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The ground states of magnetic Mott insulators Ga\and Ge\ S were calculated with full-potential
LAPW methods using the LDA+ U approach. Both compounds undergo structural distortions from
cubic to rhombohedral (Ga%s) or orthorhombic (Ge¥Ss) symmetry at low temperatures. G is
ferromagnetic belowwc = 10 K, whereas Ge)& shows antiferromagnetic order willy = 13 K. The
spin structure of Ge)5; was determined by neutron diffraction and described in the magnetic space
group Pmr2;. The magnetic propagation vector i$,[ Y/,, 0] relating to the cubic paramagnetic unit
cell. The LDA + U calculations U = 2 eV) confirm the magnetic insulating ground states for the first
time with magnetic moments and energy gaps in very good agreement with the experimental data. This
method also reproduces the antiferromagnetic spin ordering of,$eVhe Jahn-Teller instability of
the degenerated levels in the ¥uster MO drives the structural distortions, depending on the cluster
electron count. Our results show how the interplay between the electronic, lattice, and spin degrees of
freedom of the V cluster units determines the physical and structural properties of these highly correlated
transition-metal sulfides.

Introduction formula splitting G&"V,225"Sg?~ and GétV 7S, seven

or eight valence electrons per, ¥luster are available for
metal-metal bonding, respectively. MO theory supplies six
metal-metal bonding levels for a maximum cluster electron
count of twelve. In the cubic case, the HOMO is 3-fold
degenerate and occupied by one or two unpaired spins in
%aV4SB and GeV(S;, respectively. This prediction agrees
with measurements of the magnetic susceptibilities, which
revealed effective magnetic moments of Ag/(S= %5,) and

2.8 ug (S = 2/2). The unpaired spins in Ga% show
ferromagnetic order below the Curie temperatlige= 10

K, whereas an antiferromagnetic spin ordering was suggested
for GeV,Ss below the Néktemperature § = 13 KS§
Electrical resistance measurements show semiconducting
behavior with energy gaps of about 0.2 eV.

GaV,Ss undergoes a structural transition from cub#3m
rhombohedraR3m symmetry (Figure 1) af; = 38 K,

well above the onset of ferromagnetic orderighus far,

Ternary chalcogenides with tlfec GaMaq,S; structuré-?
represent an interesting class of highly correlated systems.
Among representatives with niobium and tantalum, we have
found transitions from Mott insulating to superconducting
states under pressure and the absence of magnetic orderin
in GaNhS; and related compoundd. In contrast, the
vanadium sulfidesAV,Ss (A = Ga, Ge) show no super-
conductivity, but ferro- or antiferromagnetism and structural
instabilities at low temperatur@8.The basic structure is built
up by tetrahedralAS,)" (A= Ga,n=5; A= Ge,n=4)
and cubanelike (¥5,)"" units arranged in the NaCl manner.
The vanadium atoms form tetrahedral, ¥lusters, with
typical intracluster V-V distances of~2.8 A, but long
intercluster V-+V distances of~4 A. Both compounds are
semiconductors because the valence electrons are Iocalizeg0
in the cluster MOs. Electronic conduction takes place by
hopping of carriers between the clustéfgnd therefore we GeV,Ss appeared to be cubic above the’Neenperature
classify GaViSs a}nd Ge\AS§ as a new type of Mott m;ulators but the spin structure has remained undetermined until now.
whose electronic properties depend on the special degrees Apart from the unknown spin arrangement of GEM{the

of freedom of the cluster units. According to the ionic only antiferromagnetic GaMs type compound), the nature
of the magnetic insulating ground states of the title com-
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Figure 1. Crystal structure of LT-Ga)&s below 38 K (space grouR3m,
rhombohedral axes). The {8)°" cluster units and the (G383~ tetrahedra
are emphasized.

therefore been a challenging effort to establish a physically
correct description of the electronic structure of these highly
correlated cluster systems.
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(GaV,Ss, 18 x 18 x 18 mesh) or 1X-points (AFM-Ge\Sg, 5 x
2 x 3 mesh) were used in the irreducible wedges of the Brillouin
zones.

