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The RMngSn; compounds R=Mg, Zr, and Hj of HfFe;Ges-type structure were investigated B3y°Sn
Mossbauer spectroscopy and first-principles electronic structure calculations based on the Korringa-Kohn-
Rostoker method in a nonrelativistic approach. The purpose of this study was to gain information on the
electronic and magnetic properties of these materials with an emphasis on the hyperfintainsigsredon
the nucleus of the three crystallographically inequivalent tin atoms. These huge hyperfinéadhige as 33
T) are found to be independent of tRemetal valence. The calculations indicate that the hyperfine fields are
negative (with respect to the Mn magnetic momgrend good agreement with experiment is found. The
chemical bonding is discussed based on Itdecomposed site projected densities of states. The theoretical
results also provide interesting predictions to be confirmed by future transport and photoemission experiments.
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[. INTRODUCTION neutron diffraction experiments, were misinterpreted since
the authors concluded to an antiferromagnetic arrangement
The RMngSry compounds crystallize in the for the Mn moments in th€001) plane.
HfFe;Ges-type structure P6/mmm). Interestingly, in this Furthermore, it is now well established that electronic
relatively simple cell, tin atoms occupy three inequivalentstructure calculations provide a reliable basis for the under-
crystallographic positions. The compounds involving a nonStanding of hyperfine magnetic interactiohby allowing a
magneticR element R=Mg, Sc, Y, Lu, Zr, and Hf are ~ Microscopic description of experimental facts often difficult
known to exhibit magnetic properties which depend signifi-to fqlly interpret since hyperfine interactions originate from
cantly on the valence of the metal!~3 Indeed, according to theltlnnertrr:aglo dn O.f dthde tatpms ?OSF tg ttze nuclgus.
neutron diffraction experiments, three kinds of magnetic ar- was 11LIS ecided o investigate bo expenmen_t(dd;y
rangements have been found: Mgh#m, is ferromagnetic means of QSnII\./Icrlssbaue_r spectroscopgnd theoretically
and RMnSn, compounds with.a trivaler® metal (R=Sc " [using nonrelativistic Korringa-Kohn-Rostok&KKR) band
Y and LS) show helimagnetic order, whilRMneSn, com’ structure calculatiorighe transferredhyperfine fields acting
’ ’ 6 -

ds involvi | N q on tin nuclei of recently stabilize®RMngSry; compounds
pounds involving a tetravalerR atom R=Zr and Hf are g_ g zr, and Hj. Further, we also made use of our cal-

essentially antiferromagnetic. This evolution of the magnetiG,jations to describe the electronic structure of these materi-
arrangement is accompanied by a strong increase of the Ofis 5o as to gain a better understanding of some previous
dering temperatures, from.=290 K (R=Mg) up to Ty experimental results.
~580 K for the tetravalenR compounds. All these mag-  The organization of the paper is as follows. Section I
netic structures are built upon ferromagnet@01 Mn  resents the crystal and magnetic structures of the studied
planes with the Mn moments in the basal plane and a satysompounds. In Sec. il we discuss the different contributions
rated Mn moment value close foy,~2.2ug (see Sec. Il for {4 the totaltransferredhyperfine field at tin nuclei. Section
detaily. . . IV deals with experimental and theoretical details. In Sec. V
11.93” Massbauer spectroscopy is a very efficient tool foryye present the results 3£°Sn Massbauer experiments. Sec.
probing the local environment of tin atoms. In magneticallyy/| gives the results for our calculations together with some

qrdered _materials, the magnetic hyper_fine interaction at th@omparisons to experimental data. Finally, the paper is sum-
tin nuclei is related both to the magnetic arrangement of thenarized in Sec. VII.

magnetic sublattice and to the chemical bonding between tin 5 preliminary account of this work has been given in a
atoms and these magnetic atoms. In the past, the occurrenggnference papé?

