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Magnetic structure and transport properties of noncollinear LaMn,X, (X=Ge, S) systems
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Electronic, magnetic, and transport properties of the noncollinear naturally multilayered compounds
LaMn,Ge, and LaMnSi, are addressed by first-principles calculations based on the density-functional theory.
At low temperatures, these systems show a magnetic state with the Mn moments ordered in a conical arrange-
ment(spin spira) with a ferromagnetic coupling along tleeaxis and an in-plane antiferromagnetic coupling.

The magnetic structures are studied by means of the full-potential linearized augmented-plane-wave method
within both the generalized-gradient approximation and the local-density approximation. In both compounds, a
conical magnetic state is obtained with energies lower than canted and collinear structures. The trends in the
experimentally observed magnetic configuration when replacing Ge by Si are discussed. The origin of the
experimentally observed inverse giant magnetoresistance in j@#iis traced back to the presence of many
noncollinear low-energy magnetic configurations.
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I. INTRODUCTION noncollinear three-dimensional magnetic arrangermeantgl

Noncollinear magnetism has been known for more tha:';milies of compounds which have Mn as a constituent show

40 years, and even though in recent years much progress hgduently a rich variety of complex magnetic configurations
been achieved in the description of iinerant magnetic orderd€Pending on the Mn-Mn distances. Among these systems

ing, only few first-principles calculations have been per-2'€ the intermetallic ternary compounds of the tén,X;

: : - (R=Ca, La, Ba, Y, etc., an&X=Si, Ge which crystallize in
formed for complex systems with a noncollinear magnetlc( L S ! 1 27 .
ground staté-® In the past decade, electronic structure meth-the ThCSi, structure. The Mn-Mn distances in these struc-

. : : tures are mainly determined by the size of the other atoms
ods have been extended to describe noncollinear spin struB-uilding the compound. For example, the in-plane lattice

tures within density-functional theory and Fhe_formalism.h_asconst‘,jlnt of LaMpGe, and LaMnSi, is 4.19 A and 4.11 A,
been mainly used to study magnetic excitations and f'n'tefespectively. Experimentally they show a large variety of
te.rr;pe'rature. properties of ferromagnets such as Fe, Co, Qfagnetic ground states which dependrandX. The spins
Ni.> First-principles calculations extended to noncollineary, the Mn sublattice can arrange in spiral spin-density waves
magnetism have not only been used to investigate f'n'te(SSDV\b, antiferromagneti¢AFM), ferromagnetiqFM), or/
temperature properties of magnetic materials through the demd canted magnetic structufe$? In these structures, the
termination of magnon spectra and Curie temperatures, bwin atoms occupy every fourth layer stacked alongdtais.
they have also been applied to frustrated antiferromagnetsThe Mn sublattice forms a simple tetragonal framewark
y-Fe8 and, lately, to the spin spirals appearing in the HeusleFig. 1) and the Mn-Mn interlayer distance along tbexis,
alloys, NbMnGa and NjMnAl.* RS, Fanges between 5.4 and 5.6 A, whereas the Mn-Mn
The magnetism of systems containing Mn exhibit a richintralayer distanceR, . lies in the range of 2.8—-3.2 A,
variety of magnetic ground-state structures. This behaviobeing roughly half the one correspondingRf),, -
has its origin in the well-known fact that the magnetic mo- Among the above-mentioned systems, the bulk magnetic
ment and the exchange interactions of Mn are highly sensiproperties of the compounds witR=La and X=Ge or Si
tive to geometry and interatomic distances. Antiferromag-show a complex magnetic structure which has been recently
netic interactions between nearest-neighbor atoms compete-examined by neutron diffraction experimeffsAt high
with ferromagnetic interactions between more distant atomgemperatures, these systems are purely collinear antiferro-
External parameters determining the geometry can cause dreragnets, showing a FM stacking of AFf01) planes. At
matic changes in the spin arrangement. For instance, bullow temperatures, they present noncollinear magnetic struc-
manganese itself crystallizes in complex structures such dsires with the magnetic moments of Mn ordered in a conical
the a and 8 phases with noncollinear spin arrangemeérfts. spin spiral along the axis. The moments couple FM along
The large magnetic moment of Mn gives a lot of weight tothe c axis, while they exhibit an AFM component within the
higher-order exchange interactions. For example, as a consé01) Mn planes. At a temperature @2 K, the wave vec-
guence monolayers of Mn deposited on(Cl0) display a tor q of the spin spiral of LaMgGe, is oriented along the
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This paper is organized as follows. In Sec. Il, the compu-
tational scheme and method of calculation are discussed. In
Sec. lll, the results of the calculations are presented and ana-
lyzed and Sec. IV is devoted to the concluding remarks.