To calculate the magnetic insulating ground states, we have used
the LDA + U approach with the SIC method for double counting
correctiont’ as implemented in the WIEN2k program. A value of
2 eV was used for the effective Hubbddd(J = 0), which makes
the energy of a level; dependent on its degree of occupation
according tos; = € pa + U(Y> — ny). The antiferromagnetic state
of orthorhombic Ge\Sg was achieved by a constrained calculation,
where the spint and spin! sublattices were connected by the
magnetic propagation vector (95, 0).

Neutron Diffraction. Neutron powder diffraction data were
collected on GeYSg on the time-of-flight diffractometer ROTAX
at the ISIS Facility, Rutherford Appleton Laboratory, U.K. A
powder sample of abdd4 g was loaded into a cylindrical vanadium
container of 8 mm diameter, which was then mountedi4 K
closed-cycle refrigeration cryostat. The sample container was
wrapped with the cold surface of the cryostat in aluminum foil in
order to decrease the heat load via thermal radiation. The neutron
beam height was 30 mm. Data were collected using three fixed-

In the present paper, we present calculated electronicangle position-sensitive scintillation detectors, centered at scattering

structures of Mott insulators Ga% and Ge\{Sg, which are
for the first time in agreement with the magnetic insulating
properties. We have used the LDAU method to calculate

angles of 28.9, 89.5, and 158 degrees, yielding three diffraction
patterns covering differerd spacing regions. Neutron data were
acquired fo 8 h at 4 and 300 K, and for 1 h tgmperatures between

the band structures of these compounds. In the case oft and 30 K. The crystal and magnetic structure parameters were

GeV,S;, we also report the spin structure of the low-
temperature modification determined by neutron powder
diffraction.

Experimental Section

Electronic Band Structure Calculations. Self-consistent elec-
tronic structure calculations were performed with the WIEN2k
program packadé!?using density functional theory (DFT) within
the full-potential LAPW method and the local density approxi-
mation (LDA) method. Full-potential LAPW is based on the muffin-

determined using the GSAS suite of prograthdhe Rietveld
refinements included all three diffraction patterns, where the forward
scattering data (28.9 degrees) typically contain the magnetic Bragg
peaks and the backscattering data coverdtepacing range from
0.3 to 2.5 A in best resolutiol. The neutron scattering lengths
used were x 10712 cm) 0.818 (Ge), 0.038 (V), and 0.285 (S). In
refinements of the magnetic moment, the magnetic form factor for
V3 was calculated for a sphericBDCform factor expansion as
implemented in the GSAS program, with coefficient taken from
ref 20. The time-of-flight peak shape parameters were fitted by
double-exponential-pseudo Voigt functions provided by GSAS
as profile shape function no. 3. The background for each the

tin construction with nonoverlapping spheres. Within these spheresthree neutron-diffraction patterns was modeled using 8th order

of radius rmpee (ot atom type), the angular dependence of
the potentialV,(r) is expanded in spherical harmoni®¥g(r) =
S imVam (N)Y(F) for r < rpe. In the interstitial region between the

Chebyschev polynomials. An empirical absorption parameter for
the wavelength-specific absorption of neutrons by the sample was
refined. Weak Bragg peaks originating from the aluminum foil were

spheres, the potential is represented by a plane wave expansioimodeled as a second phase in the Rietveld analysis.

V(r) = Yk Vi €5, with K, being the reciprocal lattice vectors.
Because of the great flexibility and accuracy of this expansion for

the potential and charge density, a very high numerical accuracy

is achieved for the LAPW method. Mixed LAPW and APWIlo

Results and Discussion

Ferromagnetic GaV,Ss. Because some general electronic

(lo = local orbitals) basis sets were used to increase the efficiency and crystallographic features of Gi&/ are already knowh2:

of the APW linearizatiot314Further technical details can be found
in ref 12 and the monograph of Singh.

we focus our discussion of the electronic structure with
regard to the properties as a ferromagnetic Mott insulator.

The total energies and charge densities of the SCF cycIesAS we reported earlier, Ga®s undergoes a structural phase

converged to changes smaller thas 1L0~4 Ryd cell1. The basis
sets consisted of 2311 or 6967 plane waves for Sa&nd GeViSg,
respectively, up to a cutoRnKnax = 8.0. The atomic sphere radii
Rnt were 1.9 (Ga, Ge), 2.3 (V), and 1.8 au (S); 5&points
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Calculating Crystal PropertiesTU Wien: Vienna, Austria, 2001.
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114, 15-20.
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L. Phys. Re. B 2001, 64, 195134/1-195134/9.