of more or less largéransferredhyperfine fields on the tin

nuclei, sometimes partially or fully anisotropic, has been

shown for numerous binary iron-tin or manganese-tin Il CRYSTAL AND MAGNETIC STRUCTURES
compound$;® some of them having a crystal structure

closely related to the Hfiz&e; type. More recently, very In the layered HfFgGes-type RMngSny compoundgFig.
large hyperfine fieldgup to 33 T) have been found at the tin 1), the Mn atoms occupy thei &ite (1/2, 0,zy,,~0.252 and
nuclei of RMngSrn; compounds involving trivalentR  the R atoms enter thed site (0, 0, 1/2, while the Sn atoms
metals!®!! However, the experimental data, taken prior toare located on three different sites having axial local symme-
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try, namely, Sn(2) (1/3, 2/3, 0, Sn(2d) (1/3, 2/3, 1/2, and
Sn(2e) (0, 0,z5~0.17). The Sn(2) and Sn(2l) sites are
situated in trigonal Mn prisméFig. 2) with three additional
R atoms in the basal plane for SR Sincezy,>0.25, the
Mn-Sn(2) interatomic distance £2.75 A) is slightly
larger than the Mn-Sn@ distance 2.72 A). The
Sn(2e) atom is farther from the Mn atoms<(2.80 A) and

it is slightly outside of the hexagonal Mn plafieagomene?)
with oneR atom and one Sn@ atom as next nearest neigh-
bors along the axis. Finally, it is worth noting that, despite

similar atomic radii for magnesium, zirconium, and hafnium,

MgMngSry is found to crystallize with cell parameters (
=5.517 A,c=9.032 A) significantly larger than those of
ZrMngSny (a=5.452 A, ¢c=8.978 A) and HiMRpSH; (a
=5.442 A ,c=8.968 A)?

The MgMn;Sry compound is ferromagnetic beloW
=290 K, while ZrMrsSny and HfMrgSry are antiferromag-
netic belowTy=580 K andTy=575 K, respectively. Pre-
vious neutron diffraction experimedts have shown that
their magnetic structureé~ig. 1) may be described as an
alternating stacking along the axis of two different slabs
built upon ferromagnetic easy-plari®01) Mn sheets: the
ferromagnetic Mn-Sn(@)-Sn(2c)-Sn(2e)-Mn slab and the
Mn-[R;Sn(2d)]-Mn slab within which the Mn-Mn inter-
layer coupling is strongly dependent on b&Hvalency and
temperature. Indeed, fdR=Mg the interlayer coupling is
ferromagnetic, whereas it is antiferromagnetic abdve

Mn

Mn-[R;Sn]-Mn

Mn-Sn-Sn-Sn-Mn
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FIG. 1. Crystal and magnetic
structures oRMngSny.

Antiferromagnetic

R=Zr and Hf
(T>T>70K)

~70 K for R=Zr and Hf, leading to an antiferromagnetic
structure (- — — +) with the magnetic cell being twice the
crystallographic cell along theaxis (k=(0, 0, 1/2). Below

this temperature, ZrMgsng and HfMrngSrg present incom-
mensurate helimagnetic arrangemeris (0, 0,q,)) with a
weakly temperature-dependeqf component. AtT=2 K,
g,~0.485 and the Mn-Mn coupling through the
Mn-[R;Sn(2d)]—Mn slab deviates by approximately 10°
from perfect antiferromagnetic alignment. Note that no
change in the magnitude of the ordered magnetic moment is
observed at the commensurate-incommensurate transition.
Furthermore, unlike the ordering temperatures, the magni-
tude of the magnetic moment carried by Mn atoms is found
to be nearly independent of the valence of tRemetal

(#mn~2.2up at 2 K).

Ill. ORIGIN OF THE HYPERFINE FIELD AT THE Sn
NUCLEI

The hyperfine field ;) acting on the nuclei of the
nominally diamagnetic tin atoms, in the magnetically or-
dered state o0RMngSng, arises essentially from the hybrid-
ization between thesp valence states of tin and the self-
polarizedd states of manganese atoms.

The total hyperfine field at the tin nuclei is the sum of
three different contributions: namely, the Fermi contact term
and the dipolar and orbital fields.

FIG. 2. Atomic environment of the inequiva-
lent crystallographic Sn sites of thRMngSry
compounds.

104406-2



RMngSrny COMPOUNDS R=Mg, Zr, AND Hf) . .. PHYSICAL REVIEW B 65 104406

Generally, the Fermi contact interaction is the dominatingdipolar part of théransferredfield due top electrons, assum-
contribution. It arises from the finite spin density of Blec-  ing that they remain localized in each Mn-Sn bond. The last
trons at Sn nuclei and, in the nonrelativistic limit, is given by term corresponds to the isotropic contact field due toshe

the general formufd spin density at the tin nucleA, andA; are, respectively, the
8 dipolar and contact fields due to a unit Mn magnetic mo-
HFermizgwﬂB[PT(o)_Pl(o)]a (3. ment.

