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Structural and magnetic properties of the iron-containing langasite family A;MFe;X,0.4 (A = Ba,

Sr; M = Sb, Nb, Ta; X = Si, Ge) observed by Mossbauer spectroscopy
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The occurrence of the long-range magnetic order of high-spin Fe** ions is found in iron-containing langasite
family crystals A3 MFe; X,04 (A = Ba, Sr; M = Sb, Nb, Ta; X = Si, Ge) at T < 40 K. The Neel temperature
(Ty) values (27.1-37.1 K) depend on the composition and significantly increase with the strengthening covalence
of Fe-O bonds in the 3 f tetrahedra. Splitting of iron positions into two magnetic sublattices is established in
Ba;TaFe;Si,0y4 and BazNbFe;Si, 0y, crystals at T < Ty. Iron magnetic moments in two sublattices are directed
at different angles to the local crystal axes with a mean value ~45°. At the temperatures between 4.2 and 20 K, the
iron spins in two sublattices rotate in opposite directions. It can be related to magnetic chirality in the helicoidal
magnetic structure. The appearance of nonequivalent Fe** sites is associated with the structural phase transition
P321 — P3 (or P321 — C2) induced by the magnetic transition. The presence of the polar threefold axis at this
transition provides the conditions for the occurrence of the ferroelectric state. Such crystals can be considered as

magnetically induced multiferroics.
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I. INTRODUCTION

Compounds with a CazGay;GesO4-type crystal structure
(space group [sp. gr.] P321, Z = 1) attract great attention
because of unique piezoelectric properties that exceed those
of quartz as well as interesting combinations of luminescent,
laser, and nonlinear optical properties.> Because of wide
isomorphism, about 200 compounds of this type have been
synthesized. A number of single crystals was also obtained by
the Chokhralsky method including langasite, LazGasSiOy4,
which gave the name to the whole family.! The possibility
of synthesizing such compounds containing magnetic ions
is of great interest. Supposed coexistence of electric and
magnetic order parameters in such materials could provide
for the creation of a new class of multiferroics. The first
attempt to obtain such a magnetic compound was carried
out by substituting La*>* ions in langasite for Nd** or Pr3*
ions.? However, the magnetic measurements did not show any
long-range order down to ultralow temperatures of 45 mK.
An inelastic neutron scattering in Nd3;GasSiO;4 showed a
magnetic excitation resembling a spin-liquid state in the
anisotropic Kagome lattice of Nd** ions.*>

Furthermore, attention was concentrated on the compounds
containing 3d ions. The materials with paramagnetic iron
ions A3* M *Fe;X;7014 (A = Ba, Sr, Ca; M = Sb, Nb,
Ta; X = Si, Ge)' as well with cobalt and manganese ions
Pb;Te®* M5 " X37014 (M = Co, Mn; X = P, V, As)® were
synthesized by a co-author of the present study [B.V.M.’] (see
also Ref. 17). The measurements of magnetic susceptibility
indicate an antiferromagnetic ordering in a number of these
compounds at temperatures of 7-38 K. Recently, the
neutron diffraction studies of the BazNbFe3Si,0;4 crystal®!?
revealed that the magnetic moments of the Fe ions were or-
dered at low temperatures in the ab plane, and when alternating
ab layers along the c axis, the magnetic vector rotates from one
layer to another forming a helical magnetic structure. Splitting
of crystallographic iron sites into two sublattices, found by
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Mossbauer spectroscopy in the BazTaFe;Si, 014 crystal,“ can
be associated with the structural phase transition induced by
the magnetic ordering at T < 27 K.

The Ca3;Ga,GesOy4-type noncentrosymmetric trigonal
structure consists of tetrahedral layers, parallel to the ab plane
and separated along the c¢ axis, with the layers consisting of
oxygen octahedra and large polyhedra (Fig. 1)."'>!3 There are
two types of tetrahedral sites: the larger-sized tetrahedra (the
central 3 f position with symmetry 2) and the smaller-sized
tetrahedra (the 2d position with symmetry 3). The octahedral
positions 1a have symmetry 32. The octahedral and tetrahedral
sites are occupied by Ga’* and Ge*' ions, whereas the
structural holes of the framework are occupied by large ions
such as Nat, Ca2*, Sr2*, Ba*t, Pb?t, La’*. The coordination
polyhedron of these cations has eight oxygen vertices and
can be represented as a distorted Thompson cube (the central
position 3e with symmetry 2).