(15) Singh, D. J.; Nordstrom, LPlanewaes, Pseudopotentials and the
LAPW Method Springer: New York, 2006.

transition from the cubic room-temperature phase (space
groupF 4 3m) to the rhombohedral low-temperature phase

(16) Anisimov, V. I.; Aryasetiawan, F.; Lichtenstein, A. . Phys.:
Condens. Mattel997 9, 767—808.

(17) Anisimov, V. I.; Solovyev, I. V.; Korotin, M. A.; Czyzyk, M. T;
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(18) Larson, A. C.; von Dreele, R. B5SAS: General Structure Analysis
SystemLos Alamos Laboratory Report LAUR; Los Alamos National
Laboratory: Los Alamos, NM, 2004.

(19) Kockelmann, W.; Weisser, M.; Heinen, H.; Kirfel, A.; Stk W.
Mater. Sci. Forun2000 321—324, 332.

(20) Brown, P. J.Magnetic Form Factors, International Tables for
Crystallography, Vol. CWilson, A. J. C., Ed.; Kluwer Academic
Publishers: Dordrecht, The Netherlands, 1995; p 391.
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) (@) . (b) © o Figure 3. Spin-polarized density of states of G4 (space groufR3m)
Figure 2. Molecular orbital (MO) schemes of Mluster units in GaySs, calculated with the LDA+ U method U = 2 eV). The energy zero is
occupied with seven electrons. (a) cubi@m} (b) trigonal 3n, and (c) taken at the Fermi level.
trigonal 3n spin-polarized withU.

2.0 ~p
(LT-GaV,Ss, space groufR3m) at T, = 38 K. This transition — | T §&§
_ — _ @y§

removes the 3-fold degeneracy of the HOMOrisym 1.0] it .

. : ~ spin spin|,
metry), which splits to one lowex; and a 2-fold degenerated ) |
e level (3n symmetry), as depicted in panels a and b of L?LLO.O e <
Figure 2. Nonetheless, conventional spin-polarized calcula- = v /
tions with LDA or GGA functionals resulted in metallic | >¢
ground states, because the splitting betweenathand e L0 >/ < g K
orbitals due to distortion alone is smaller than the width of gﬁc \%QA
the band generated by tlag level. Thus, the Fermi energy R —— Lz T E
cut_s theay band and feigns the mcorrect metallic state. Figure Figure 4. Band dispersions of Gals (space grouRam), calculated with
2c illustrates the effect dff schematically. The energy of the LDA + U method andJ = 2 eV. The bands of the majority (left) and
the ith level becomes dependent from its occupatiphy minority (right) spin are plotted along the symmetry lines EQ0) — Z (¥

_ . f 2,45) — G(0,0,0)—F(0Y/2,%5). The labelse anda; refer to thel point
) 1. — n 2,712,712,
the amouni¢; = U( 12 n')' Thus, the LDA orbital energies (symmetry 3n) and correspond to the levels given in the MO scheme in

are expected to shift by-U/2 for occupied i = 1) and Figure 2.

+U/2 for unoccupied orbitalsn( = 0). q h t i . t and a band
Within density functional theory (DFT) calculations, the reproduce the exact magnetic (spin) moment and a band gap

choice of the effectivé) value to correct the LDA energies thaill.thls 2oitnt_ogll;arzzferlgnliItjrzeépdeerlrgﬁnffl_\;?;ees. of rhom-
is still under discussion. Traditionally] is treated in LDA E] pin-p Y

+ U as an adjustable parameter in order to achieve agreemen ohedral L T-GaVs s shown In Figure 3. As expected from
Ju P ! Ieve ag e MO scheme in Figure 2, the band gap occurs within the

with experimental dz_ata like magnetic mom_ents and band- initially 3-fold degenerated, HOMO, which splits first by
gap values. Meanwhile, procedures are available to calculate

. AL . symmetry lowering into one; and a 2-fold degeneratesl
effectiveU values ab initio within the DFT formalisi#?.To : . .
approximate 4J for GeViSs, we used the method recently level. But the spin-polarized calculation places the empty

: . o ayl level above the emptgl levels and thus the insulating
described by Madsen and Ndy# assuming the oxidation
state of vanadium to be®. Calculations with constrained gap occurs not betwean! andau, but betweerif andel.