IIl. METHOD OF CALCULATION

The calculations are performed self-consistently using
the FLEUR code®® which is an implementation of the full-
potential linearized augmented plane-wavg&LAPW)
method® that allows the treatment of noncollinear magne-
tism including incommensurate spin spir&lsAs there have
been several discussions regarding the different exchange-
correlation(XC) potentials to be used in the context of non-
collinear magnetism, we present here the results obtained
within the local-spin-density approximatiai.SDA) to the
XC potential and within the generalized-gradient approxima-
tion (GGA). The results obtained within both approximations
are compared with the experimental ground-state configura-
La tions.

Although in noncollinear magnetic systems no global

FIG. 1. Magnetic unit cell of LaMsGe, at 2 K. The Ge atoms ~ SPin-quantization axis exists, at every point of space a local
are not displayed. In the The3i, (space groupd/mmm) structure, ~ coordinate system can be defined such that the magnetization
the rare-earth atoms occupy 0,0 sites[Wyckoff position 2a)]  is locally oriented in thez direction. Since the LSDA de-
and the Ge atoms th@,0, +2) sites withz~0.38 [Wyckoff posi-  pends only on the magnitude of the magnetization, the XC
tion 4(e)]. The Mn atoms occupy the special positiotddat  potential can be calculated at every point in the local coor-
(0,1/2,1/4 with an additional | translation mod&ef. 12. dinate system just as in the usual collinear case. The noncol-

o ~linear potential is obtained by back-rotation to the global
axis with an absolute valug, of 0.71(27/c), and the semi-  frame of reference. On the other hand, the GGA depends also
cone or canting anglé (measured from the axis) is 58°,  on the gradients of the magnetization. As the direction of
while for LaMn,Si, the corresponding values arg,  magnetization may vary, when calculating the gradients only
=0.91(2w/c) and #=25°. The total Mn magnetic moments projections of the magnetization on the local quantization
are 3.06z and 2.4%p for LaMn,Ge, and LaMnSi,  axis are taken into account in the standard GGA implemen-
respectively.-1? tations. If the magnetization direction varies slowly, this ap-

The presence of conical helical magnetic order inproximation is sufficient. Nonetheless, a previous study sug-
LaMn,Ge, and LaMnSi, makes these systems ideal candi-gests that in some cases the disagreement between theory
dates to study the evolution of the magnetic properties as and experiment might come from the projection erfdrs,
function of canting angle and helicit§g,). To our knowl-  while in attempts to improve the GGA for noncollinear cal-
edge, noab initio calculations have been undertaken yet toculations the effects were found to be sn@lWe used the
study many-atom compounds exhibiting simultaneouslyxC potential as given by Moruzzi, Janak, and Williams
conical and helical magnetic order. In this contribution, we(MJW) (Ref. 20 in the case of the LDA calculations and by
investigate the magnetic and electronic structure of bothtPerdew and WangPW) (Ref. 21) and Perdew, Burke, and
compounds and show that, within the local-density approxiErnzerhof(PBE) (Ref. 22 for the GGA calculations.
mation(LDA) to the density-functional theofDFT), coni- The FLEUR code allows for the treatment of the noncol-
cal spin spirals are obtained as the ground states for botihear magnetism with magnetic momems, at an atomic
systems and that the values of the ground-state spin-spirglte « oriented along arbitrarily chosen directioéas well
wave vectorg] follow the experimental trends. as incommensurate spiral spin-density-wa88DW) states.

Another interesting feature of these systems is thaiXfor Assuming a rotation of the spins around thaxis, the com-
=Ge, an inverse magnetoresistance has been regdrted. ponents of the local magnetic moments of an atom with the
the past decade, characterized by the search of new materidjasis vector in the unit celln (with the origin at the lattice
with specific electronic and magnetic properties, much attenvectorR") are given in the global reference frame by
tion has been devoted to the transport properties of layered )
structures. In particular, the stress has been put on those codq - (R"+7%) + £sin 6
showing a giant magnetoresistatfteeffect (GMR). The g =1 sinq- (R"+ ) + &]sin 0* |. (1
magnetoresistive properties are strongly dependent upon the
magnetic structure, therefore its determination is crucial for
the computation of the transport coefficients. We address in For more than one magnetic atom in the unit cell, an
this work the dependence of the band contribution to GMRadditional atom-dependent phagg, has been introduced in
on the different magnetic configurations of Lap@®;. the above equation. As suggested by the experiffene

cos 0“
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have chosen a phase shiff= for the two Mn atoms in the rivatives of the energy with respect kp viyszllﬁ d€,sl k;,
(00)) plane for both LaMpGe, and LaMnSi,. The semi- we used 247% points in the IBZ. Equatioii2) is computed
cone angle®) have been found to be identical for the two by means of the tetranedron methfSdis a general expres-

atoms. sion for the giant magnetoresistance, we use the definition
In the implementation of theLEUR code, the magnetiza- .