In this research, the magnetic properties of several iron-
containing crystals of the langasite family Az MFe;X>04
(A =Ba, Sr; M = Sb, Nb, Ta; X = Si, Ge) are studied by low-
temperature >’Fe-Mdossbauer spectroscopy. All compounds
reveal the occurrence of long-range magnetic ordering at 7 <
40 K. Splitting of iron sites into two magnetic sublattices
whose magnetic moments rotate in opposite directions with
temperature change, is established in BazTaFe;Si,O;4 and
BazNbFe;Si, 014 below the temperature of the magnetic phase
transition.

II. EXPERIMENTAL

Polycrystalline compounds of the iron-containing langasite
family Ba3SbFC3Si2014, Ba3SbFC3G62014, Ba3NbFe3Sizol4,
BajzTaFe;Si014, and Sr3SbFe;Si, 014 were synthesized by
solid-phase sintering from compacted mixtures of correspond-
ing salts and oxides.” The phase composition was controlled
by x-ray powder diffraction, as well as by Maossbauer
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FIG. 1. (Color online) The trigonal structure of Ba;SbFe;Si,O14
(shown on the basis of the Ca;Ga,Ge,Oy4-type structure) projected
along the c axes (a) and in the a-b plane (b). The Sb>* ions are inside
the oxygen octahedra. The triangular clusters of Fe** polyhedra can
be seen in the a-b projection (b).

spectroscopy. The single-phase samples with a CazGa,Ge4O14
type structure were obtained for all compositions. The room
temperature unit cell parameters are listed in Table 1.

The >’Fe-Mossbauer spectra were recorded in the tempera-
ture range 4.2 to 300 K using a special closed-cycle cryostat.'*
The measurements were performed in the transmission geom-
etry with a standard spectrometer operating in the constant
acceleration regime. The gamma ray source >’Co(Rh) was
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located out of the cryostat. The isomer shifts were measured
relative to metal «-Fe at room temperature.

III. EXPERIMENTAL RESULTS

A. Paramagnetic temperature range

At room temperature, the Mdssbauer spectra of all samples
consist of one quadrupole doublet with narrow symmetrical
resonance lines (Fig. 2). This indicates that iron ions occupy
only one type of crystallographic position. The hyperfine
interaction parameters (i.e., quadrupole splitting, A, and
isomer shift of resonance lines, §), are listed in Table I, and
their values are characteristics of the high-spin (HS) state of
Fe®* ions in the tetrahedral oxygen environment. As the result
of crystallographic data,® Fe** ions should occupy the larger
sized 3 f tetrahedra from two possible 3 f and 2d tetrahedral
positions in the langasite structure. The value A = 1.2 to
1.3 mm/s is too large for the S-state °A;, of Fe** ions (3d°)
that points to a strong distortion of the [FeOy] tetrahedra. The
relatively low § value is indicative of strong covalence of Fe-O
chemical bonds, which implies a partial delocalization of the
iron 3d electrons.

The doublet character of spectra is retained at temperatures
decreasing from 300 to 40 K (Fig. 2). The § parameter grad-
ually increases in accordance with the second-order Doppler
effect (the temperature shift),! and the A parameter increases
slightly. Such behavior of § and A points to an absence of any
structural phase transitions in this temperature range. Taking
into account that the resonance line area S is proportional
to the Mossbauer effect probability f’, we approximated the
experimental dependences S(T') to the Debye relation,'®

Ty — 6E, (1 T\? (¥ tdr |
ra=eo (i (5) [ o5)]

where E, = %is the recoil energy in gamma resonance, £,
is the energy of Mossbauer gamma rays, M is the mass of
iron ions, k is the Boltzman constant, and c is the velocity
of light. We applied a numerical method to fit Eq. (1) to the
experimental data. The estimated values of the “Mossbauer”
Debye temperatures, p, for the local sites of Fe3* ions are

shown in Table I for all crystals studied.