3d electron configurations fi(+ 1)/2 1, /2 4) and (p + This also becomes evident from the band structure pictures

. shown in Figure 4. The strong splitting of tlee! and a;}
1)/21, (n/2) — 1) (n= 2), treated as unhybridized core states, 5 ; - - L
resulted in aU of ~3 eV. Spin-polarized LDA+ U band®® is clearly discernible, and the small indirect band

calculations of the LT-Ga)s usingU = 3 eV andR3m gap opens between tlagl andel bands at the Z and F points

symmetry revealed, however, magnetic moment values thatin the Brillouin zone, respectively.
y y ' er, mag : A closer inspection of the eigenvalues of the bands reveals
were too large compared with the experimental value of one

. i . that the occupied;! states contain much more contributions
spin per \4. We found that an effectivl of 2 eV is already PIe€s

sufficient to reproduce the physical properties of GaY from the apical V1 atom than from the basal V2. This also

; . : becomes evident from the spin-polarized partial DOS of the
in good agreement with the experimental data. The calculated . . . : -

. ~~vanadium 3dzorbitals @), which are depicted in Figure 5.
magnetic moment corresponds to almost exactly one spin

per V; cluster 6= 1/2), and an insulating gap & — 0.14 It is clearly seen that the 38iof the V1 atom is completely

6V occurs above the Fermi level. It is aenerally accented filled, whereas the corresponding 3dzis well aboveEr
u v ermilevel. LIS g y p (shaded areas), but for the V2 atoms, the?3dand 3d? |
that the correct magnetic moment is a fundamental test for

the LDA + U functional, whereas a rigorous band 9ap ;) spick A B Liechtenstein, A. I Pickett, W. Bhys. Re. B 1999

requires further correctiorté. However, our calculations 60, 10763.
(25) The symmetry labels; ande are valid only for the band states at the

T point, where the point group isn8(as for the molecular model).
(21) Shanti, N.; Sarma, D. D). Solid State Chen1999 148 143. For clarity, we use the terra; ande also for those band states that
(22) Anisimov, V. |.; Gunnarsson, @Phys. Re. B 1991, 43, 7570. are developed by these orbitals, even though they obey not the point
(23) Madsen, G. K. H.; No\ig P. Europhys. Lett2005 69, 777. group 3n.
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Figure 5. Partial DOS of the 3dzorbitals of V1 (shaded area) and V2

(lines) in LT-GaV,Ss. The Fermi level clearly separates the 3tand 3d2 — 6 ; ;
| of the V1 atoms, which places the most part of the dpilensity at the 13 K> We have already discussed some properties of the

V1 atom (insert). electronic structure and chemical bonding of G8Mn ref

6. In those days, we pointed out that a physically correct
antiferromagnetic insulating ground state could only be
achieved if (i) the antiferromagnetic spin structure of G&V

is known and (ii) the coulomb repulsion would be considered
in the LDA calculations. We have performed neutron powder
diffraction on Ge\S; to determine the microscopic spin
structure.

Vanadium nuclei as constituents of the crystal structure
have almost zero scattering power for neutrons. On the other
hand, the magnetic moments located at the V sites are visible
for neutrons through magnetic interaction with the magnetic
are both partially filled. This means that the unpaired majority moment of the probe. A series of patterns with decreasing
spint density is essentially located at the V1 atom, whereas temperature is shown in Figure 7, where the appearance of
the three V2 atoms remain almost nonmagnetic. This at first an additional magnetic reflection starting from 22 K is clearly
glance peculiar result can also be explained by consideringdiscernible atd = 13.6 A. A closer inspection revealed
the chemical bonding within the Mcluster. The orbital  further weak magnetic peaksdt= 7.8 and 5.1 A. Indexing
overlap of the apical 3dz(V1) with the basal 3dz(V2) with respect to the original cubic cell with. = 9.655 A
depends on the rhombohedral anglg® Smallero,, values results in a nonintegékl of (/2 Y/, 0) for the first, {/, Y/, 1)
(<60°) increase the bonding overlap and lower the energy for the second, andf/g Y/, 1) for the third peak. Thus, the
of the a, orbital. Consequently, the stronger bondingBdz magnetic propagation vector i¥4 1/, 0]. The periodicity
(V1) orbital coefficient increases, and because this orbital of the magnetic moment modulation in real space is thus
is occupied by spirt electrons, we find most of the spin g, v/2 = 13.654 A, and all magnetic peaks may then be
density located at V1. In terms of the calculated magnetic indexed with a tetragonal magnetic call; = 13.654 A and
moments, we calculate 0.696 spins located inside the V1c,, = 9.655 A as (1 0 0), (1 0 1), and (2 1 1). If so, the
sphere, 0.070 in the V2 sphere, and 0.117 spins in theunderlying nuclear (chemical) structure may be described

