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This study of the crystal structure, electronic structure, and magnetic properties of the £,-GaM (M = Cr, Mn or Fe)
alloys is motivated by the recent reinvestigation of the crystallographic AlgCrs structure type of {,-GaMn. The
isostructural compounds C>-GaFe and C>-GaCr have been refined using X-ray powder diffraction as well as neutron
powder diffraction for &,-GaFe. Their structures have been refined using the space group R3m, with cell parameters
a = 12.625(8) A and ¢ = 7.785(10) A for £,-GaCr and a = 12.4368(11) A and ¢ = 7.7642(10) A for {,-GaFe.
Band structure calculations using the self-consistent, spin-polarized TB-LMTO method were performed to understand
their electronic structure and magnetic properties. Band calculations show that from GaCr to GaFe the magnetic
interactions change from weakly antiferromagnetic coupling to ferromagnetic coupling. Magnetic measurements
confirm ferromagnetism for GaFe and show a weak paramagnetic response for Gacr.

Introduction The crystal structure of these compounds is quite interest-
ing since it adopts a complex atomic network of icosahedra
and dodecahedra, whereas the formula unit GaM is relatively
simple. To our knowledge, there are no such complex
structures in other binary systems for a 1:1 composition. The
stability of this structure versus a NaCl structure type or a
CsClI structure type, for example, brings some questions
symmetric space grouidm, with a = 12.605(2) A anct about the close relation be_tween atom_ic structure a_nd

electronic structure. The relative complexity of the atomic

= 8.0424(11) A, to be more accurate. Moreover, the atomic )

positions and displacement parameters, which were missingS'Fruc.ture and the_ presence of _|cosahedra and dogiecahedra

in the previous study, are now refined. Motivated by our h|ghl|ght_th_e quasicrystal approxmant chargcter of this pha;e.

work on the &-GaMn structure and the possibility of Indeed, it |s“general!}/ believed that.qu_asmrystalf, are bu,|’lt
up by large “clusters” arranged aperiodically. By “clusters

interesting magnetic properties, we have performed similar , .
investigations on GaFe and GaCr. Indeed, previous studiesV€ mean structural units based on the assemblage of certain

showed that GaFe and GaCr binary alloys may also aoloptpolyhedra such as dodecahedra and icosahedra as observed

the ACrs structure typ@:* in {;-GaM as well as in GiMns and Gaz/Mniz4 In these
phases, which are close in composition g@GaMn, we

*To whom Correspondence should be addressed. E-mail: gmi”er@ Observe a different periodiC arrangement Of the dOdecahedral

During our recent exploration of new approximants to
quasicrystals in GaMn systems, we reinvestigated the
crystal structure and the physical properties ofgh€&aMn
phasé, which was discovered in the 1968%;,-GaMn was
assigned to the ACrs structure type (space gro&3m) from
X-ray powder diffraction, but our work showed the centro-

iastate.edu. ) and icosahedral “clusters”. All approximant phases in the
D t t of Ch t dA Laborat US.D t t of
epartment o emistry an mes Laboratory, U.>. Department O . . s
Energy, lowa State University. Ga—Mn system exist in a composition range from 49 at. %

Department of Physics and Ames Laboratory, U.S. Department of to 62 at. % G&.Further information concerning a “cluster”

Energy, lowa State University. At ;
5 Los Alamos National Laboratory. description may be found in ref 1. The GWIn system has

(1) Gourdon, O.; Miller, G. JJ. Solid State Chen2003 173-1, 137— been recently reinvestigated by Bdstret al> Numerous
147.
(2) Schubert, K.; Anantharaman, T. R.; Ata, H. O. K.; Meissner, H. G.;  (4) Bornand, J. D.; Feschotte, P.Less-Common Met972 29 (1), 81—
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Figure 1. Representation of the GaMn binary phase diagram in the

atomic range 4660% of Ga.

\GaGMnS (11, /1)

Table 1. Structural Data and Crystallographic Data Recording/

Refinement Conditions fog,-GaCr

composition
space group
cell params

V (A3)
z

D (calcd, g cmi®)
X-ray machine
wavelength

20, step

reflns

fitted params
refinement, program
R = YIlo— I/ ]|lol
Ro= > |Yoi — Yeill X [Yoil

GaCri3
R3m (hR26)
a=12.625(8) A
c=7.785(10) A
1074.6
3
7.323
Scintag XDS-2000 diffractometer
Cu K1 and Cu Kz
20-80°, 0.0
216
26
Rietveld, Jana2000
0.028
0.032

phases are present in that system, as well as in theFéa
and Ga-Cr systems, and the selected synthesis of a single
phase, like th&€, phase, is sometimes quite a challenge. For
example, Figure 1 presents schematically the-@8a phase
diagram at high temperature (over 5@) in the composition
range 46-60 in atomic percentage in Ga, which is based on