) In the RMngSry compounds, thg€001) Mn planes are
wherep;(0) andp, (0) denote the spin-dependent electronteromagnetic. Consequently, because of the arrangement of

densities alﬁge point nucleus%O).}é‘Q;e works of Kan-  he six first-neighbor Mn atoms around the Sn atom, it is
amoriet al="">and subsequent studies’have allowed ex-  opyious from Eq.(3.2) that the dipolar field is necessarily

plaining the systematic variation of impurity hyperfine fields ¢q|jinear with the isotropic field and cancels for Sd2in

in ferroma_gnetlc_ ﬁgmetals as a function of the atomic NUM- the high-temperature antiferromagnetic phase of ZShy
ber of the impurity.® According to these studies, the hybrid- HfMnsSns. Therefore, due to the lack of spin reorienta-
ization betweens states of the impurity with the spin- 4on in the studied compounds, tH&%n Massbauer experi-

polarized d states of the host leads to bonding andpents go not allow showing the occurrence of the dipolar
antibonding states in the localdensity of statesDOS) of field.

the impurity. At the beginning of each row of the periodic
table, only the bonding states are populated, which leads, in
a similar way to the effect discussed by Daniel and Friédel, V. EXPERIMENTAL AND COMPUTATIONAL DETAILS
:]Oe aagsg?'veeﬁiﬂgrf'ggo?hiti;hcer;;%utrg{a?'t: rﬁiﬁ:gggh n :r- The polycrystalline samples used for th€Sn Massbauer
g yp ' ge p yp spectroscopy experiments were those employed during pre-

fine field values at the end of the period and the abrupt de\?'ous neutron diffraction experimerts.

crease to negative valu_es at .the beginning of t'he next pe_rio The %Sn resonance absorption measurements were car-
are due to the progressive filling of the_ spin-split ant'bon.dmgried out using a constant-acceleration spectrometer. The ve-
states. There_fore, the sign and mggnlt_ude of the Fermi COq()city scale was calibrated with ¥CoRh source(25 mCi)
tact contribution to the total hyperfine field of ap element S .

: " ; and a metallic iron foil at room temperature. AB¥'SnO,
are determined by competition between the negative Conm'ource(lo mC) Kept at room temperature was used for

bution of the bonding states and the positive contribution otsllQSn measurements. In all cases, polycrystalline absorbers

the antibonding states. This model has also been used o, "\ 1o abundance of th9Sn isotope and thickness of
explain the hyperfine fields a§p impurities on Ni and Fe

surface<? ~15 mg/cnt were used. The measurements were performed

The dipolar contribution may be viewed as the sum of abetween 300 K and 4.2 K in a liquid helium cryostat. A

lattice contribution, due to the moments of neighboring at—ngi(:t')lg?f;?'!m?fxorf ;nm thickness was used as a critical
oms, and a local contribution arising from the nonsphericafi The Massbauer syéctra were fitted with a least-squares
valencep spin density of tin resulting from the hybridization P q

with the spin-polarizedl states of transition metal. The lat- me'}'r;]?adn%rr?r%rlzﬁf/iifiiugg?ré_r?i?gftfsjacrt]u?:igéuIations were
tice dipolar field is small(less than 1 T while the local

dipolar field can be as large as several teslas for SﬁKirgegq eotLrJ]togzslllgsg Irt]hteh;u:z(;hsqrgtekz]-ognvc\JllesEg;:elllf;;%nsgzttint
atoms’~%?1The dipolar field is not necessarily collinear with ' '
the contact field. core states and valence states are calculated self-consistently.