interstitial. The latter can be considered as a spin-density gs tetragonal witla,; = 6.827 A and g, = 9.655 A in space
leakage of the muffin-tin sphere of V1 and can safely be - -
added to this atom. Our calculated magnetic moment is thengrOUpI 4 m2 (group-subgroup relatioF43m—14m2). The

0.696+ (3 x 0.07)+ 0.117 = 1.023 unpaired spins per,V antiferromagnetic ordering should then double @heaxis.
cluster, in excellent agreement with the magnetic measure-However' first attempts to refine the nuclear scattering data

ments. The corresponding spatial distribution of spin density collected & 4 K with this tetre_lgonal model were n_ot_
within the (VsS,)s* cubes is depicted in Figure 6 and further successful, because some reflections show a small but distinct

illustrates the localization of the one unpaired spin at the splitting that is incqmpatible with aFetragonaI Iat.tige. As an
“top” of the V, cluster. However, this at first glance example, a reflection al = 2.78 A is clearly split in two
unexpected spin ordering is not verified by experimental data peaks, whereas the tetragonal cell allows symmetry-

at this time. We believe, nonetheless, that this result is by _erﬂuwa:ﬁnt reflect|tons 1$2th0 ZE)Eh (0.2 IZ) tat tthI[Se4F;c})(SI[t1lon.
no means an artifact of the calculation, and the following " lijs’ ¢ etr?ymmg ry c:j ¢ etr? emtlﬁa hs ructz).u as
section on Ge¥Ss will support this viewpoint. 0 be furthér reduced 1o the orthorhombic Space group

t
Antiferromagnetic (AFM) GeV ;S. The structure of Imm2 (Iz_lrr12—2>|mmZ). From this, we infer that the magnetic

GeV,S at room temperature i&c cubic and isotypic to  propagation can be described by one component, by doubling
GaV,Sg. The main difference is the occupation of the cluster either the orthorhombia, , or by, axis of the chemical cell.
MO with eight instead of seven electrons according to Rietveld refinements of the nuclear scattering usingrne2
Ge“*Vi*S@’. Magnetic measurements verified the presence orthorhombic model gave small residuals and lattice param-
of two unpaired spins perMluster in GeMSg (uerr = 2.83 eters ofa, , = 6.8362(2) A b, = 6.79345(3) A, anat,, =

ug) and also indicated antiferromagnetic ordering below 9.6384(4) A. The next step was to construct a model for the

Figure 7. Forward neutron-scattering patterns of G8yat low temper-
atures.

Figure 6. Calculated spin density in the,8; cubes of GaySs.
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Figure 8. Construction of the antiferromagnetic spin structure in &Y
starting from the low-temperature chemical structure in space droog.

Only the V4 cluster units are depicted as black (spirand white (spin)
spheres. TheiXcrew axes are depicted to emphasize the relations between
the space groups.

magnetic structure. The magnetic space group of para-
magnetic GeYSg is the ordinary Fedorov grodmn? or, if

time reversaRis included, the gray groujmm21. A model

of the antiferromagnetic spin structure may be constructed
from symmetry considerations, as illustrated in Figure 8.
First, the body centering is lost in the antiferromagnetic phase
because of the doubling of the unit cell. We therefore looked
for a subgroup ofmn?2 on the basis of a primitive Bravais
lattice before introducing the time reversal operd®oand
before carrying out the unit-cell doubling. By shifting the
origin of the chemicalmm?2 unit cell by (0%/,,0), the space-
group symmetry is reduced t®mr2;. The additional
translationzR then doubles thé, , axis toby, and leads to
the magnetic space gro®mn2 with an uncolored or, when
the origin is shifted by-(0,Y,,0), to Pmr2; with a colored
Bravais lattices
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Figure 9. Neutron-scattering pattern and Rietveld fit of AFM-G&Y at

4 K. Arrows indicate magnetic Bragg peaks. The insert highlightsdthe
spacing range arourdl= 2.8 A where the nuclear peak splitting is clearly
visible.