ion : cald i : i+ o' (NF)

tion is treated as a continuous vector field in the interstitial GMR = -1 -1<GMR< +. (3)

region, while inside each muffin-tin sphere an average direc- ' o' (FM)

tion of magnetization is used. Theldransition metals in With NF we indicate a nonferromagnetic configuration as,

open strgctures are elements showmg weak |ntra-atom|c.no?6r instance, the AFM case or the noncollinear arrangements
collinearity, and for Mn the magnetic moments are fawlyPf the magnetic moments of Mn in LaMBe,. If i=z, i.e., if

large, therefore we believe that our implementation is mos . .
appropriate for the systems under study. The SSDWs arlS along thec axis of the unit cell, GMRcorresponds to the

treated by means of the generalized Bloch theotéwhich curLent Iperperf1dr|]cular_ to tnerIa(@_PF) ﬁ'v(;R; ifiis paralllel
states that, in the absence of the spin-orbit coupling, a ge {0 the plane of the unit cell, GMfg is called current in-plane

) ' . . o CIP) GMR. Direct or negative GMR is indicated by a nega-
eralized translation operator can be defined combining th

regular translations in the Bravais lattice with the rotation in ive value of GMR: otherwise an inverse GMR is observed.

the spin spacé’ Due to the generalized Bloch theorem, evenV.V'th the approximations listed above made to the relaxation
time, 7 cancels out from Eq3).

incommensurate spin spirals with the underlying lattice can
be studied restricting the calculation to the chemical unit cell

and thus no large supercells are needed. Since spin-orbit cou- ll. RESULTS AND DISCUSSION

pling is neglected, the directions in spin space and real space

are not coupled and all calculated quantities depend only on A. GGA versus LDA for LaMn ;Ge,

the relative orientations of the magnetic moments. Since the computation of conical helical structures is

In our calculations, thé-point set used corresponds to time-consuming, we decided to do first a preliminary study
100k points in the irreducible wedge of the Brillouin zone of the influence of the exchange-correlatiofC) potential
(IBZ), which corresponds to 1/4 of the total unit cell in the on the ground-state magnetic configuration. With that pur-
case of a noncollinear configuration. The tetragonal magnetigose in mind, we made a systematic investigation of
unit cell contains ten atoms and the calculations are peramn,Ge,. As mentioned in the Introduction, the magnetic
formed mcludlng all baSI_S1 functl_ons with wave vectqrs ground state Suggested by experiments has a SSDW a|0ng
smaller thanKpy,=3.4 a.u.", leading to about 95 basis the(001) axis withq,=0.71(27/c) and a semicone angle of
functions per atom. The convergence of the energies witlsge at 2 K. In Fig. 1, the magnetic and atomic structure of
respect to these quantities has been carefully checked. Thge system is shown.
number ofk points andKpa, were chosen in such a way ©0 |n a first step, we optimized the lattice parameter of
ensure ConVergence Of- total energy d|ﬁerences t0°‘ av. LaMnZG% W|th|n the GGA and the LDA by keeping th:ya
The La % and 9 semicore states are treated as valenceatip at the experimental value of 2.616 and the internal pa-
states and are described by local orbitals, which are added {@meter of the Ge atoms at0.38. Thus, the internal coor-
the LAPW basis set. The muffin-tin radii have been set toginates of the different atoms of the system were kept at the
2.3 a.u. for all atoms. o _ ~ experimental values. We studied the dependence of the total

