9 88 97

Pd,MnPb Pd-Mn 40 -3 0 0 2 0 0 0
Mn-Mn 65 116 51 —78 20 —64 16 -5
Mn-Mn (Ref. 9 187 -20
Mn-Mn (Ref. 16 64 43 21 —44 14 -19 4 -6
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obtained numbers which are two to three times smaller thaatom may be described within a rigid band approximation,
ours. The result obtained from spin-wave dispersions irhaving straightforward implications for the influence of the
Ni,MnSn (3.3 mRy) is fairly close to our 4.4 mRy but for atomic volume ofZ, thereby allowing semi-quantitative pre-
Pd,MnSn, however, the disagreement is significéln8 ver-  dictions. The substitution of aX element, however, poses a
sus 2.5 mRy. Nonetheless, it must be mentioned that bothproblem for the rigid-band approximation although qualita-
calculations of exchange parameters dad include the Mn-  tive tendencies can be identified; for obtaining quantitative
X interactions which are important especially in theresults, a full calculation has to be performed. The magnetic
Ni,MnSn system. The results obtained from the energy difexchange parameters and also Curie temperatures decrease
ferences of FM and AFM ordered structures tend to givealong the row Cu-Ni—Rh—Pd, in agreement with the
systematically underestimated exchange parameters althoudkgree ofd localization for the transition metal. TheMn
these systems are considered localized-moment systems. Timeractions are very important for systems with sizable mag-
results from spin-wave analysis also underestimate the exetic moments on the transition met&lo, Rh, and Nj, mak-
change coupling. We therefore plan to consider the spining the magnetic short-range order effects stronger in these
wave properties in future publications. materials. TheX-Mn interactions are limited by first neigh-
bors while Mn-Mn interactions are quite long ranged.
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