Table 1. Rietveld Refinement of Crystal and Magnetic Structure
Parameters of AFM-GeV,Sg at 4 K

empirical formula Ge¥g
magnetic space group Pemm2y

fw (g mol™?) 532.87

T(K) 4

am(A) 6.8362(2)

bm (A) 13.587(1)
cm(A) 9.6384(4)

V (A3) 895.25(4)

z 4

dcalca (g i 9) 3.953

no. of data points 4901

no. of refins 1139

no. of variable atomic params 32

no. of variable profile params 17

drange 1.0<d<15.7
Ry, WRp 0.0259, 0.0309
Re, 12 0.0585, 3.885

operation. First refinements in the magnetic space group
P,mr2; kept equal magnetic moments on every cluster atom,
with calculated magnetic intensities agreeing reasonably well
with observed intensities. However, the disband of this

moment constraint leads to a much better fit of the diffraction

patterns. Final least-squares cycles convergd} to 0.027

For these magnetic models, the first and strongest magnetic,, 4 Re = 0.031 and magnetic moments of 0.697(5)at
reflection is indexed as (0 1 0). Hence, one can assume thag;; gng 0.128(B)us at V2 and V3. The resulting total

the main components of the magnetic moment vectors aremagnetic moment of 1.65s per Vs

perpendicular to théy, axis. For simplicity, we use a spin
orientation parallel to the polar, axis, i.e., alignments along

[0 0 1] for spint and [0 O ] for spin {. To minimize the
number of parameters in the refinements, we initially
distributed the experimental magnetic moment equally over
the V, cluster, i.e., assignet, ug to each vanadium atom.
Refinements with both models (Figure 8) produced the
magnetic reflections with almost identical residuals. Hence

cluster is somewhat
smaller than expected (2s). However, one must keep in
mind that the neutron data did not allow for refinement of
the magnetic moment orientation, the moment were assumed
to be aligned parallel [0 0 1]. Besides that, it should be noted
that we observed a slightly higher slope of the Cuiiéeiss

fit at lower temperature,indicating a slightly smaller
magnetic moment per Mcluster of~1.8 ug per Vi, which

is in better agreement with the neutron-diffraction data.

the two proposed space groups are not distinguishable within - o section of the profile-fitted neutron-diffraction pattern

the accuracy of our diffraction data. The two models differ
in that there are two crystallographically differenislusters
(Iand Il in Figure 8) inPmn3 with the 2 screw axis as an
antisymmetry operation, whereas only one type ptMster
exists in Pmm2; with a normal 2 screw and the anti-
translationtR = (0, Y¥,, 0) as the only antisymmetry

(26) Opechowski, W.; Guccione, R. Magnetic SymmetryMagnetism
Rado, G. T., Suhl, H., Eds.; Academic Press: New York, 1963; Vol.
lla, p 136.

at 4 K isshown in Figure 9. Refined structural parameters
obtained from combined nuclear and magnetic Rietveld
refinements are compiled in Tables 1 and 2. Selected atomic
distances are given in Table 3. Figure 10 depicts the magnetic
orthorhombic unit cell of AFM-Ge¥Ss with the main spin
components emphasized as arrows.

The cubic 8m symmetry of the \(S, units is lowered to
mn? in AFM-GeV,S; (see Figure 11). But in contrast to
LT-GaV,Ss described above, this structural distortion is now
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Table 2. Atomic Positions of Antiferromagnetic Ge\tSg at 4 K,
Magnetic Space groupPymn2;

Wyckoff
atom  positior? X y z ulus

V1  4b(x,y,2 0.2878(9) 0.1243(6) 0.1047(9) 0.697(5)
V2 2a(0,y,2 0.0000 0.9724(7) 0.3841(4) 0.128(6)
V3  2a(0,y,2 0.0000 0.7738(7)  0.3888(6) 0.128(6)
Ge 2(0,y,7 0.0000 0.3756(8)  0.9968(6)
Sl 2(0,y,2 0.0000 0.0143(1) 0.1288(8)
S2  &(xy2 02366(3) 0.1316(5) 0.8712(3)
S3  &(xy,2 02703(1) 0.8760(9) 0.8675(3)
S4  2(0,y,7 0.0000 0.2405(3)  0.1339(5)
S5 2(0,y,2 0.0000 0.0042(5)  0.6313(1)
S6  2(0,y,2 0.0000 0.2454(4)  0.6323(4)

Figure 11. V4S4 unit with mn2 symmetry in magnetically ordered G5
Arrows symbolize the magnetic moments of 0.6&7at V1 and 0.128:s
at V2 and V3.