Finally, because of the spin-orbit coupling, the spin poIar-The crystal potential of muffin-tin form was constructed

ization of Snp states induces an orbital polarization which is \évc')tr?g};ggnlof:rlrsplgfdsgﬁ'tyBg?twe\gﬁék hzg%%t@rieexcs:ziarge—
responsible for the orbital hyperfine field. This valence O Snsistency cvcles were repeated for each ;:om ound until
bital contribution has been evaluated using fully relativistic ; y ¢y P poL

. . e ' . “the difference between the input and output potentials was
band structure calculations fordSimpurities dissolved in ~1 mRy. The low-temperature experimental values of the
Fe?? The valencep orbital contribution has been found Y. b b

roughly constant all across thelSeries &5 T). The mag- lattice parameters and the atomic coordinates deduced from

; ; o : the previous neutron diffraction refinements were used. An
nitude of this contribution has not been estimated for Sn0 timal filling factor of the Wigner-Seitz cell<62%) was
atoms but is expected to be small. P g 9 0

Therefore, neglecting the orbital field and Consideringob'talned using nonoverlapping muffin-tin spheres with radii

only the six nearest-neighbor Mn atoms of the Sn atom, thgIOSe t0 2.90 u.a., 2.55 u.a., and 2'60. u.a.RpMn, and Sn
total transferredhyperfine field can be expressed’ atoms, respectively. Note that for a given compound the Sn

muffin-tin radii were chosen to be strictly equal for the three
6 A S 6 tin sites. For the final potentials, the total DOS and the site-

ﬁf:ApE (- U0 — — > wW+AY, @, (3.2  decomposed DOS as well as thdecomposed partial DOS
=1 3= =1 (with | ,,2=2) were computed on a 601-energy-point mesh
i ) , with a tetrahedrak-space integration technique using 192

where(; is a unit vector directed along each Mn-Sn bondgmg|| tetrahedra and #6points in the irreducible part of the
and &} is the magnetic moment of the corresponding MnBrillouin zone as described in Ref. 27. For more details

atom. The first two terms of Eq3.2) are related to the about the KKR method, see Ref. 24.
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FIG. 3. 1'%n Massbauer spectra &tMngSn,
at 4.2 K and 100 K together with their least-
squares envelopes.

T Sn(2d)

=25 -15 -5 5 15 25
V (mms )

V. 119%n MOSSBAUER STUDY where 6 is the angle between the hyperfine field direction
and the principalZz axis of the EFG tensor. Since in the
RMngSny, compounds R= Mg, Zr, and Hj the Mn magnetic

The quadrupole interaction reflects the asymmetry oimoments are located in the basal platie;90° and the at-
charge distribution around the Sn nucleus. From the axialibytion of the sites becomes obvious.

local symmetry at the three Sn sites, one expectd with

the principalZ axis of the electric field gradier(lEFG)églnsor B. Results and interpretation
along thec axis. In the Townes-Dailey approximatiény,, 11 .

is proportional tof (Nx+Ny)/2—Nz], whereNy, Ny, and The ™SS Massbauer
N are related to the electronic populations of thg55py,
and 5, orbitals, respectively. Considering the different en-
vironments of the three crystallographically inequivalent Sntogether with that of MgMgSns obtained at 4.2 K. In all

sites g':'g' 2)’2?6 values of the EFG are relatgd W(ZZZCH ~ cases, the!'®sn Massbauer spectra are characteristic of tin

> ViD= |VEP|. Furthermore, for a magnetic site with pclei experiencing large hyperfine fields and, as expected,

a_xial symmetry, the apparent quadrupole splitting)(2s  three types of spectra are observed.

given, to first order, by According to the ferromagnetic behavior of the
MgMngSn; compound, the corresponding 4.2 K b&bauer
spectrum is characterized by three sextuplets. The strong

) (5.1) central peak corresponds to the My impurity previously

' ' detected in the neutron diffraction patterns.

A. Preliminary remarks

spectra of ZrMB8ny and
HfMngSny recorded at 4.2 K and 100 Kabove the
commensurate-incommensurate transition temperaflire
~70 K detected by neutron diffractipmre shown in Fig. 3

_ eQVzz
2

2e

3 co§0—1) B (3 cogo—-1
2 B 2
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TABLE |. Hyperfine interaction parameters ét°Sn in RMngSn; compounds at the indicated tempera-
tures. TheA values given in parentheses were calculated usinggt).from the fitted Z values. Otherwise,
the sign ofA is given only when it was established experimentally. The details are discussed in the text. For
E,=23.875 keV they transition in**°Sn: 1 mm s* corresponds to 7.963()10™ 2 eV or 19.2586) MHz.