To estimate the GMR ratio, i.e., the relative change in thesnergy, corresponding to different magnetic configurations,
resistivity as a function of an applied magnetic field, theas a function of the volume. We considered a collinear fer-
conductivities are calculated within the semiclassical BO"EZTomagnetic alignmentFM) of Mn moments, a configuration
mann approach in the relaxation-time approximatbAs  ith antiferromagnetic alignments simultaneously in-plane
we are only treating the band contribution to the GMR ratio,55 well as between the plan@s=M1), and a conical helical
the dependence of the relaxation time lorand spin is ne-  one for which experimental values for tlievector of the
glected, as well as the vertex corrections. In a first approxisspw and for the canting angle have been used. In Figs. 2
mation, spin accumulation and interface disorder effects cagng 3, we show the total energy per unit cell with respect to
be neglected because the present systems are natural Mulife energy of the FM configuration at the experimental in-
layers with perfect interfaces. The semiclassical Boltzmaniy|ane lattice parameter as well as the evolution of the local
absence of vertex corrections the conductivity tensor is givergttice parametea. The magnetic moment of all other atoms
by in the compound is small compared to the Mn ones, and

) therefore the cell magnetic moment per Mn atom is in good

ol = 88_77272 viys(k)v’;,s(kw(fys(k) —e)dk. (2) zglpf)rommatlon(to 98% given by the local Mn moment it-

S "

Figure 2 shows the results obtained within the GGA,

The indexs denotes spiny is the band indexer is the Fermi  given by Perdew and Wan@®W).2* We did further calcula-

energy, andr is the relaxation time assumed to be indepen-tions using the Perdew, Burke, and Ernzeri@BE) (Ref.

dent of the scattering state and magnetic configuration. T@2) XC potential, but the results obtained are similar to those
compute the semiclassical velocitieg,, which are the de- depicted here. From Fig. 2, it is seen that within the GGA,
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FIG. 2. Total energy per unit cell and local Mn magnetic mo-
ment of LaMnGe, as a function of the in-plane lattice parameder
calculated within the GGA. The/a ratio was kept at the experi-
mental value of 2.61GRef. 12. The vertical dashed-dotted line ~ Within the LDA, the SSDW configurations are those with
indicates the experimental equilibrium valag the lowest energies, giving the proper experimental trends,

. while this is not the case within the GGA, for which the
the AFM1 magnetic structure has the Iowes; tqtal energy. InNFM1 structure is the one giving the lowest energy as a
can be seen that within the GGA, the optimized in-plan€ynciion of the in-plane lattice parameter. This is in line with
Iattloce parameter, for the AFM1 configuration, is less thany,, ganeral observation that the GGA tends to increase the
0.6% smaller than the experimental one. For this Opt'mun]attice parameters and magnetic moments, but as compared

in-plane lattice parameter, we have also optimized the mter{0 the LDA (Ref. 27 it does not necessarily improve the

nal coordinates of Ge by force calculations. We found tha - : ) d i
the Ge-Mn distance is 1.3% smaller than the experimentacliescrlptlon of magnetic materials. From this analysis, we

value. At the minimum total energy, the internal Ge coordi-dedd_eOl to Peffom? further calculations yvithin the _Iocal-
nates are not significantly different from the experimentald€NSity approximation and use the experimental lattice pa-
values; we decided to continue the analysis by keeping thE2Meters, both for LaMiGe, and LaMnSiy, in order to ob-
latter values fixed. The magnetic moment per Mn atom at thé&in  magnetic moments close to the corresponding
optimized volume is 3.14g, i.€., close to the corresponding experimental values. The obtained results, both within the
experimental value. However, within the GGA, AFM1 is the GGA and the LDA, are summarized together with the experi-
magnetic ground structure, in disagreement with experimenmental values in Table 1.

The results obtained within the LDA are shown in Fig. 3.
They display that the optimized in-plane lattice parameter, . . . -
ag, is 4% smaller than the experimental value. Also the mag- B. Magnetic properties at experimental volume within the
netic moment per Mn atom at the optimized volume, 247 LDA
is much smaller than the value observed experimentally. But 1. Canted structures i.aMn ,Ge, and LaMn ,Si,
within the LDA, the SSDW is the magnetic structure with e _
the minimum energy. The energy differences between the FOra=0, we optimized, for the germanide as well as for
different magnetic structures are larger than the computahe silicide, the canting angle assuming ferromagnetic cou-
tional error bars. For the SSDW at the optimized lattice conPling between successive planes alongdfeis by keeping
stant in the LDA, the total Mn moment is 19% smaller thanthe experimental in-plane AFM coupling. The optimized
the experimental value of 3.9, while it is in good agree- canting angled, is 65° for LaMnGe, and 6,=53° for
ment(3.00ug) at the experimental volume. With decreasing LaMn,Si, (see Figs. 4 and)5The calculated total magnetic
volume a crossover to a FM ground state is observed, whicmoments per Mn atom at the optimized canting angles are
is reasonable since the direct Mn-Mn exchange interactio®.00ug for LaMn,Ge, and 2.5%p for LaMn,Si,, both in
for small interatomic distances is ferromagnéficChe val-  fairly good agreement with experimersAlthough the op-
ues of the magnetic moments of Mn depend strongly on thémized canting angles differ from the experimental ones
in-plane lattice parameter or, in other words, on the Mn-(58° and 25° for germanide and silicide, respectiyethe
Mn distance, as pointed out in the Introduction, and this cariendency towards an increasing canting when replacing Ge
be observed in Figs. 2 and 3. for Si is well reproduced in the present calculations.