2 Only coordinates of the spihatoms are given, coordinates of the spin " 6o GeV.S, AFM P,mn2,
| atoms result by adding = [0, ¥, 0]. = E;=02eV : by
3B 50 v= 176,/ V, ; —
. . ) o 4
Table 3. Interatomic Distances in AFM-GeV;Sg (A + 0.005} & 4] a, 4 a,
V1-S2 2280 V2S2 2292  V3S2 2.219 S " b
V1-S5 2284 V2S2 2202 V3S2 2219 30 LA
V1-S6t 2304 V2S5 2422  V3S6t  2.379 5 20 a
V1-S1 2482  V2S1 2526  V3-S6 2.498 k2)
V1-S4 2538  V2S3 2595  V3-S3- 2579 & 104 mim2
V1-S3 2564  V2-S3 2595  V3-S3- 2579 S AFM-GeV.Ss
V1-V2 2889  V2-V3 2699  V3-V2 2.699
V1-V3 2889  V2-V1 2889  V3-Vvi 2.889 E-E. (eV)
V1-V1i 2901  V2-vi 2889  V3-Vi 2.889 _ )
V1i-V2 3.922 V2-V1 3.922 V3-V1+ 3.936 Figure 12. Total density of states of AFM-Ge)s (left) and the MO
V1-V1 3.935 V2-V1 3.922 V3-V1+ 3.936 sgheme of the Ycluster withmn®2 symmetry occupied by eight electrons
V1-V3+t  3.936  V2-V3t 4095 V3-V2+  4.095 (right).
Ge-S3" 2229 ) . .
Ge-S3* 2229 only one-dimensional representations, there are no degener-
Ge—s4+ 2.262 ated levels. The magnetic moment is mainly located on the
Ge-S1t 2.274 V1 atoms, which form quasi-one-dimensional chains of
aAItO_mic gg/sitigns marked witht- are generated by the additional  ferromagnetically ordered atoms running along [100]. These
translation [0,'72, 0] chains themselves are antiferromagnetically modulated along
[010] by the magnetic propagation vector 1@, 0], as shown

in Figure 10.

This model of the spin structure of AFM-Gg$; was used
for the following LDA + U calculations in the space group
Pmr2,. A special routine automatically inverts the spin
components of all atoms connected by the propagation vector
[0, Y5, 0]. The resulting density-of-states is shown in Figure
12. A gap of~0.2 eV is discerned at the Fermi level; thus,
for the first time, a magnetic insulating ground state of
GeV,Ssis found to agree with the physical properties. Also,
the theoretical magnetic moments are in good agreement with
the experimental neutron-diffraction data. We find 0.762
at V1 (exp: 0.697(5)) and 0.11ig at V2 and V3 (exp:
0.128(6)).

The results of the antiferromagnetic (AFM) calculation
were checked against the ferromagnetic (FM) solution. Table
4 shows total energies, magnetic moments, and energy gaps
of GeV,S;. The benefits of the LDA+ U method are clearly
directly connected with the onset of antiferromagnetic seen. The AFM solution with LDA- U lies about 12 mRyd
ordering, whereas the structural transition in Ga&bccurs  (0.163 eV) below the FM result, whereas the LDA predicts
well above the ferromagnetic Curie temperature. A look at the FM state to be more stable. The LDA U magnetic
the atomic distances within the cluster shows that one of moments are in better agreement with the experimental data.
the six V=V bonds is considerably shortenedq.7 A) and ~ Satisfactory energy gaps occur in the AFM and FM case,
the other five are much longer@.9 A) now. The sulfur but the magnetic moments of the latter are implausible.
coordination around the V-atoms is also distorted because The localization of the magnetic moments on the V1 atoms
of the reduction of the site symmetry froom3o mn2. In with weaker V-V bonds as found from the neutron data is
terms of the cluster MO model, this distortion removes the also well predicted by the LDA+ U calculation. The
3-fold degeneracy of the HOMO and enables the formation corresponding spin-density distribution within thgS/units
of an energy gap. Because the point granp? contains is depicted in Figure 13. Extrapolating from this result on