Compound T(K) Site T (mms?1 IS(mms?l) 2¢ (mms?l A (mms?l H(T

+0.06 +0.08 +0.08 +0.08 +0.3

MgMngSng 4.2 2e 1.25 2.14 +0.04 (-0.08 21.7
2d 1.21 2.04 -0.68 (+1.36 325

2c 1.21 2.25 -1.00 (+2.00 30.0

ZrMngSny 100 2 1.23 1.87 +0.00 (+0.00 25.7
2d 1.23 1.82 1.03 0

2c 1.24 1.96 -0.77 (+1.59 321

4.2 2e 1.34 1.95 +0.01 (+0.02 26.2

2d 2.41 1.92 +0.88 1.2

2c 1.29 2.03 -0.76 (+1.52 32.9

HfMngSny 100 2 1.25 1.87 +0.00 (+0.00 26.2
2d 1.23 1.78 1.10 0

2c 1.21 1.97 -0.80 (+1.60 315

4.2 2e 1.18 1.90 +0.01 (+0.02 26.8

2d 2.54 1.85 +0.95 15

2c 1.17 2.02 -0.79 (+1.58 32.3

As concerns ZrMgSny and HfMngSng, the appearance of There is no apparent dependence of the large hyperfine
a quadrupole doublet for Sn¢2 aboveT; corresponds to the field values(up to 33 T) on theR valency. On the other hand,
antiferromagnetic neighborhood of this site deduced from théhe influence of the Mn-Sn distances appears for instance
neutron diffraction experimentsBelow T, this doublet through theH, values obtained for MgMyBn, sinceH {3
broadens slightly due to a smatansferredhyperfine field >H(29>H(29
arising from the nonstrictly antiferromagnetic Mn-Mn align-
ment through the MR, Sn(2d) ]-Mn slab. Consequently, at
the Sn(al) site, the quadrupole and magnetic interactions
are of comparable magnitudes and it is therefore necessary toA. Non-spin-polarized calculations: Bonding inRMng Srg
diagonalize the full hyperfine Hamiltoniafwith »=0 and systems

0=90°) to analyze the data. Attempts to fit this enlarged The total DOS and the site-projectedecomposed DOS

doublet with acceptable constrained values for the resonancg .
X MgMngSrs, ZrMngSrg, and HfMngS ted
widths C~0.9-1.3 mm3s?) were unsuccessful and led to . g Me=Ts, £MVINeSTs, an 5o are presented in

the occurrence of external shoulders not observed on the ex- A
perimental spectra. In a further step, we used unconstraine(g
I" values. This procedure resulted in rather good fits but witi'{o
I' values for Sn(®8) twice those found for the two other Sn 4
sites(Table )). This fit suggests that the hyperfine field valuesft

at Sn(al) are sligh_tly spread out due to th‘? Presence Olyain difference in the total DOS shape is observed aligve

several helimagnetic phasek; (0, 0, q2i>)' Since thed, where the sharp and relatively intense peaks seenRfor

values must be very close, this phenomenon cannot be de-7; and Hf nearly disappear in Mg\8Sn.

tected by powder neutron diffraction experiments. Neverthe- At first glance, we observe that the electronic structure of

less, similar behavior was previously observed for e the compounds results mainly from tHestates of Mn andR

=S¢, Y, and Lu polycrystalline samplésyithin which the (= zr and H atoms hybridized with thp states of Sn in the

dz values were found to be more scattered. upper energy range while the lower-energy part is mostly
For the title compounds, the isomer shift values are closeonstituted by thes states of Sn.

to 2 mms?®. There is, however, a small increase of the Considering the Mn states, the narrow peak at the Fermi

charge density at the tin nucleus from the &ite to the 2 energy is intense enoudmM"(Eg)~60 states/Ry for the

site (1929>15(29)>|S(9)) The asymmetry of charge distri- Stoner criterionin(Eg)>1 to be satisfiedfrom our spin-

bution is found to be slightly enhanced upon decreasing thgolarized calculationg™"~0.03 Ry). At zero temperature,

R valency for the 2 and A sites(see Table)l theln(Eg) product provides a criterion for the instability of

VI. ELECTRONIC STRUCTURE CALCULATIONS

s expected from the close chemical compositions, the
ectronic spectra are quite similar in all compounds. The
tal DOS is continuous over the whole energy range and is
ominated by two peaks: the stronger one in the vicinity of
he Fermi level Eg) and the second one around 0.45 Ry. The
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[ MgMn,Sn, B, ZrMn,Sn, E, 200 | HfMngSn, E,

Hf

300 |

(]
=)

