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Evolution of two-dimensional antiferromagnetism with temperature and magnetic field
in multiferroic Ba,CoGe,0,
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‘We report on spherical neutron polarimetry and unpolarized neutron diffraction in zero magnetic field as well
as flipping ratio and static magnetization measurements in high magnetic fields on the multiferroic square lattice
antiferromagnet Ba,CoGe,O;. We found that in zero magnetic field the magnetic space group is Cm’m?2’ with
sublattice magnetization parallel to the [100] axis of this orthorhombic setting. The spin canting has been found
to be smaller than 0.2° in the ground state. This assignment is in agreement with the field-induced changes of
the magnetic domain structure below 40 mT as resolved by spherical neutron polarimetry. The magnitude of the
ordered moment has been precisely determined. Above the magnetic ordering temperature short-range magnetic
fluctuations are observed. Based on the high-field magnetization data, we refined the parameters of the recently
proposed microscopic spin model describing the multiferroic phase of Ba,CoGe,0;.
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I. INTRODUCTION

Emergence of ferroelectricity in several members of the
melilite family, including Ba,CoGe, 7, below their magnetic
ordering temperature has been recently discovered [1,2].
The remarkable and complex response of these materials to
magnetic and electric fields can be predicted by considering
the magnetic point group symmetries of both the paramagnetic
and magnetically ordered phases [3,4]. The field dependence of
the ferroelectric polarization in Ba,CoGe,0; was reproduced
by ab initio calculations [5], however, the magnitude of
the predicted polarization was considerably smaller than the
experimental value. The spin-wave excitation spectrum of
this material together with the strong optical magnetoelectric
effect exhibited by these magnon modes are captured by a
microscopic spin Hamiltonian where single-ion anisotropy
dominates over magnetic exchange interaction [6—10]. Never-
theless, some of the magnon modes appearing in intermediate
magnetic fields (5 T < B < 14 T) remained unexplained by
the theory. Furthermore, the noncollinearity of the magnetic
structure in the ground state and the magnitude of the
possible canting are also undetermined. Weak ferromagnetism
in Ba,CoGe, 07 was observed by magnetization measurements
in the field of 0.1 T below the antiferromagnetic ordering
temperature of Ty =~ 6.7 K (Refs. [11,12]). In Ref. [11] it
was attributed to the canting of the spins within the (a,b)
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plane induced by the Dzyaloshinskii-Moriya interaction (¢’ in
Fig. 1). The magnitude of the supposed canting was not directly
reported in Refs. [11,12], but derived from the magnetization
data it can be estimated to be of about 0.1°. While the canting
predicted based on density functional theory calculations [5]
is small, it is much less than 0.1° in zero field in contradic-
tion with the proposed weak ferromagnetism. According to
Ref. [5] the ground state is collinear and magnetic structure
become canted only under the influence of external magnetic
field. Recently, using both conventional unpolarized neutron
diffraction data [13] and magnetic symmetry analysis [3,4] we
have studied the magnetic structure of Ba;CoGe,0O7 at 2.2 K,
below Ty ~ 6.7 K. The results showed an antiferromagnetic
(AFM) order of the Co magnetic moments within the (a,b)
plane, while neighboring planes stacked along the ¢ axis are
ordered ferromagnetically (FM). Throughout the paper we
index the momentum-space coordinates q = (4,k,l) in the
corresponding reciprocal lattice units (r.1.u.) of the orthorhom-
bic Cmm?2 crystallographic unit cell proposed previously in
Ref. [13], where the two mirror planes are the (100) and
(010) planes and the two-fold axis points along the [001]
direction. The relation between the unit cells based on the
space groups P42;m and Cmm?2 is illustrated in Ref. [13].
The direction of the Co magnetic moments was assumed to be
parallel to the [100] direction of the Cm’m2’ cell, based on bulk
magnetization measurements in our former work [13], while
it was tentatively assigned to be parallel to the [110] axis in
early neutron diffraction studies [ 14]. Nevertheless, the precise
moment direction within the (a,b) plane cannot be determined
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FIG. 1. (Color online) Magnetic structure of Ba,CoGe,0O; at
2.2 K: view from the [001] direction.