Rap = (IWi(Yoi — Yei)¥ I Wiyoi))?2  0.055

aWi — (yoi)—llz_

Table 2. Fractional Atomic Coordinates and Equivalent Isotropic
Displacement Parametér@d?) for ¢,-GaCr

. or X y z B
the work done by Bostrn.> This scheme shows the difficulty Gal o o 0 0 9;(6)
to synthesize th€, phase as a pure phase. This phase is ga2 0.2346(10) 0.1173 0.5765(3) 1.23(5)
stable within a short temperature range, from 650 to 850 ga3 8-2893(10) 00-2893 /;/2 Oé-g(Zs(f)
o rl 1 .
C. Moreover, numerous phases surroundithehase, such cro 0.23722(14) 0.11861 0.9287(3) 0.94(7)

as the cubi€; phase (at ca. 40 atomic percent Ga)g!Gias, cr3
Mn1o3Gaiz7, and MnGas.5 Thus, from the liquidus, MpdGays;
is easier to precipitate than tlie phase and it may explain

why its atomic struc_tl.Jre .has _nevgr been r(_af'ned before, Alfa)]. The Cr and Fe powders were treated first by heating them
although the composition is quite simple. Notice that, from jq an arc welder furnace. The mixture of treated transition metal
Bostram,> the {, phase is stable in a small range of and gallium was placed in a sealed, evacuated silica tube at 1023
composition from approximately 45 at. % Ga to 50 at. % K for 4 days. After slow cooling (30 h) to 723 K, the closed furnace
Ga. However, our interest was only the study of the upper was turned off and cooled naturally to room temperature. The
limit of this range, and the compositions of our samples have products appear to be air- and moisture-stable over a period of
been verified by numerous analyses (EDXS, X-ray refine- several months and stable in diluted acid. The samples were
ment, and neutron refinement). examined by electron microprobe (JEOL 840A) and found to be
The &-GaM structure is a good example to investigate free of other elements. Analysis by energy-dispersive X-ray spec-

the evolution of itinerant magnetic properties since we find FOSCOPY gave the average chemical compositionss(Cro.ssq)
that this structure exists for M Cr, Mn, and Fe. Indeed, 24 C8siaf@asw To obtain the quantitative values, GaAs: 03

th th | ts th | allv int ting f and FeO; were used as standards.
ese three elements themselves are especially Interesting for Crystal Structure Determination. Powder Diffraction Study

their ir)trinsic magnetic propertie;. However, it is somewhat of £,GaCr and &-GaFe. X-ray Studies. The X-ray powder
complicated to compare them directly because they adoptifraction patterns of these two phases were recorded on a Scintag
different structure types. Indeed, both Cr and Fe adopt a bccxps-20000—6 powder diffractometer mounted on a sealed tube
structure type whereas-Mn is a complex, body-centered generator with a Cu target. The structuregsfzaCr andt-GaFe
structure formed by Mp icosahedra. In this work, we had not been refined prior to the present study, although the cell
examine the evolution of electronic and magnetic structure parameters were determined from X-ray powder diffraction dia-
from Cr to Fe in an identical atomic arrangement obtained grams?# On the basis of the structural arrangementgsGaMn,

in the £-GaM structure type. A similar study combining the cell parameters and the atomic positionggGaCr andZ,-

theory and synthesis in a series of iron/manganese rhodium®are were successfully refined with the Rietveld method, using

borides was performed by R. Dronskowski ef @n the the Jana2000 prograhihis confirms the symmetry, space group,

basis of the same structure type for both the iron and the and cell parameters of these two phases, and no evidence of

ds. th .yp . d and elucidated th superstructures has been observed. Tablegssummarize the data
manganese comppun s, they Ipvestlgate and elucidated t €Lollection parameters and the refinement results along with the
magnetic properties by studying the nature of the-

e i k ) atomic positions. Figure 2 gives the observed and calculated
bonding interactions in these boride compounds. diagrams along with the difference curves fp1GaCr and:-GaFe.

Neutron Studies.Since the scattering factors for Ga and Fe may
be difficult to discern by X-ray powder diffraction, neutron powder
diffraction was attempted afy-GaFe. Time of flight (TOF) neutron

' diffraction data were collected at the Manuel Lujan Neutron Science

—0.14840(14)  —0.07420  0.7532(3) 0.78(6)

3Beq = (8723)Xi3;Y 8 &ad.

Experimental Section

General SynthesisGaFe and GaCr samples were obtained from
equal molar mixtures of the corresponding elements [Ga (99.999%
Aldrich), Cr powder (99.99%, Johnson), and Fe powder (99.99%,

(6) Dronskowski, R.; Korczak, K.; Lueken, H.; Jung, Whgew. Chem.,
Int. Ed. 2002 41 (14), 2528-2532.