TABLE I. The unit cell parameters (a, ¢) and the room temperature hyperfine parameters 8, A, and I'¢,, of the iron-containing langasites
obtained from the Mdssbauer spectrum. § is the isomer shift (relative to -Fe at 300 K), A = e?q /2 is the quadrupole splitting, I'cy, is the
half-maximum line width, Ty is the Neel temperature, ¢ is the average value of the angle between the iron magnetic moment and local EFG

axis, and 6p is the Debye temperature.

a c 1) A Cexp T~ 7] ®Op

Compound (A) A) (mm/s) (mm/s) (mm/s) (K) (degree) (K)

+0.001 +0.001 +0.005 +0.005 +0.005 +0.1 +1 +10
Sr;SbFe;Si,044 8.304 5.154 0.210 1.181 0.347 37.1 43 310
Ba;SbFe;Si, 014 8.517 5.252 0.226 1.281 0.298 36.1 44 230
Ba;SbFe;Ge, 014 8.628 5.277 0.229 1.274 0.312 35.0 42 220
Ba;TaFe;Si, 04 8.539 5.234 0.239 1.252 0.324 272 45 280
Ba;NbFe;Si,014 8.525 5.239 0.242 1.242 0.356 27.1 45 300
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FIG. 2. (Color online) The 3'Fe-Mdossbauer spectra of
Ba;SbFe;Si, 04 at several selected temperatures in the region of
the magnetic transition and at room temperature.

B. Low temperature range

A further temperature decrease leads to splitting of the
Mossbauer spectra into six Zeeman components typical of
the magnetic ordering of iron ions (Figs. 2 and 3). The
temperatures of a magnetic phase transition are different for
various sample compositions, and they are within the limits of
~27-37 K (see Table I). From the values of magnetic hyperfine
splitting of Mdossbauer lines, we calculated the values of
magnetic hyperfine fields Hyy at iron nuclei; their temperature
dependences are shown in Fig. 4. It is established that the
Hypr dependences are typical of three-dimensional magnetic
ordering, and the transition into the paramagnetic state near
the Neel temperature (7y) is the second-order transition. A
negative value of the paramagnetic Curie point obtained in
the similar crystals®!” points to an antiferromagnetic ordering
character. Supposing a proportionality between the Hys value
and the magnetic moment of Fe3* ions, we approximated
the Hye(T) dependence near Ty with the equation for critical
indices

Hue/Ho = (1 — T/TN)P, 2

where Hy = Hy¢ (T = 0). The example of such approximation
of experimental data for the Ba;NbFe;Si,O4 compound is
shown in the inset to Fig. 4. The Ty values obtained in this
way are listed in Table I, whereas the values of critical indices
B for all samples are the same 0.30 (£0.02) within the limit of
error. According to theory,'®!” the value 8 = 0.30 is a typical
characteristic of the 3D Heisenberg magnet.

Analysis of the parameters in Table I shows that the Ty
value for three compounds with Sb>* ions is notably higher
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FIG. 3. (Color online) The 3’Fe-Mossbauer spectra of the iron-
contained langasite compounds below Ty with Sb>* ions in octahedral
sites (a) and with Nb>* and Ta’* ions (b). (a) Single six-line spectra
are observed. (b) The spectra fit to two magnetic components is shown
by dashed lines. Color: blue and red resonance lines correspond to
the nonequivalent iron site 1 and site 2.

than the values for the compounds with Nb>* and Ta>* ions.
An obvious correlation between Ty and isomer shift § values
is observed in these three compounds, meaning the lower
the § (i.e., the greater the covalence of Fe-O bonds in the
3 f tetrahedra), the greater the Ty value. This tendency (for
correlation between Ty and §) is also traceable for all series of
the five samples.