FIG. 3. Same as Fig. 2 but for the LDA.
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TABLE I. Calculated and experimental equilibrium in-plane lattice paramajeand corresponding local
Mn magnetic moments for different calculated magnetic structures of L@gn (1) Ferromagneti¢FM)
structure(FM coupling in and between planesorresponding ta,=0 and §=90°. (2) Antiferromagnetic 1
(AFM1) structure(AFM coupling in and between planesorresponding ta,=27/c and #=90°. (3) Spiral
spin-density-waveg SSDW) structure calculated at the experimenggk0.71(27/c) and §=58°. The LDA
showed that the SSDW structure is the ground state in good agreement with experiment, while surprisingly
the GGA showed incorrectly that the AFML1 is the ground state. The valuasafd wy,, for those LDA and
GGA ground states as well as the experimental values are displayed in bold.

LaMn,Ge, 8 (a.u) Hnn(g)

FM AFM1 SSDW FM AFM1 SSDW
LDA 7.57 7.65 7.62 1.93 2.62 2.47
GGA 7.76 7.89 7.88 2.20 3.14 3.07
Experimental 7.92 3.06

In Table Il, we compare these results with the energiesatom type(Si or Ge, this complex behavior of the magnetic
obtained for different collinear arrangements. Besides thenoment is another manifestation of the richness of the mag-
FM and AFM1 configurations, we also considered other col-netic interactions in systems containing Mn.
linear cases, namely, the AFM2 configuration, exhibiting an
in-plane AFM coupling and a FM coupling between the 2. Spin spirals inLaMn ,Ge, and LaMn ,Si,

(001 planes, as well as the AFM3 configuration, consisting

of an in-plane FM coupling and an AFM coupling betweenfiguration is lower in energy than the canted magnetic struc-

the (001 planes. For LaMjSi,, the optimized canted mag- . : . .

netic arrangement lies lower in energy than any other cont—ure' Therefore,_ we introduced spin spl_rals wqhyectors
sidered collinear structure. In the case of LgKn,, the op- along the_ experlmental_ly observed direction, tha(0|$0_,qz),
timized canted structure lies higher in energy than th nd studied the evolution of total energy as a functiom,of

collinear AFM2 structure. In Figs. 4 and 5, it is clearly or different canting angles. For this system, SSDWs for

shown that the value of the magnetic moment of Mn alsothree different canting angle}=58°, 60°, and 65° were

depends on the canting angle. Together with its dependenc,c nsidered. We chose these canting angles because they lie

on the Mn-Mn interatomic distance and on the neighboringC ose to the optlmlzgd valug, for_ qZ:Q' In Fig. 6, tk_ns
evolution as a function of the spin-spiral angle=q, is