(7) Petricek, V.; Dusek, M.The crystallographic computing system
JANA2000 Institute of Physics: Praha, Czech Republic, 2000.
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Table 3. Structural Data and Crystallographic Data Recording/ 10
Refinement Conditions fof-GaFe . (a) Cz—GaCT
composition GasFers '
space group R3m (hR26)
cell params a=12.4368(11) A [12.4218(11) A] 0.6
c=7.7642(10) A [7.7576(11) A] =
V (A3) 1040.0 Y
z 3 e
D (calcd, g cmi®) 7.816 s
X-ray machine Scintag XDS-2000 diffractometer 2 o2
wavelength Cu Ky and Cu Koz @ I ﬁ h l \ M
20, step 20—-80°, 0.0T° 00 ™ , AWV Y, " 19, Vel
;i?tftler(]jsparams 22162 [ B O A
refinement, program Rietveld, Jana2000 :'; * R ——
R=3llo—lcl/Zlol 0.035 o1 N
Ro= Y |Yoi — Yeil/ Y [Yoil 0.050 ’
Rup = (X Wi(Yoi — Ye) 7T Wi(yo)))¥22  0.063 30.0 40,0 50.0 60.0 70.0
aWi — (ym)_llz- 29
1.0
Table 4. Fractional Atomic Coordinates and Equivalent Isotropic (b)
Displacement Parametérél?) for {,-GaFé 08 CZ-GaFe
X y z &q 0.6
Gal 0 0 0 1.50(7) =
0 0 0 1.59(7) 5 o4
Ga2 0.2366(7) 0.1183 0.5727(8) 1.15(4) > .
0.2336(3) 0.1168 0.5739(4) 1.54(3) g ;
Ga3 0.2805(6) —0.0529(6) 5/6 0.97(4) g 2 P
0.2796(3)  —0.0537(3) 5/6 0.86(2) ® i : .
Fel 0 0 1/2 0.66(6) 0.0 - - ; b
0 0 1/2 0.63(4) ! L A T R
Fe2 0.2310(8) 0.1155 0.9254(9) 0.68(5) 04
0.2328(2) 0.1164 0.9218(2) 0.80(2) 00 Mk TN T U s iy cotehd
Fe3 —0.1412(8) —0.0706 0.7493(10) 0.71(5) Sl
—-0.1447(2)  —0.07233 0.7483(4) 0.77(2) o4
3Beq = (87%3)%:Y,Yi@& &aag. °In italics are listed the parameters 30.0 40.0 50.0 60.0 70.0
refined by neutron diffraction. 20

) ) Figure 2. X-ray powder diffraction patterns observed and calculated of
Center located at Los Alamos National Science Center (LANSCE) ¢,-GaCr andi,-GaFe. The difference is illustrated on the same scale.

on the high-pressure preferred orientation (HIPPO) powder dif-
fractometer. The instrument utilizes chilled water as a moderator calculated diagrams obtained by neutron diffractionigiGaFe.
and has short primary flight path distance (moderator to sample) The cell parameters and the atomic positions are listed in Tables 3
of 10 m for the sake of higher neutron flux at the expense of and 4 in italics.
resolution. The data were collected at 300 K using the’18Q, Figure 4a shows the rhombohediaiGaM (M = Cr, Mn, Fe)
and 40 detector banks, in which each group of detector banks was ¢rysta| structure along theaxis. This structure can be described
individually refined (8 detector banks for 14@0 for 90, and 12 gasily and is based upon icosahedra and dodecahedra shown in
for 40°) following the collection, and coverstespacing range from  Eigyre 4b,c. Icosahedra (Figure 4b) of 12 M atoms surround Ga
0.4 to 13.9 A for HIPPO. Data for all 30 detectors banks refined gjteg at (0, 0, 0),4s, Y3, 3), and {5, %5, %3). These icosahedra
comparably, and the results reported below are for the collective gre syrrounded by dodecahedra (Figure 4c) of 18 Ga atoms and 2
sum of the 8 individual histograms of the T4@etector banks and  \ atoms. The dodecahedra are interconnected by Ga edges and
the 12 individual histograms of the #@etector banks. isolated M atoms. From the magnetic point of view, we can describe
The structure was refined using the General Structure Analysis thjs structure by a 1D magnetic structure model alongctiaeis
System (GSAS), a Rietveld profile analysis program developed by yjith a regular succession of Micosahedra bridged together by
Larson and Von Dreel®The starting structural model used was jsolated M atoms as presented in Figure 4d. These chains, located
from the single-crystal X-ray data. The structural model was refined z1ong (0, 0,2), (%5, s, 2), and s, %, 2), are separated from one
for unit cell parameters, atomic positions, and isotropic thermal gnother by a network of Ga atoms.
parameters. Background coefficients, scale factors, isotropic strain
terms in the profile function, and sample absorption were also
refined for a total of 144 parameters for the 14Md 40 detector
banks. The fit confirms the assignment of the Ga and Fe atomic
sites from X-ray diffraction. The final refinement corresponds to
x2 value of 1.97 for the summation of the individual histograms
140 and 40 detector banks (WR# 4.4%). When the occupancies
were allowed to refine, they settled around 1, indicating no mixed
Ga/Fe sites in the compound. Figure 3 illustrates the observed an