At4.2 K, the magnetic field Hy¢ is almost saturated (Fig. 4),
and its value is about 46 T. Such Hy¢ value is typical of the
tetrahedral oxygen environment of the high-spin (HS) Fe’*
ions with strong Fe-O covalent bonding,?*->?> which leads to a
partial delocalization of iron d-electrons. This is also supported
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FIG. 4. (Color online) Temperature dependencies of the av-
erage magnetic hyperfine fields at Fe nuclei in Ba;SbFe;Si;O14
(BSFS), Ba3SbFC3Gezo]4 (BSFG), BEhNbFCgSleM (BNFS),
BazTaFe;Si, 014 (BTFES), and Sr;SbFe;Si; Oy (SSES). Solid line in
inset shows an example of the approximation of experimental data
for Ba;NbFe;Si,Oy4 to Eq. (2).

by the above mentioned isomer shift value. For comparison,
the Hyr value is ~46.0 T for the tetrahedral d-sites and ~55.0 T
for the octahedral a-sites in yttrium iron garnet (Ys;FesO»),
where Fe** ions occupy both the d and a sites.?'**> These data
show that Fe3* ions occupy only the tetrahedral 3 f sites in
langasites, and they are absent in the octahedral la sites.

The value Hy &~ 55.0 T is typical of the HS-Fe’*
ions in octahedral coordination with an iron 3d> electron
configuration (spin S = 5/2) and a magnetic moment of
M = 5upg per Fe3* ion. The relation, well-known for oxides,
follows from the data that the field Hys = 11.0 T approximately
corresponds to M = lug. From these estimations we can
approximate the average value of an iron ion magnetic moment
in langasites. Knowing the experimental value of saturation
field Hys =~ 46.0 T we obtain M ~ 4.18ug/Fe. This value is
close to that found by neutron diffraction.!”

We found that at T < Ty, the value of the quadrupole
parameter ¢ (the quadrupole shift) for all crystals is essentially
less than the A value at T > Ty (Fig. 5). From the temperature
behavior of the ¢ parameter, one can obtain information
about the orientation of the iron magnetic moment relative
to the crystal axes. When the magnetic hyperfine interaction
is much greater than the electric quadrupole interaction, the
quadrupole shift ¢ = (€2q Q)opser Observed at T < Ty and the
true quadrupole splitting A = ¢?¢gQ (which we can obtain
above Ty) are in the relation'>??

3cos’g — 1

(@G Qobser & €20 TR A3)

Here, Q is the nuclear quadrupole moment, ¢ is the angle
between the direction of iron magnetic moment and the main
axis of the electric field gradient (EFG), and eq = V,, =
92V /8z%. Thus, the angular dependence of (e2q Q)opser Can
be used to define the directions of iron moment relative to
crystal axes if the main axis of EFG, V,,, is known. If the point
symmetry of the Fe** ion is less than threefold, the asymmetry
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FIG. 5. (Color online) Temperature dependencies of the
quadrupole shift parameters & in BazTaFe;Si,Oy4 (a) and

Ba;NbFe;Si;Oy4 (b) for two nonequivalent iron sites at 7 <
Tn {612 = €*qQ/2[(Bcos’p;, — 1)/21}, and for a single site at
T > Tx (e = A = ¢*q Q/2). Note the change of both x and y scales
at Ty. Solid lines are guides for the eye.

parameter n = (Vix —

Eq. (3)
2 2\ 1/2
8=63Q<1+%) , )

Vyy)/ V. has to be taken into account in

The values of angles ¢ calculated in this way are listed in
Table I. We found that in all crystals studied, the iron magnetic
moments are oriented at an angle of ~45° to a local EFG axis.

C. Nonequivalent iron sites at T < Ty

An anomalous behavior of Mdssbauer spectra was found
in the low temperature range for two BazNbFe;Si,O4 and
BazTaFe;Si, 014 crystals of the series studied [Fig. 3(a)].
The shapes of resonance lines (width and intensity) in left
and right parts of the spectrum are essentially different,
which signifies an appearance of several nonequivalent iron
sites. The computer analysis of different models of spectra
processing shows that the best approximation is reached at
spectra fitting to two magnetic components [Fig. 3(b)]. The
values of hyperfine interaction parameters Hyy, 8, and ¢ for
iron ions in two nonequivalent sublattices at 4.2 K are given
in Table II for BazTaFe;Si,O14.