shown. The lowest energy was found for a canting angle

As seen in the last section, for LaMae, a collinear con-

430 LaMn,Ge, - LDA 6,=60° and a spin-spiral wave vector gf=0.64(2m/c).
_ -40[-
> | i -
3 % LaMn_Si, - LDA
z 4501
2 i
8 4601 &
E| | g
= F
4701 5
‘ ;
4801
" 1 1 1 1 1 1 ﬁ
2 302
2
g L ] 1 1 1 ] 1
g 3+ a 265
S L
g g 261
g 2981 8 I
& g 255
3 S -
'-8' sogb—L 1 1 0.1 | 'ii 2'5__
50 55 60 6 10 75 2 2us
Canting Angle 8 (deg) _
§2'4.|.|.|.|.|.|.|
FIG. 4. Total energy per unit cell of LaM@e, calculated w45 S0 55 60 6 T
within the LDA as a function of the canting angle for the experi- Canting Angle 0 (deg)
mental volume and,=0. The energies are given with respect to the
FM configuration at the experimental volume. FIG. 5. Same as Fig. 4 but for LaM8i,.
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TABLE II. Calculated total energy per unit cell relative to the ferromagn@tid) structure and local Mn
magnetic momentsyy,, for different magnetic structurgall calculations are performed at the experimental
in-plane lattice parameter1) FM structurelFM coupling in and between th@01) plane$ corresponding to
0,=0 and #=90°. (2) AFM1 structure (AFM coupling in and between the planesorresponding tag,
=2mr/c and #=90°. (3) AFM2 structure(in-plane AFM coupling and FM coupling between planesrre-
sponding tog,=0 and #=90°. (4) AFM3 structure(in-plane FM coupling and AFM coupling between the
planeg corresponding tay,=27/c and §=90°. Forqg,=0 and the turning angle=0, the optimal canting
angle §, that minimizes the total energy & =65° for LaMn,Ge, and 6,=53° for LaMn,Si,, and whenx is
allowed to vary, the total energy is minimal fé5=60°, ax=115° for LaMnGe, and 6,=53.5°,a(=135° for
LaMn,Si,. The results for these structures are shown in the last two lines of the table. Notice that the value
of g, depends only on whether the coupling between planes is FM or AFM and thatgpethd 6 are
independent of the nature of the in-plane coupling.

LaMn,Ge, LaMn,Si,
Configuration EnergyeV) Hnn (ug) Energy(eV) Han (ug)
FM 0.000 2.33 0.000 2.03
AFM1 -0.441 3.04 0.002 2.69
AFM2 -0.479 3.03 0.001 2.67
AFM3 -0.075 2.33 -0.055 2.08
6, =0 -0.476 3.00 -0.096 2.57
6o, o -0.520 3.00 -0.179 2.62

The corresponding energy is 41 meV lower than for thecalculations aff=0 K, the obtained energy differences give
AFM2 structure and is energetically favored over the othemalready a rough estimate of the behavior of the magnetic
two collinear configurations. This result is in good agreemenbrder at higher temperatures.
with what we obtained above fay=0 and is surprisingly In the case of LaMsBi,, we did a similar study of the
close to the experimental val(é,,,=58°). When the SSDW total energy as a function af,, now for three canting angles
is introduced, the canting angk that minimizes the total 6=50°, 52°, and 55°. We chose these values taking into ac-
energy shifts towards a lower value, closer to the experimencount that without SSDWSs, the magnetic arrangement with
tal one. The optimum value af,, 0.64(2=x/c), is in very  minimum energy is given by,=53° and that the optimum
good agreement with the experimental one, 0.71 in the sameganting angle does not change appreciably when introducing
units, at 2 K. The magnetic configuration for which tae the SSDWs. It can be seen from Fig. 7 that, as expected, the
component of the Mn moment vanishes, i.e., the flat in-planéSDWs lower the energy of the canted structures. Experi-
spiral, is energetically disfavored at 0 K. At the experimentalmentally, this system evolves as a function of temperature
volume, the difference in the total energy between conicafrom a conical SSDW to a canted arrangem@efow 50 K),
structures and flat spirals is around 52 meV, correspondingnd at higher temperaturgaround 315 K it changes into
to 600 K. Experimentally, a transition from the conical to anthe AFM1 structure. The optimized, value obtained for
in-plane helical structure occurs at 322 K. Considering thataMn,Si, is 0.75 27/c and the canting angle #=53.5°. To
thermal fluctuations will bring the transition temperature to adetermine this last value, we calculated the total energy of an
lower value than what can be expected from total-energgxtra magnetic configurationg=60°, «=130°, and per-
formed a quadratic interpolation, as is shown in the inset of

T T T T T T T T T Fig. 7. The experimental values are 0.94/2 and 25°, re-
-508 LaMn,Ge, - LDA x/3
L Ill. -160 . : : . :
5104 oy ye 165—— ; .
R SS7 | LaMn,Si, - LDA
KA -, R /
5 | , { -165
g sl an L/ 7 g s
'f] [ k N o / ;g/
Y ¢
E si6f \('\. . A .,,' 7 § 170
S8 N Ao A e —
. Y 7[R £
so 0 Tseel_. "a’ A 9=65| | 175
R T T B T R R VTR
Spin Spiral Angle o (deg)
1 N 1 N 1 N 1
_ oo 120 40 160
FIG. 6. LDA total energy per unit cell of LaMsGe, at the Spin Spiral Angle @ (deg)
experimental volume as a function of the spin spiral angterq,
for three different canting angle& The energies are given with FIG. 7. Same as Fig. 6 but for LaM®i,. In the inset, details of
respect to the FM configuration at the experimental volume. the quadratic fitting done fo#=130° are shown.
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TABLE lll. Comparison between calculated and experimentalrespect to the differences obtained for Ge, can be traced back
Mn equilibrium magnetic momentgy,, 6, andd,. Calculations to the local moments of Mnyy,, calculated at the experi-
are done at the experimental lattice parameters. mental volumes, whose theoretical value reproduces well the
experimental one for LaMyGe, while it is 7.8% larger for
anvn (ug) 0y () gi2m/c) the Si system. Considering that the relevant energy differ-
ences between different collinear structures are about