Susceptibility Measurements Temperature and magnetic field
dependent dc magnetization measurements in the ranges of the
parameters 1:8300 K and 6-55 kOe were carried out using a
Quantum Design, Inc., MPMS-5 SQUID magnetometer. Magnetic
measurements have been carried out on bulk samples (approxi-
mately 200 mg) from the same preparations as the ones used for
powder diffraction experiments.

d Figure 5a,c shows field dependent magnetization data taken at
5 K for &,-GaCr and;,-GaFe, respectively. While thd(H) curve

for {o-GaCr is practically linear and the magnetization vall&

K, 55 kOe) is only slightly above 1.2 emu/mol, the field dependent

(8) Larson, A. C.; Von Dreele, R. B5SAS: General Structure Analysis
System1985.

3212 Inorganic Chemistry, Vol. 43, No. 10, 2004



Studies off,-GaM

Figure 3. Time of flight (TOF) neutron powder diffraction patterns

observed and calculated of-GaFe. The measurement have be carried out

at 6 = 3.2°. The Rietveld refinement of neutron powder diffraction data

for GaFe. Part a represents 1 of the 8 individual histogram of thé 140

detector banks and part b represents 1 of the 12 individual histogram of Figure 4. The GaMn structure emphasizing various cluster units: (a) unit
the 40 detector banks. The upper curve is the experimental data, and the cell along thec axis showing the icosahedra mostly surrounded by Ga atoms;
lower is (experiment-calculated) on the same scale. (b) icosahedra of Mn around a Ga site; (c) dodecahedra of 18 Ga sites and
2 Mn sites; (d) connection between two icosahedra via the Mn site on the
dodecahedra. The gray and black spheres represent the Mn atoms and Ga

magnetization for{,-GaFe is nonlinear with a clear trend to .
atoms, respectively.

saturation and almost 3 orders of magnitude highés K, 55 kOe)

value than fort-GaCr. Electronic Structure Calculations

Temperature dependent susceptibilities for each compound (taken . . L .
in 1 kOe applied magnetic field) confirm the significant difference ~ DUring our reinvestigation of th€;-GaMn phase, spin-
in magnetic behavior of the two compounds. The susceptibility of Polarized calculations were performed to understand the
&-GaCr (Figure 5b) is basically temperature independeft4 x possible magnetic behavior of this compound. A similar
104 emu/mol) with small Curie-like upturn at low temperature, €ffort on {>-GaCr andZ>-GaFe is presented here to explain
which possibly originates from a small amount of some para- the magnetic behavior of these isostructural compounds.
magnetic impurities. A small feature of currently unknown origin Computational Details. Tight-binding, linear muffin-tin
is observed for this material at about 165 K. The temperature grbital (TB-LMTO) electronic band structure calculations
dependent susceptibility df.-GaFe (Figure 5d) is much higher  were carried out in the atomic sphere approximation using
(0.02-0.07 emu/mol below 300 K) and has two distinct features: the LMTO47 programi®-13 Exchange and correlation were
a peak ar~ 42 K possibly associated with a magnetic transition - yeated in a local spin density approximatiéall relativistic

and a broad maximum a¢135 K. Susceptibility decreases with — ot 4o except spinorbit coupling were taken into account
an increase of temperature between 200 and 300 K in a €urie . L . )
using a scalar relativistic approximatién.

Weiss-like manner. . . - - .

The aeneral maanetization behavior observed for each compound In the atomic sphere approximation, space is filled with
_ e generaimagnetization behavior Observed for each compoundy , 5 overlapping WignerSeitz (WS) atomic spheres. The
is in qualitative agreement throughout samples from different

batches with the observed differences being due to small amountssymmetry of the potentlallls conSIdeer spherlcal inside eaCh
WS sphere, and a combined correction is used to take into

of possible secondary phases that often may give considerable s .
contribution to magnetization. account the overlapping paftThe radii of the WS spheres

The following summarizes the magnetic mee_lsurements: Wh_lle (9) Booth, J. G.; Mankikar, R. M.; Morris, P. GSolid State Commun.
the exact ground state of each compound requires further, detailed ~ * 1986 60 (1), 1-2.
macroscopic and microscopic measurements and possibly further(10) Andersen, O. KPhys. Re. B 1975 12, 3060-3083.