unambiguously by unpolarized neutron diffraction due to the
presence of energetically equivalent magnetic domains. The
magnitude of the small canting (Fig. 1), refined from the
conventional unpolarized neutron diffraction data, was com-
patible with possible canting up to few degrees. In contrast to
unpolarized neutron diffraction, polarized neutron diffraction
is much more sensitive to the fine details of magnetism of
BayCoGe,05. It is well suited for precise determination of
magnetic structures, spin canting, magnetic domain structures,
and fluctuations [15-17]. Therefore, we revisit the magnetic
symmetry of the ground state and refine the parameters
previously obtained for magnetic interactions and anisotropies
using a combination of polarized and unpolarized neutron
diffraction methods and high-field magnetization experiments.

In this paper, we present polarized and unpolarized neutron
diffraction results of Ba;CoGe,O7 single crystals together with
magnetization measurements. We refine its magnetic structure
in the zero-field ground state (magnetic space group, MSG,
Cm’'m?2") and study the influence of the applied field on the
magnetic domain population. By unpolarized neutron diffrac-
tion experiments we investigated the temperature dependence
of the sublattice magnetization. Based on the results of bulk
magnetization measurements at high magnetic field up to 32 T,
we have determined the magnetic interaction and anisotropy
parameters.

The paper is organized as follows. The experimental
procedures are described in Sec. II. In Sec. IIT A the direction
of the primary AFM order is determined by means of
spherical neutron polarimetry (SNP). The zero field magnetic
domain populations and the effect of magnetic field on the
magnetic domain structure is also analyzed. In Sec. III B,
we estimate the canting angle by another type of polarized
neutron diffraction technique, namely by the flipping-ratio
method. Section III C compares the temperature evolution of
the magnetic moment to predictions by molecular field models.
The critical exponent of the antiferromagnetic phase transition
is also determined. In Sec. IIID, the magnetic exchange
and anisotropy parameters are determined using high-field
magnetization data. The ordered magnetic moment obtained
by neutron scattering is compared to the value determined from
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the magnetic susceptibility data in the paramagnetic phase. The
paper is concluded in Sec. I'V.

II. EXPERIMENTAL

High quality single crystals of Ba,CoGe,O; were grown
by floating-zone technique and characterized in previous stud-
ies [9,11,13,18]. SNP measurements were performed at 4 K
with a Cryopad on the polarized single-crystal diffractometer
POLI@HEIDi at the hot source of the FRM II reactor in
Garching, Germany [19,20]. A Ge (311) monochromator was
used to generate a monochromatic neutron beam with 1.17 A
wavelength. The polarization of both the incoming and
scattered beam was controlled by polarizing *He neutron spin
filters. In order to control the decay of the filter polarization the
incoming beam polarization was measured by a transmission
monitor. The scattered beam polarization was also systemati-
cally monitored on the (440) structural reflection. Polarization
corrections described in detail in Ref. [20] were applied. With
this method 1% precision on polarization matrix elements
can be reliably reached [20]. The sample was mounted with
the [110] direction perpendicular to the scattering plane in
a special FRM 1I closed cycle cryostat suitable to be hosted
inside the Cryopad. Stable temperatures down to 3.9 K have
been reached at the sample position in this setup. For zero
field cooled measurements the sample was cooled inside
the Cryopad (stray field < SmG). To study the influence of
external field on the magnetic domain distribution the sample
was warmed to 15 K outside the Cryopad. An external field
of maximum 20 mT parallel to the [110] direction has been
applied using resistive coils outside the cryostat. The sample
has been cooled over Ty down to 4 K in the applied field.
Finally the magnetic field was switched off and the cryostat
was placed back into the Cryopad for the SNP measurements
without warming it over the transition temperature. For the
refinement of the SNP data the program SNPSQ of the
Cambridge Crystallography Subroutine Library was used [21].