LaMn,Ge, Calculated 3.00 60.0 0.64 50 meV, the relevant energy scale for the proper determina-
Experimental 3.06 58.0 0.71 tion of cone angles lies around 10 meV, and that for the

LaMn,Si, Calculated 2.62 53.5 0.75 determination of spin-spiral wave vectors it is about 2 meV,
Experimental 2.43 25.0 0.91 one understands that a small change of the magnetic moment

could lead to significant energy changes. Actually, given a
canting angle, the magnetic moments do not depend strongly
spectively. Even if the agreement with experiments is les®n theg, value of the SSDW. Even if thermal fluctuations are
favorable than in the case of LaMBe,, here the trends are certainly going to influence the evolution of the magnetic
also obtained, i.e., the equilibrium canting angle for the sili-structure of LaMgSi, with temperature, from Fig. 7 and
cide is smaller than for the germanide, while tijevalue is  Table Il it can be seen that starting from the conical SSDW
larger. The larger differences between experimental and caGonfiguration at very low temperatures, Lap®i, evolves to
culatedq, and 6 values for the system containing Si, with a canted magnetic structure, and from there, at higher tem-

Nl X S AN
0

0

0

FIG. 8. (Color onling Charge-
density difference contourgin
electrons x1073/a.ud) for (a)
LaMn,Ge, and (b) LaMn,Si, in
the (100) plane.

)ﬁhl 1 | rh | nl‘wD | I. ﬁﬁ;
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FIG. 9. (Color online (a)
Charge density difference contour
plots (in electrons X1073/a.ud)
of LaMn,Si, in the LaMn,Ge,’s
structure in the(100) plane. (b)
Difference between LaMi%i, in
LaMn,Ge,’s structure[Fig. 9a)]
and LaMnGe, [Fig. &a)].

0
W3 (\_ﬂ A 0
ﬁ% . im0 N |; I I I | I
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peratures, to a collinear one. This is exactly what happensaMn,Si, volume it is 2.03:z. The magnetic moment of Mn
experimentally. In the case of LaM@Bse,, the situation is not in LaMn,Ge, is 2.33ug. We see thaiju,,, depends, as ex-
as clear as the energy differences are smaller. A summary @lected, primarily on the Mn-Mn distances, but that a hybrid-
the results presented in this subsection is shown in Table Ilization effect is also present.
In Figs. 8 and 9, we show charge-density plots in the
C. Dependence of Mn’s magnetic moments on Mn-Mn (100) plane, from which the corresponding superposition of
intralayer distances and the role of hybridization atomic charge densities has been subtracted, so that the de-

We have seen that Mn's magnetic moment and magneti€"€€ of bo_nding between the co_nstituent atoms can bel pb—
interactions depend on Mn-Mn distances. It is interesting to>€rved. Higher values of the difference change densities
find out whether the differences observed between the magP€an stronger bonding. La atoms are located at the corners.
netic moments of LaMyGe, and LaMnSi, are only related N Fig. 9b), the difference between the bondings in the ger-
to their different Mn-Mn distances or if the different hybrid- manide and in the silicide with the germanide lattice param-
ization strengths of these systems do play some role. For thiters is also shown. From these plots it is straightforward to
purpose, we replaced Ge by Si but kept the lattice parametegse that the LaMyBi, system in its own structure shows the
of the system fixed at the experimental values of the gertargestX-Mn hybridization. However, it is surprising that
manide. For this system, we calculated the FM structure andaMn,Si, exhibits even in the structure of LaM@e, a
obtained a Mn magnetic moment of 2,29 while in the larger X-Mn hybridization than LaMpGe,. It is due to this
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I T R the observed behaviors. Even if for the silicides the energy