; ; ; ; ; (11) Andersen, O. K.; Jepsen, ©hys. Re. Lett 1984 53, 2571-2574.
improvement in sample quality, our data are consistent with much (12) Andersen. O. K.: Jepsen, O.-®lel, D. InHighlights of condensed-

stronger magnetic interactions iy-GaFe with a possibility of matter theory Bassani, F., Fumi, F., Tosi, M. P., Eds.; North-
ferromagnetism, while magnetic interactions;irGaCr appear to Holland: New York, Lambrecht, W. R. L., 1985.

il i ; (13) Andersen, O. KPhys. Re. B 1986 34, 2439-2449.
be much weaker and the compound possibly is nonmagnetic or(l4) von Barth, U.: Hedin. LJ. Phys. C1072 5, 1629-1642.

weakly antiferromagnetic as seen in other-&a binary phases  (15) Koelling, D. D.; Harmon, B. NJ. Phys. C1977, 10, 31073114
such as GgCrs or GaCrs.? (16) Jepsen, O.; Andersen, O. K. Phys. B1995 97, 35-47.

Inorganic Chemistry, Vol. 43, No. 10, 2004 3213



Gourdon et al.

0.006 - A00F-N4
~ 0.005- (a) 5K 3 (b)
o]
2 oo E 4.00E-04 |
=} =}
X
g 0.003 - ;'EL 3.00E-04 |
2 o002 | = —
2.00E-04 |
0.001
1.00E-04 ‘ . .
0 ' 0 50 100 150 200 250 300
1 2 3 4
H (kG) ¢,- GaCr T(K)
07 0.08 -
(c) o | @
06 3 v
= E 006 -
© 05 5K 5 X
E 2 o005
204 o
£ — 004 |
2 o3 =
- 0.03 -
0.2 0.02
0.1 0.01
0 ‘ ‘ . 0 . ; ‘ )
0 1 2 3 4 5 0 5 10 15 20 25 30
H (kG)
1 (K)

{,- GaFe

Figure 5. Magnetization data takert & K for (a) {>-GaCr and (cf>-GaFe and susceptibility data for (§p-GaCr and (df;>-GaFe in the temperature range
1.8-300 K.
were obtained by requiring that the overlapping potential be
the best possible approximation to the full potential, and were
determined by an automatic procedift&his overlap should
not be too large because the error in the kinetic energy
introduced by the combined correction is proportional to the
fourth power of the relative sphere overlap. Interatomic space
was filled with one interstitial sphere since the structure of
the compound under examination is not densely packed. The
optimal position and radiusgs) of this “empty sphere” (ES)
was determined according to the method described in ref
13. The WS radii of M (M= Cr, Mn, Fe) and Ga atoms are
nearly equal (1.4% ry < 1.48 A and 1.45< rg, < 1.46
A), while the empty sphere has a radius of 0.78 A and is
located on the pentagonal faces of the dodecahedra.
The basis set included Ga 4s, 4p, and 4d orbitals and M
4s, 4p, and 3d orbitals. For the ES only s and p orbitals were
used. The Ga 4d orbital and the ES p orbital were treated
by the Lowvdin downfolding techniqué®*® The k-space
integrations were performed by the tetrahedron metfiod.
The self-consistent charge density was obtained using 64gigure 6. Total density of states (TDOS) and different partial densities
irreducible k-points in the Brillouin zone for the rhombo-  of states (PDOS) for the non-spin-polarized calculation§eGaM (M =
hedral cell. The contribution of the nonspherical part of the € Mn. Fe).

charge density to _the potential was neglected. Both non-spin- Nonmagnetic &-GaM (M = Cr, Mn, Fe). In Figure 6
polarized end spin-polarized calculations were performed. the total densities of states (TDOS) and different partial
The Fermi level was selected as the energy reference. densities of states (PDOS) for the non-spin-polarized calcula-
tions on the¢,-GaM (M = Cr, Mn, Fe) structure are
presented (PM). The PDOS of the M-3d @ Cr, Mn, Fe)

(17) Bléchl, P. E.; Jepsen, O.; Andersen, O. Rhys. Re. B 1994 49,
16223-16233.
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Figure 7. TDOS and M-M COHP curves for th&,-GaM (M = Cr, Mn, Fe) compounds.