From the value of the quadrupole shift, we have established
that angle ¢ between the iron magnetic moment and local EFG
axis is slightly different for two iron lattices. In particular, at
T = 4.5 K, these angles are ¢; = 44° (£1) and ¢, = 47°
(£1) in BazTaFe;Si;O14, but they are ¢; =40° (£1) and ¢, =
47° (£1) in BazNbFe;Si,0y4, with the average ¢ value near
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TABLE II. The hyperfine parameters for two nonequivalent
iron sites in BazTaFe;Si;O4 (BTFS) and Baz;NbFe;Si,O4 (BNFS)
obtained from the Mossbauer spectrum at 4.2 K: Hyy is the magnetic
hyperfine field at >’Fe nuclei, ¢ = e?>q Q/2[(3cos’p — 1)/2] is the
quadrupole shift at 7 < Ty, ¢ is the isomer shift, and S is the relative
area of the magnetic component.

Hy; (T) & (mm/s) § (mm/s)
Fe site (£0.1) (£0.01) (£0.01)
Compound BTFS BNFS BTFS BNFS BTFS BNFS
Site 1 459 454 0.36 0.48 0.31 0.25
Site 2 44.0 44.1 0.25 0.26 0.39 0.38

45° in both crystals. It is interesting that the ¢ value changes
with temperature rise; moreover, it increases in one sublattice
and decreases in the other (Fig. 6). In the Ba3TaFe;Si, 014
crystal, ¢1(T) and ¢»(T) curves intersect at Teor =~ 9 K,
and then they reach the values ¢; = 49° and ¢, = 38° at
20 K temperature (Fig. 6). Thus, a spin reorientation occurs
between 4.2 and 20 K when the iron magnetic moments in
two sublattices rotate through ~10° to opposite directions. A
similar behavior is observed in the BazNbFe;S;;0,4 crystal;
however, the intersection point of the ¢;(7") and ¢,(T) curves
is higher, T.o; = 18 K (Fig. 6). Meanwhile, the single-angle
value ¢ in the other three compounds—Ba;SbFe;SiOy,
BasSbFe;Ge; 014, and Sr3SbFe;Si,O14—is nearly constant at
temperatures between 4.2 and 30 K.

48| e M
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FIG. 6. (Color online) Temperature dependences of the angle ¢
between Fe magnetic moments and the EFG axis of the local Fe site in
Ba;TaFe;Si,0,4 (a) and BazNbFe;Si; 014 (b) for two nonequivalent
iron sites. Solid lines are guides for the eye.
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IV. DISCUSSION

A. Exchange interactions and magnetic structure

In the Ca3Ga,Ge4O14-type structure, Fe** ions occupy the
3 f tetrahedra forming a net of triangle clusters on a hexagonal
lattice in planes parallel to the ab plane [Figs. 1(b) and 7(a)].!
In the iron layers, each Fe** ion is coupled by superexchange
interaction with the two nearest Fe>* neighbors of its own
triangle (J;) and with the four Fe** neighbors of the other three
nearest triangles (J>) [Fig. 7(a)].!%'?-7 Within the layer, the J,
interactions are realized via two oxygens Fe-O-O-Fe, whereas
the J; interactions are mediated via one oxygen Fe-O-Fe.
However, one Fe-O bond in the Fe-O-Fe path is relatively
short, whereas the other one is long [see Fig. 7(b) and 7(c)].
In a typical crystal,?* the short Fe-O bond in the J; interaction
is ~21.836 A, and the long Fe-O bond is ~2.694 A. In the J,
interaction, the lengths of bonds are (Fe-O) =~ 1.887 A and
(0-0)~2.777 A%

The nearest Fe’* layers are separated by the layers
containing A”* and M>* ions, and the interlayer interactions
should be also taken into account. Each Fe3* ion has three
nearest Fe’* ions from the neighboring iron layer. This Fe**
ion is coupled with each of its neighbors via two oxygens
Fe-O-O-Fe [Figs. 7(b) and 7(c)]. The geometry of these bonds
and the Fe-O and O-O lengths are different (the short Fe-O