Figure 10. Magnetic unit cell of Ge\¥Sg, space grougPymr2;. Arrows
symbolize the main contribution of the magnetic moment located at V1.
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Table 4. Comparison of the Ferro-/Antiferromagnetic LDA and magnetic Néktemperature. Therefore, the Peierls distortion
LDA + U Solutions of GeViSe is assumed to occur just above or even simultaneously with
LDA LDA +U exp the onset of the antiferromagnetic ordering in G8Y

AFM-GeV,Ss )

Eow(Ryd)  —18140.592732  —18140.057462 Conclusion

Heluster (UB) 1.474 1.758 1.6502.0% . . .

s (g 0.569 0.756 0.697(5) . The magnetically ordered |nsu[at.|ng ground states of Mott

uvavs (1s) 0.168 0.123 0.128(6) insulators Ga¥Ss and Ge\Sg originate from the Jahn

Eqap(eV) 0 0.2 0.2 Teller instability of the tetrahedral Mluster units. The nature
FM-GeVaSe of the structural distortion depends on the cluster electron

Bow(Ryd)  —18140618414  —18140.044919 count and can be rationalized by a simple MO scheme. One

Ucluster (UB) 1.735 2.094 : il -

uva (ug) 0.645 1.017 unpaired spin in the 3-fold degenerated HOMO as in £V

tvz (us) 3-222 —%-%33 leads to a rhombohedral distortiom(B two unpaired spins

Eoep(eV) : in GeV,S; result in orthorhombic symmetrymn2) of the

#2 pp from magnetic susceptibility measurements. V, cluster units. Ferromagnetic ordering of the cluster

moments occurs in Ga%s, whereas we find a rather
complex antiferromagnetic spin structure in G&Y The
guantum chemical calculations with the LDAU approach
reproduce the ground states of both compounds in good
agreement with experimental data and confirm the accumula-
tion of the unpaired ordered spin density on one or two V
Figure 13. LDA + U spin density within the ¥S, unit of AFM-GeV,Ss. atoms of the V cluster, whereas the remainmg vanadium
atoms are almost nonmagnetic. One may consider this as a
GeV,Ss, we justify the localization of the magnetic moment kind of charge ordering according to?V forming V—V
on the one apical V atom in Ga$. bonds and two magnetic*V (d') species. This is reminiscent
The relatively large unit cell and the low symmetry of the well-known Verwey transition in 582" where the
preclude detailed discussions on the band structure of AFM- underlying pyrochlore network of iron ions shows a similar
GeV,Ss. However, the inspection of the eigenvalues at the ordering scheme of Pe and Fé* aligned into chaing?
I" point shows again that the energy gap arises by lifting the Our results show that the interplay between the electronic,
3-fold degeneracy of the HOMO, as schematically depicted lattice, and spin degrees of freedom of thedlister units
in Figure 12 (right). Two spins remain unpaired, and determines the physical and structural properties of these
antiferromagnetic ordering occurs between the neighboring highly correlated transition-metal sulfides. It is remarkable
clusters at low temperatures. that the localization of electrons in the cluster MO occurring
Apparently, these JahfTeller distortions as found in  at low temperatures forces rather complicated structural
GaV,Ss with seven electrons and in GgS4 with eight distortions and/or magnetic ordering patterns. Furthermore,
electrons per Ycluster constitute the driving force for the it appears satisfactory that the LDA U approach is able
structural distortions. We believe that the reduction of to describe even these complex systems in good agreement
symmetry is an important precondition for the formation of With experimental data.
an energy gap, the localization of the magnetic moments,
and the long-range magnetic ordering. In the case of/&aV
the structural and magnetic phase transitions occur at well-
separated temperaturég € 38 K, Tc = 10 K). So far, we ~ CM052809M
could_ _not find experimental evidence that the str_uctural (27) Walz, F.J. Phys.: Condens. Matt€002 14, R285.
transition of Ge\(Sg takes place well above the antiferro- (28) Bickford, L. R.Rev. Mod. Phys 1953 25, 75.
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