orbitals are shaded in gray whereas the 4p orbitals areis different for {,-GaMn and{,-GaFe, since antibonding
represented by a thick line. The profile of the TDOS is close states are populated. However, according to Figure 7, the
to the PDOS of the M-3d functions, which suggests that the Fermi level for{,-GaMn corresponds to a deep minimum
icosahedra dominate the electronic properties. in these antibonding states, close to nonbonding, especially
The shape of the TDOS in the vicinity of the Fermi level for the Mn—Mn interactions inside the icosahedra, whereas
corresponds mostly to two broad peaks: one centered aroundor {,-GaFe the antibonding states are more pronounced.
—2 eV and the second one beloi-{GaFe), centered on To summarize, calculations without spin polarization show
(£-GaMn), or above {>-GacCr) the Fermi level depending that the DOS at the Fermi level is very high (between 30
on the nature of the transition metal M. The Ga 4p PDOS is and 60 states/eV/cell). A progression in the bonding character
relatively flat with the highest density aroure? eV. So, a of these states is also observed. Indeed, these states have
small interaction is expected between the Ga 4p orbitals andM—M nonbonding character fot,-GaCr, while there is
M 3d orbitals. Integration of the M 3d PDOS shows that M—M antibonding character faf,-GaFe (Figure 7). Fol,-
approximately 50% &,-GaCr), 60% {,-GaMn), and 70%  GaMn, the situation lies between both cases (nonbonding/
(.—GaFe) of the 3d states are occupied. The three TDOSantibonding states). Dronskowski et al. have already shown
curves suggest that a rigid band model holds reasonably wellthat a driving force for antiferromagnetism or ferromagnetism
for {-GaM (M = Cr, Mn, Fe). The primary distinctive  lies in the local nonbonding or antibonding character of the
feature is a narrowing of the two-peak feature. The M orbitals states around the Fermi lev8IConsequently, according to
from the icosahedral sites and the dodecahedral sites havehe Stoner criterf® and on the basis of our previous work
been plotted together. However, our previous studyyen  on >-GaMn, magnetic properties may also be expected for
GaMn has shown a slight difference in the PDOS due to the {,-GaCr and,-GaFe, and spin-polarized calculations should
local environment.The environment of the M atoms from  be performed to understand their electronic structures. Indeed,
the dodecahedral sites, presented in Figure 4d, is trigonalStoner presented in 1938 a predictive model of itinerant-
antiprismatic with six rather short MM distances (B){2.5 electron ferromagnetism by assuming an average spin field
R). Consequently, we treat the WM interactions separately  interacting with a single spin. The Stoner criterion can be
using a COHP (crystal overlap Hamilton populat®n expressed as
analysis [Alrepresents the average-Nl distance in the
icosahedron).These COHP curves, as well as the TDOS for | x DOSEp) > 1
£-GaMn, are presented in Figure 7 as representative of the
entire series. In this and subsequent figures the icosahedravhere | is a measure of the strength of the exchange
are shown as circles. Indeed, the first peak-& eV interaction in the metal and DO&] is the density of states
corresponds to MM bonding interactions, whereas the at the Fermi leveler. Nowadays, most solid-state physicists
second one close to the Fermi level corresponds toW  consider the Stoner criterion as a good indicator of whether
antibonding states. 15,-GaCr, the highest populated states a metal or an alloy will be ferromagnetic. The D@g(value
are M—M nonbonding. Indeed, the Fermi level corresponds s directly accessible by band structure calculations, land

perfectly to the crossing between the bonding and the values may be found in various papers. The first tabulation
antibonding states among-MM interactions. The situation

(19) Landrum, G. A.; Dronskowski, FAngew. Chem., Int. E200Q 39,
(18) Hughbanks, T.; Hoffmann, R. Am. Chem. Sod.983 105, 3528— 1560-1585.
3537. (20) Stoner, E. CProc. R. Soc. Londot938 165 372—-387.
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Table 5. Results of Spin-Polarized Band Structure Calculations
Obtained forl,-GacCr, {-GaMn, and¢,-GaFe

M = Mn

M = Cr FM1 FM2 M= Fe
Gal uB) —0.004 -0.085 —-0.039 -—0.058
Ga2 uB) 0.022 —0.048 0.030 -—0.058
Ga3 uB) 0.024 —0.064 0.053 -0.076
M1 (uB) —-0.699 —-1.979 1.837 2.100
M2 (uB) -0.791 2.096 —1.968 1.686
M3 (uB) 1.279 2.576 2.352 2.193
Total («B/cell) 2.529  25.243 4.641  24.442

AE (eV/cell) (relative tothe —0.067 -1.69 —-145 271
paramagnetic calculation)
was created by Janak in 1¥¥and givesl values for Cr
(bcc), Mn (fce), and Fe (bcc) as 0.38, 0.41, and 0.46 eV,
respectively. Therefore, the Stoner criteria fprGaM, M
= Cr, Mn, and Fe are 0.71, 0.98, and 1.60 per M atom. These
values for the Stoner criteria are only a first approximation
because values for each atom are dependent upon the local
environmeng! Rigorously, | values should have been
calculated for each of the three M crystallographic sites (M
= Cr, Mn, or Fe) since their local environments are different.
Moreover, for these binary alloys of Ga, even if magnetic

properties are not expected for Ga, the Ga PDOS at the Ferm'Figure 8. Total density of states (TDOS) and different partial densities

level may aﬁ_eCt the Stoner criterion value. Anyway, Trom of states (PDOS) for the spin-polarized calculationsig®aM (M = Cr
these approximate values we may expect ferromagnetism forand Fe).