0 difference between the FM state and the conical SSDW is
SN smaller than for the germanides, it is still sufficiently large to

be able to excite lower-energy SSDW's. Also in this case, the

02

§ GMR is expected to be inverse and increasing with increas-
é 04 ing field.
O

06

IV. CONCLUSIONS
08 In this contribution, we have undertaken a systematic
Ge, -LDA Lo 3 . . .
P lavnGe DA 1 study for two systems belonging to the family of intermetal-
20 “ 60 80 lic compoundsRMn,X,, which exhibit a rich variety of mag-
Canting Angle 0 (deg)

netic behaviors, typical of systems containing rare earth at-

FIG. 10. GMR ratios as a function of the canting angléor ~ oms and manganese. The calculations are performed by
LaMn,Ge,. The vertical dashed line indicates the optimum cantingmeans of theFLEUR code within the LDA and the GGA
angle with SSDW included. approximations to the DFT for the exchange-correlation po-
tential. We have selected two systems, LaMe and
LaMn,Si,, in which the interplay and competition of differ-
ent interactions give rise to conical helical magnetic arrange-
_ ments of the magnetic moments of the Mn atoms at low

D. Transport properties of LaMn ,Ge, temperatures.

LaMn,Ge, has been reported to have an inverse magne- Our first-principles total energy calculations show that the
toresistance at low temperatuﬁégn the presence of a mag- GGA overestimates the stability of the collinear antiferro-
netic field of 70 kOe, the value of the magnetoresistancénagnetic structure and fails to reproduce the correct mag-
increases to an unusually large value at 4.2 K. The larg@etic ground state. The LDA fails to reproduce the proper
absolute value of the GMR obtained is typical for artificial €quilibrium lattice constants by 4%. We speculate that the
multilayers, which generally show direct GMR coefficients. on-site correlation of Mn is underestimated by both approxi-
The origin of this inverse GMR is, so far, not understood. Inmations. However, performing the calculations within the
a previous work, we calculated the band contribution to thd-DA approximation at the experimental lattice parameters,
GMR within the semiclassical Boltzmann approximationthe experimental trends shown by these systems are well
performing a fixed-spin-moment calculation, that is, con-reproduced and the correct magnetic ground states are ob-
straining the average magnetic moment per Mn atom to béined for both systems.
equal to the experimental valé®.For the average canted ~ We have shown that not only are Mn-Mn distances im-
configuration, we obtained a small inverse CPP-GMR in theportant for the determination of the ground-state magnetic
z direction. We present here the results obtained when nor¢onfiguration, but that also the hybridization between Mn
collinearity is explicitly taken into account in the electronic and Si or Ge plays an important role. We found that the
structure calculations. In Fig. 10, we show the evolution ofsmaller lattice constant of the silicide leads to a stronger
the band contribution to the GMR as defined in E8).as a Mn-Mn hybridization, resulting in a smaller local Mn mo-
function of the canting anglé, for systems withy,=0, con- ~ ment and stronger dependencies of the magnetic moment and
sidering that the relaxation time for the FM and for thethe total energy on the cone angle, when compared to the
non-FM configurations is the same. We find that the band)ermanide.
contribution to the GMR is always direct, in opposition to ~We have also shown that the GMR of these systems is
the experimental observation of an inverse GMR. Thus, théighly dependent on the canting angle, but that the band
experimental behavior cannot be attributed to the bands. Ageontribution by itself cannot explain the large inverse GMR
plying an external magnetic field in the z direction, the  values which grow with the applied magnetic field and which
canting angle decreases with increasigSince the differ- are still not saturated foH=70 kOe. We argue that this
ence in energy between the conical SSDW and the FM strug@rowing inverse GMR has its origin in the large amount of
tures at the experimental volume is very large, aroundioncollinear configurations with energies close to the ground
500 meV(Fig. 3), extremely large magnetic fields would be state, which can be easily excited with the applied fields and
needed to align the magnetic moments of this system. This ighich should give rise to a growing magnetic disorder. The
exactly what is being observed in the experiméftas the fact that the difference in energy between SSDW configura-
value of the GMR does not saturate even at 70 kOe. Th&ons and collinear ones is very large is the reason why the
applied field can induce spin fluctuations of lower energy,GMR does not saturate in the experimetitas the FM case
which should give rise to scattering effects and thereafter tés never reached with the applied magnetic fields.
growing resistivities. These scattering effects should go into
the relaxz_itio_n time_ST in _Eq. (2), which might _become ACKNOWLEDGMENTS
smaller with increasing alignment of the magnetic moments
(increasing value of). This mechanism had already been  This work was partially funded by UBACyT-X115, the
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