=]

DOS (states/Ry/spin)

g
il VR

-01 01 03 05 07 -01 01 03 05 07

Energy (Ry)

FIG. 4. KKR non-spin-polarized DOS for MgMBrs, ZrMngSng, and HfMnsSrg. The upper panel is the total DOS. The lower panels
showl-decomposed local DOS at the various inequivalent crystallographic sites, phandd contributions are plotted by dotted, solid
thick, and solid thin lines, respectively. For the sake of claritydtemntributions on Sn sites are not shown. The Fermi level is marked by
the dotted vertical line.

the nonmagnetic configuration towards intraband spirthe chemical bonding between the transition météh, Zr,
polarization?® Thus, in agreement with experimental results,and Hf and the tin is mainly due td-p hybridization, as
magnetic properties iRMngSn; are expected and spin- generally observed in tin-based intermetalfi¢s?
polarized calculations were undertaksee Sec. VI B It is The origin of the main difference between the total DOS
worth noting that for other atom$k(and Sn there is a low- of ZrMngSny and HfMrgSrns, on the one hand, and
density region aroun@r. Therefore, the Mrd states con- MgMngSn,, on the other hand, appears upon inspecting the
fined in the large and narrow peakEt are essentially non- R-DOS. Within the R=2Zr and Hf muffin-tin spheres, the
bonding, at least when dealing with Md-and Mn-Sn  DOS is essentially ofl symmetry and partly reflects that of
interactions. the Mn atoms since the peaks centered around 0.45 Ry and
The DOS on the Sn atoms is very similar whatever the SraboveEg are also present in the dDOS. We identify this
crystallographic site. Most of the states are located in the “two-peak” structure as due to the bonding and antibonding
lower-energy part £ 0.2 Ry<E<+0.2 Ry) and, through states resulting from the hybridization between the Mn
hybridization, are responsible for the low-lying, barely vis- states and thek (= Zr or Hf) d states. In the case of
ible, R and Mn densities of states. For higher energy weMgMngSrg, the DOS on the Mg site is less intense and com-
observe, however, small Sncontributions hybridized with  prises essentiallg and p types, thus implying a different
the Mnd states. The Sp states are essentially found above bonding with Mn atoms. It is well known that in metallic
0.2 Ry. Hybridization between metalloigp states and transition-element systems the largest contribution to cohe-
transition-metald states is known to lead to bonding and sion is due tal-d covalency’ There is in addition relatively
antibonding hybrids situated at the bottom and top of thdittle interaction between the Md states and the less tightly
transition-metald band, respectivel}§** We conclude that bound magnesium valence levels. Consequently, the Mg-Mn

104406-6
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300 | MgMnSn, FM E. | 300 | ZMngSn, AFM N 300 | HMnSn, AFM i

100 | 1 100 | 100}

100 Ty 1 1wof 100 [ W
300 |

300 | 1 300

DOS (states/Ry)

Sn(2(:i) L :

-01 01 03 05 07
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FIG. 5. KKR spin-polarized DOS for MgMysny, ZrMngSrg, and HfMrgSrg. The upper panel is the total DOS. The lower panels show
I-decomposed local DOS at the various inequivalent crystallographic sites, g;rendd contributions are plotted by dotted, solid thick, and
solid thin lines, respectively. For the sake of clarity theontributions on Sn sites are not shown. The Fermi level is marked by the dotted
vertical line.

bond is weaker than the Zr-Mn or Hf-Mn bond. This can be=zr or Hf) solid solutions’ Finally, we suggest that the
related to the “abnormally” large cell parameters of modifications of theR-Mn bond play a determining role in
MgMngSrg with respect to those of ZrMg@n, and the evolution of both the magnetic order and the ordering
HfMngSrg. This difference in the electronic structure could temperature with theR valency through indirect exchange
also explain the absence &;_,R;Mn¢Sny (R=Mg, R’ interactions.

TABLE II. Calculatedl-decomposedl(,,,=2) and total magnetic moments in units of Bohr magnetons
(mg) at the inequivalent crystallographic sites of tR¥ngSn; compounds. The zero values at tReand
Sn(2d) sites in the antiferromagnetic Zri8n; and HfMrgSny phases are not indicated. The experimental
Mn magnetic moment values were taken from Refs. 2 and 3.