Co-GaFe and possibl§>-GaMn. However, the Mn case seems ) ] )
to be a critical one, as already observesiice the value for the nonmagnetic one. These models cpnﬂrm the hy.potheS|s
the Stoner criterion is rather close to 1. of antiferromagnetism and ferromagnetism already discussed
Spin-Polarized Calculations ont,-GaM (M = Cr, Mn, for {-GaCr angtz—Ge}Fe, respectively. The atqmic magnetic
Fe). Different initial magnetic models were attempted that Moments are listed in Table 5. In the chromium compound
retained the 3-fold symmetry axis, but only two models both theJ; andJ, couplmgs are antiferromagnetic whereas
converged (FM1 and FM2) fot,-GaMn, both of which they are ferromggnetlc in the iron compound. quever, the
retain a centrosymmetric potentfaFor &-GaCr andé,- total energy dlfferen_ce between the magnetic and the
GaFe, identical models were examined, but just one magnetic’onmagnetic models increases from Cr to Fe. Moreover, the
model was found more stable than the nonmagnetic one for@0Mic magnetic moments are rather low on the Cr atoms
each compound. The final results for the spin-polarized (~0-84B) compared to those on the Fe atome2(1uB).
calculations are listed in Table 5. We will briefly summarize AS a@result of the nature of the couplings (antiferromagnetic
the results obtained af-GaMn before discussing-GaCr vs ferromagnetic) and the magnitude of atomic magnetic
and ¢-GaFe. moments {-0.8 uB vs ~2.1 uB), the PDOS for majority
Considering only the M sites, which dominate the magnetic @1d minority spin electrons are rather similagipGaCr but
behavior, theZ,-GaM structure can be described as a 1D NOt for-GaFe (see Figure 8). Indeed,dpGare the DOS
magnetic compound. Indeed, along thexis we observe a for the_ spin up electrons are mostly occupied Whereas_for
regular succession of icosahedra and isolated M atomsth€ Spin down electrons the DOS are close to half-occupied.
bridging these icosahedra. Consequently, we can consider! NS Shift between the majority spin states and minority spin
two different couplings: aJ; coupling between M atoms states corroborates the total magnetic moment per cell
within icosahedra (M(ico}M(ico)) and a J, coupling calculated folg,-GaCr (2.52%B/cell) and¢,-GaFe (24.442
between the icosahedron and the bridging atom (Mgico) uB/geII). A _COHP study has also begn performed to ana!yze
M(dodeca)). The majority (spin-up) direction is indicated by the interactions between the magnetic atoms, shown in F|gqre
t and the minority (spin-down) direction By 9. Blue and'red have been used to separate the contrlbu_tlon
t~GaMn. The two magnetic models FM1 and FM2 from one spin to the gther. The COHP values corresponding
correspond to two different MaMn coupling arrangements. 10 the Ji andJ; couplings have been plotted separately for
In FM1 the Mn—Mn J; couplings are ferromagnetic whereas 2 GaCrand-GaFe even if they are expected to be similar
the Mn—Mn J, coupling is antiferromagnetic. In FM2, these Since the two couplings are identical in the Cr and Fe
couplings are opposite. Both models are very close in energy,compounds.. _ .
differing by just 0.24 eV/formula unit. Variation in the Sign of Exchange W|th Vglencg
£,-GaCr and £-GaFe.For each of these compounds only Electron Count. The experimental and theoretical investiga-

one magnetic model has been found to be more stable tharfion of the isostructural serie-GaM, M = Cr, Mn, Fe,
revealed a systematic change in the sign of the net exchange

(21) Janak, J. FPhys. Re. B 1977, 16 (1), 255-262. coupling from antiferromagnetic (AFM) in the nearly half-
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Studies off,-GaM

Figure 9. M—M COHP curves for the,-GaCr and GaFe. A scheme of the TDOS is also presented. The hatched area illustrated the DOS for the non-
spin-polarized calculation.