FIG. 7. (Color online) The intralayer (a) and interlayer (b, c)
superexchange bonds in the trigonal structure of Ba;SbFe;Si,Oy4. In
the a-b projection (a), the triangle plain net of magnetic Fe** ions is
shown by blue/medium gray lines, and J 1 and J2 indicate the in-plane
superexchange Fe-O-Fe and Fe-O-O-Fe interactions (red/dark gray),
respectively. (b, c¢) The “short” (thick) and “long” (thin) lengths of
the Fe-O (blue/medium gray-red/dark gray) and O-O (red/dark gray)
bonds for the interlayer J3, J4, and JS5 interactions.
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length in Fig. 7(b) is ~1.836 A and the long Fe-O length is
~2.694 A, whereas the “short” O-O length is 22.905 A and
the “long” O-O length is ~3.386 A).>* It leads to different
values of the interlayer exchange integrals Jz, Jy, and Js5. As
shown in Fig. 7(b) and 7(c), the Js interaction is realized via
the shortest path.

The competition between these interactions should, appar-
ently, lead to a frustrated magnetic structure. We concluded
from our 7y values and the data on the paramagnetic Curie
point Ocw'"!7 that the magnetic frustration parameter f =
®cw/ Ty for the crystals studied depends on their composition
and is within the limits of ~3-7. This implies a significant
frustration of magnetic systems that can result in the 120° spin
arrangement in the triangle lattice of iron magnetic moments.
Such 120° spin ordering in the iron triangles within ab layers
was recently found in the neutron diffraction measurements
of BazNbFe;Si)014 (f = 6.65).!%!7 When alternating the ab
layers along the c axis, the iron moments of each triangle rotate
by ~51°, forming a helical structure. The helical magnetic
structure is incommensurate with the crystal lattice, and the
helix period is near seven lattice parameters of ¢.®

Remarkably the helical magnetic structure with a Mn spin
rotation between consecutive layers of ~51° was found in
the b.c. tetragonal MnO,.> In the helical structure of FeCls,
besides the spin rotation along the ¢ axis, an additional rotation
by 12° was observed in the basal crystal plane.”® This resem-
bles a behavior of iron spins found in our BazTaFe;Si,Oy4 and
BasNbFe;Si; 014 crystals.

In the molecular field approximation, the noncollinear spin
structure and helical structures can appear as the result of
a competition between several exchange interactions J; of a
magnetic ion with its nearest neighbors.?”-?® According to J.
Smart,? one can evaluate the exchange parameter using the
relation between J; and the Neel temperature

_ZS(S+1)J
- 3k

where S is the ion spin, k is the Boltzmann constant, g is the
propagation vector (along the ¢ axis) representing the layered
magnetic structures with layers perpendicular to ¢, and J(q)
is the exchange interaction integral, the highest value of which
determines the magnetic transition (i.e., the 7y value). The Ty
values, which we found for the five crystals, are within the limit
27.1-37.1 K (Table I). From these data, and taking the Fe3+
ion spin S = 5/2, we obtained from Eq. (5) that an average
value of exchange interaction integral |J| for these compounds
is within the limit from ~3.1 to ~4.2 K.

Y (@) &)

B. Magnetically induced structural transition

In the BazTaFe;Si,O4 and BazNbFe;Si; 04 compounds,
the Mossbauer data reveal two nonequivalent sites for iron
ions at T < Ty and one site at 7 > Ty. This effect is,
apparently, associated with the structural phase transition
which is induced by the magnetic transition. The possible
structural transitions in langasite family crystals were consid-
ered and observed experimentally in Ref. 30. In particular, the
change of trigonal symmetry (sp. gr. P321) into monoclinic
symmetry (sp. gr. A2—C2) was found in La;SbZn3Ge, 014 with
a decrease in temperature, as well in LagNby sGas 5014 and
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LasTag sGas 5014 crystals under the action of high pressure.30

It was shown that the transitions with decreasing symmetry
P321 — P3 and P321 — C2 are most probable in the
langasite family. In the first transition, the twofold axes are
lost, and in the second transition, the threefold axis disappears.
The loss of the threefold axis and two (of three) twofold
axes at the P321 — (2 transition results in splitting of
the 3¢ and 3 f sites (the Ba>™ and Fe’" ions in this case).
The remaining twofold axis becomes polar, thus creating the
conditions for the appearance of a ferroelectric state. At least
two order parameters appear in such a crystal, and it becomes
a multiferroic one.