MgMngSry ZrMngSry HfMngSry
Mn Mg Sn(2) Sn(2d) Sn(x) Mn Sn(2) Sn(x) Mn Sn(2) Sn(Z)

Ms 0.009 -0.007 -0.014 -0.023 -0.022 0.008 -0.020 -0.023 0.008 -0.018 -0.022
Hp 0.004 -0.030 -0.062 -0.071 -0.069 0.005 -0.062 -0.092 0.006 -0.062 -0.105
Md 2.207 -0.015 0.005 0.006 0.005 2258 0.006 0.006 2.350 0.006 0.007

Mot 2.220 -0.052 -0.071 -0.088 -0.086 2.271 -0.076 -0.109 2.364 -0.074 -0.120

Hexpt 232 2.11 2.18
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TABLE lIl. Theoretical and experimental hyperfine field valu@s units of T) at the Sn nuclei of the
RMngSns compounds. All computed values are negative with respect to the magnetic moment of the first Mn
neighbors(see text

MgMngSry ZrMngSry HfMngSny
Sn(2e) Sn(d) Sn(x) Sn(2) Sn(2d) Sn(x) Sn(2) Sn(2) Sn(Z)

KKR 20.2 33.8 335 29.9 0 35.6 27.4 0 33.0

Expt. 21.7 325 30.0 26.2 0 32.9 26.8 0 32.3
B. Spin-polarized calculations: Local moments and Sn By integrating thel-decomposed DOS up to the Fermi
hyperfine fields level we obtained thé contributions to local magnetic mo-

ments. As expected for Mn atoms, the moments mainly arise
ear spin arrangements, a pure antiferromagnetie-( +) from polarizations ofd. states While§ and p polarizations
’ only add a small positive contribution. The calculated Mn

arrangement was assumed for the 269, a_md HfM%Sr.h magnetic moments are compared with neutron diffraction re-
systems, despite the fact that this magnetic structure is only,,its in Table II.
stable for temperatures abollg~70 K. Such an approxi-  gmall magnetic moments are also found on other atoms
mation seems to be reasonable since the true helimagnefipcause of the hybridization with the self-polarizbetates
low-temperature arrangement only slightly deviates from theyt Mn atoms (Table 1I). In the ferromagnetic MgMgBny
aforementioned antiferromagnetic structure, as shown by th@ompound, all site§Sn(2), Sn(), Sn(x), and Mg
neutron diffractiof and the present'*Sn Mcsshauer experi-  present an imbalance in the population for the two spin chan-
ments. Therefore, to allow for the magnetic symmetry in thenels. Conversely, the polarization of tReand Sn(2) sites,
case of ZrMgSny and HfMngSr; we used a cell twice that located within the antiferromagnetic MR, Sn(2d)]-Mn
of the chemical one by doubling of tledattice constanti.e.,  slab, vanishes in ZrMygBrng and HfMngSr,. These locally
26 atoms/ce)l induced magnetic moments are negative, i.e., opposite to

The spin-polarized KKR computations of tf@MngSny  those of the first Mn neighbors.
compounds, shown in Fig. 5, resulted in magnetic ground The polarization of Sn electronic states is responsible for

Since the spin-polarized KKR calculations refer to collin-

states which support experimental data. the hyperfine field at the tin nuclei measured by<dgloauer
40 | MgMnSn, 1 | ZxMngSn, ] | HMnsn, ! 14
M$ l” " I’/ {3
O ’ " : \”V\M 2
40 } v S d-Mn S 1] &M S 1
2 s—-Sn(2e) 1 [ s—Sn(2e) s—-Sn(2¢) 1 0.6
/;\ Py S N A2 VT T I ey N 2 O ) wn
& 0 W e | A 0.4 8
w | J o
o 2 02 =
S | | L
2 } + + t + T + + + + T + *a‘
;; 5 s-Sn(2d) $—-Sn(2d) ] s—Sn(2d) 0.6 %
o — d—
2 ovonld”] =
a 0 o ™ 04 =
2 102
2 s—8n(2c) s—Sn(2c) 1 0.6
0 > 0.4
2 102
o1 o1 03 05 07 To1 o1 03 05 07

Energy (Ry)