filled d-band case of»-GaCr to ferromagnetic (FM) - Scheme 1

GaFe. A similar sequence is observed in the elements Cr

through Fe themselves, although there are structural differ- t 4S'«_<ZAS
ences. A theoretical study of the relationship between the Local Moment

sign of the exchange interaction between two magnetic gy |

Minority spin
impurities in a metallic matrix and the number of valence

_+ —

electrons was examined four decades ago by Alexander and 3 d——+ —_ _<: il},
Anderson, who demonstrated AFM coupling near the half- .
filled occupancies and FM coupling near the extremes (nearly —+ — Majority spin
empty or full)?2 In this model, the occurrence of magnetic 1
moments at the impurity sites originated from a Hubbard-
like on-site repulsion from two electrons occupying the same one-electron calculations designed to mimic the effects of
one-electron orbital. This repulsion is further modified by the exchange splitting of the up-spin and down-spin electrons
the attractive intra-atomic exchange energy resulting from on My, icosahedra. In this model, the energies of the one-
degenerate orbitals occupied by electrons with identical spins.electron orbitals, which can hold two electrons, are split into

The converged results from the TB-LMTO calculations a lower energy, majority spin orbital (A) and a higher energy,
on {-GaM using LSDA reproduce the observed experimental minority spin orbital (B; see Scheme %).The energy
trend in magnetic character, but still cannot provide additional difference between these two spin-orbitals is a measure of
insights into the nature of these interactions. To attempt this, the intraatomic exchange energy. Then, tight-binding cal-
we have carried out simplified (noniterative), tight-binding, culations are carried out for each spin manifold: in the case

(22) Alexander, S.; Anderson, P. \Whys. Re. A 1964 133(6A), 1594~ (23) Pettifor, D.Structure and Bonding in Molecules and Soji@ford:
1603. London, 1994.
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(ABBA, ABAB, and AABB), which differ in the numbers
of nearest neighbor FM (“homonuclear”) and AFM (“hetero-
nuclear”) couplings. AFM models ABBA and ABAB have
12 FM and 18 AFM couplings; AABB has 18 FM and 12
AFM couplings, and these are indicative in the curves. The
two AFM models with more nearest neighbor AFM cou-
plings are most preferred near the half-filled band. Indeed,
the case off,-GaMn represents an interesting magnetic
situation: the energy differences between the different FM
and AFM models are nearly zero.
Thus, this simple calculation strongly suggests that the
trend in AFM versus FM coupling in itinerant systems
behaves as a fourth-moment problem of the density of states.
From a single band calculation using the Hubbard model,
which explicitly includes the competition between resonance
integrals (electron delocalization) and intra-atomic Coulomb
Figure 10. Energy difference curves between AFM and FM coupled repulsion (localization), the t,endency toward ferromagnetism
models of magnetic exchange in;Mcosahedra as a function of valence IS Stronger above the half-filled band than belofiBoth
electron count. Positive energies favor the FM model, and negative energiesof these conclusions are consistent with the current statements
favor the AFM models. Valence electron counts foiCMni,, and Fe; of Dronskowski et al® and further experimental and
icosahedra are noted. . . . .

empirical study of magnetic systems will help us achieve
some chemical guidelines to find interesting magnetic
systems.

of FM coupling, one for the majority spins, another for the
minority spins; in the cases of AFM coupling, just one
calculation is needed, but it behaves like a heteroatomic
(bimetallic) calculatior?® For this calculation, we utilized
the Wolfsberg-Helmholz approximatiott for the resonance Spin-polarized calculations predict that frGaM (M =
integrals and valence d and s atomic orbitals for Fe. The Cr, Mn, or Fe) from Cr to Fe, there is a change in the
splittings of the d and s orbitals were those obtained from
the TB-LMTO calculations within the LSDA (1.60 eV for
3d and 0.50 eV for 4s). It is important to realize that this
model calculation is not suited to compare nonmagnetic with
magnetic (i.e., spin-polarized) structures, but given the
presence of local magnetic moments at M sites, this model
is designed to probe the relative energies of different

magnetic structures based on the same on-site, exchangeénd show a weak paramagnetic response deGaCr

correlation potential for the valence electrons. Syntheses are currently in progress by mixing Cr and Fe

~ The results from these simple calculations on &M yjith the same,-GaM structure type to see how the magnetic
icosahedron are illustrated in the energy difference curvespehayior compares to this hypothesis.

in Figure 10. These curves compare the total energies for
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alloys (MN), heteronuclear MN interactions are preferred
near the half-filled band and homonuclearM and N—N
interactions are preferred near the extremes). This simple
calculation nicely reproduces the results of the TB-LMTO-
LSDA calculations on,-GaM, M = Cr, Mn, Fe. Further-
more, among the AFM cases, there are three distinct modelgC035419F

Summary

magnetic behavior from a weakly antiferromagnetic com-

pound to a ferromagnetic one. Analyses of their electronic
structures are consistent with Dronskowski’s studies, which
show that a driving force for antiferromagnetism or ferro-

magnetism lies in the local nonbonding or antibonding

character of the states around the Fermi level. Magnetic
measurements confirm ferromagnetic behaviorgeGakFe

Supporting Information Available: CIF files giving positional
and thermal parameters and bond angle€faBaCr and;,-GaFe.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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