The occupancy of two nonequivalent 3f sites in the
monoclinic phase C2 follows the ratio 1:2, which correlates
with our Mossbauer data for the Ba; TaFe3;Si, 014 crystal. Thus,
one can suppose that the appearance of two nonequivalent
iron sites in BasTaFe;SiO14 and Ba;NbFe;Si, 04 at low
temperatures is caused by the structural phase transition from
the trigonal P321 phase to the monoclinic C2 phase, which is
induced by the magnetic transition. In this case, these crystals
can be considered magnetically induced multiferroics.

The measurement of electric polarization in the
Ba3;NbFe3Si,0y4 single crystal®' revealed at T < Ty an
appearance of polarization along the ¢ axis, which is the
threefold axis in the space group P3. Apparently, this result
does not support our assumption of a P321 — C2 transition,
since electric polarization in the space group C2 (A2) should
be directed along polar axis 2, which is normal to the threefold
axis in the space group P321.'? Recently, a possible structural
transition from the P321 to P3 phase associated with the
magnetic transition was supposed in the Baz;NbFe3;Si,O4
crystal.!” At such a transition, the twofold axes disappear,
and Fe’* ions remain in the equivalent positions.

Nevertheless, within the framework of symmetry P3
having a metric of the cell close to P321 (Z = 1), one
may allow splitting of Fe*™ sites into two positions with a
common occupancy equal to unity. These positions would
be at the short distance (~0.2-0.5 A) apart, which can be
temperature dependent. Filling of these two split positions
is not determined. Both iron sublattices can take part in
the formation of a magnetic helix!! with a slightly different
behavior from Fe** magnetic moments in two sublattices. The
split iron positions can be distributed randomly in the crystal
lattice as unit cells with single type of iron sites. This makes
difficult the detection of a such structure by the x-ray method.
To clarify these effects, the careful structural studies of single
crystals are necessary at low temperatures.

V. CONCLUSIONS

The appearance of the long-range 3D magnetic order
of high-spin Fe3* ions in the tetrahedral 3 f positions is
found in five crystals of the iron-containing langasite family
A3MFe;X,014 (A = Ba, Sr; M = Sb, Nb, Ta; X = Si,
Ge) at T < 40 K. The Ty values quite strongly depend on
the composition, and they are within the limit 27.1-37.1 K,
whereas the values of iron ion magnetic moments evaluated
from the Mossbauer data are ~4.2ug/Fe. The correlation
between Ty and the isomer shift § is established, which reveals
that the 7y value significantly increases with the strengthening
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covalence of Fe-O bonds in the 3 f tetrahedra. In particular,
the Ty value for compounds with Sb°T ions in 1a octahedra
is about 30% higher than in the compounds with Nb>*
and Ta>*.

Splitting of iron sites into two magnetic sublattices is es-
tablished in the BazNbFe;Si, 014 and BazTaFe;Si, 04 crystals
below the temperature of magnetic phase transition. The iron
moments in two sublattices are directed at different angles
to the local crystal axes with the mean value ~45°. With a
temperature rise from 4.2 to 20 K, the magnetic moments
of two sublattices rotate in opposite directions. The effect of
spin reorientation may be related to the magnetic chirality in
the helicoidal magnetic structure. The nonequivalent positions
originate from the structural phase transition induced by the
magnetic transition. The trigonal P321 structure can transform

PHYSICAL REVIEW B 84, 214425 (2011)

either to the P3 or monoclinic C2 structure. The appearance
of the polar threefold axis at such a transition creates the
conditions for the ferroelectric state, and such crystals can be
considered magnetically induced multiferroics. A spontaneous
electric polarization observed in Bas;NbFes;Si,O14 at T <
Tn3' demonstrates the relation between the electric and
magnetic order parameters in the iron-containing langasite
family materials.
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