FIG. 6. Mn d-DOS (upper panel, left scaleand Sns-DOS (lower panels, left scalein RMngSn; as well as the corresponding
spin-resolved integrateldlike DOS (right scal@. Solid and dashed lines correspond to spin-up and spin-down electrons, respectively. The
Fermi level is marked by the dotted vertical line.
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spectroscopy. The computed spin density at nuclear position
allows us to determine, through E@.1), the Fermi contact 400 MgMn,Sn,
contribution to the total hyperfine field which is related to the
polarization of s symmetry electrons. Because of the
approximations—the spherical shape of the potentials and
the nonrelativistic treatment—the calculations do not allow
computing, respectively, the dipolar and orbital contributions
arising from polarized states. The calculations show that
the hyperfine fields are negative and, as expected fapan
elementi? arise exclusively from valence electrons. The
computedH; values are given in Table Il and compared to 400
Mossbauer spectroscopy data. The remarkable agreement be-
tween experimental and theoretical values, maybe a little for-
tuitous for R=Hf, suggests that the dipolar and orbital con-
tributions to the total experimental hyperfine field are weak
or cancel each other. Furthermore, by superposing the spin-
resolved integrated DOS curvésig. 6), we clearly distin-
guish, fors symmetry states of the Sn atoms, two regions
with different sign for the polarization: at low energy the
polarization is negative and it changes sign at an energy
aboveEg. As explained by Kanamorét al.}*® the low-
energy part corresponds to the bonding states which show a
preferential occupation for the minority spin states while the
reverse is true for the antibonding states situated at higher
energy. As found both experimentally and theoretically, the
hyperfine field on the Sn@ site is significantly smaller

than those on Sn@@ and Sn(2) sites. This is due to the 400 676
larger Mn-Sn distance for the former site and the resulting

smaller bonding-antibonding splitting. This effect is con-

spicuous in Fig. 6, where one observes that the polarization

4

400 ZrMn.Sn,

DOS (states/Ry)

e
e

400

changes sign at a lower energy for Saj2han for Sn(2l) 0
and Sn(2). In conclusion, the huge Sn hyperfine fields in
RMngSry systems, to our knowledge the highest ever ob-
served for Sn atoms, arise from the hybridization between
the Mn 3d states and the SnsSstates. Their very high nega-
tive magnitude is a consequence of the overall electronic 400
structure of theRMngSry compounds: as shown by the cor- 05 06 065
responding integrated DO&ig. 6), the 5 states of Sn be- .Energ-y (Ry)
low the Fermi energy are strongly and negatively polarized;
i.e., only the Sn 5—Mn 3d bonding states are populated. FIG. 7. Density of states in the vicinity of the Fermi level in the
Interestingly, for ZrMgSry; and HfMngSry (unlike ferromagnetic MgMgSrs and the antiferromagnetic ZrM8n; and
MgMngSng), the Fermi leveE is observed in a deep mini- HfMngSrs.
mum of the total DOSFig. 7), which suggests particular
transport properties. The computed KKR values of the hyperfine fields at the
Sn nuclei are very close to that found experimentally. The
VIl. SUMMARY calculations show that these hyperfine fields are negative and
. stem exclusively from valence electrons. These large nega-
We hav?lgsstudle_d th&MnSn, compounds R=Mg, Zr, 0 yransferredhyperfine fields were successfully analyzed
and Hj .by N Massbauer specirascopy and band structur%sing the Kanamori model: in tHRMngSny compounds, the
calculations using the KKR method. Fermi level is situated in the region corresponding to the

11 g . .
The *Sn Mos:_sbauer spectra are consistent W'th.the rT?agbonding states arising from the hybridization between Mn 3
netic structures inferred from previous neutron dlf'fractlonStates and Sn<sstates

experiments. The amplitude of the very latgansferredny- Finally, the electronic structure and chemical bonding of

- . 11 ..
_pe(:jrflne f(ljeld?(ufpt;o 33|-D at thfetﬁ;?ln nucltel IS foutnshto beh these materials were described. Remarkably, a very low den-
Independent of the valence o ement, except through sity of states at the Fermi level was computed for the anti-
the evolution of the magnetic structures. The isomer Sh'f?erromagnetic compounds involving a tetraval@element

values also .do not alter. significantly upon changing Bne (R=2Zr and Hfi. Photoemission experiments and electrical
element while a small increase of the asymmetry of thetransport measurements are in progress

charge distribution is observed when the valence of Rhe
metal decreases. We thank G. Le Caefor enlightening discussions.
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