Polarized neutron flipping ratios were measured on the
Super-6T2 diffractometer at the Orphée reactor of LLB [22].
The experiments were done in an applied external magnetic
field of 6.2 T both above and below the magnetic transition
temperature at 7 = 10 K and T = 1.6 K, respectively. Addi-
tional flipping ratio measurements at 1.6 Kin 0.5 T, 1 T, and
4 T magnetic fields were also performed. The program
CHILSQ (Ref. [21]) was used for the least squares refinements
of the flipping ratios in the local susceptibility approach with
the atomic site susceptibility tensor x;; (Ref. [23]).

Unpolarized single-crystal neutron diffraction studies were
done on the four-circle diffractometer HEiDi (Refs. [19] and
[24]) at the hot source of FRM II. The temperature dependence
of selected magnetic Bragg reflections were measured with
wavelength A = 0.87 A in the temperature range 2.2-15 K.

Magnetization measurements at 7 =4 K in a 32 T
bitter magnet were performed in the High Field Magnet
Laboratory, Nijmegen. The magnetization was measured in
fields parallel to the [110], [100], and [001] axes. The
absolute magnetic moment was confirmed by magnetization
measurements performed in the 0—14 T field range by ACMS
in the Physical Property Measurement System (PPMS) from
Quantum Design.
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FIG. 2. (Color online) Influence of field cooling on domain imbalance. Left panel: Zero-field cooling. Middle panel: Field cooling in
B || [110]. Right panel: Field cooling in B || [110]. Schematic view of the spin structure form the [001] direction. Black solid arrows represent
the Co magnetic moments. Red empty arrows show the direction of the field-induced FM component. Refined domain population is presented

as a table below each panel.

III. RESULTS AND DISCUSSION

A. Polarized neutron diffraction: Spherical
neutron polarimetry

In a neutron scattering experiment the relationship between
the polarization of the incident and scattered beams P and P’
can be conveniently expressed by the tensor equation [25]:

P’ = PP + P” or in components P/ = P;; P; + P/,

where tensor P describes the rotation of the polarization
and P” is the polarization created in the scattering process.
The experimental quantities which are obtained in an SNP
experiment, for each Bragg reflection, are the components P;;
of the 3 x 3 polarization matrix P

-
L — 1

Pij =,
I+ 1;

ey

where the indices i and j refer to one of the three right-handed
Cartesian coordinates x’, y’, or 7’ defined by the experiment.
Direction x’ is parallel to the the scattering vector Q, and z’
is vertical (normal to the scattering plane). The first subscript
corresponds to the direction of the initial polarization, while
the second is the direction of the analysis. / is the measured
intensity with spins parallel (+-+) and antiparallel (+—) to j.

The polarization matrix is closely related to the polarization

tensor as
P, —Pi Pij + PJ{/ 2
v < Pi >domains ’ ( )

where the angle brackets indicate an average over all the
different magnetic domains which contribute to the reflection.

It was indicated in former studies that energetically equiv-
alent magnetic domains are present in Ba,CoGe,0O7 in zero
magnetic field [13]. As a result, it is impossible to distinguish
with conventional unpolarized neutron diffraction between

three possible MSG: P2/2,2|, Cm’m2’, and P112] [3]. On the
other hand, SNP can be used to determine the magnetic domain
populations and thus the MSG of the system. The magnetic
interaction vectors corresponding to 180° domains present in
an equidomain antiferromagnetic structure rotate the neutron
beam polarization in opposite directions. Thus an equidomain
crystal would be characterized by a polarization matrix with
nonvanishing elements only in the diagonal (P;;) for mixed
nuclear and magnetic Bragg reflections. A crystal containing
unequal volumes of magnetic domains, however, has also
nonzero off-diagonal elements P;; in the polarization matrix.

In the case of Ba, CoGe, O two sets of 180° domains rotated
by 90° with respect to each other are allowed by symmetry
(Fig. 2 left panel). If one of them is dominant, significant
nonzero terms occur in all six off-diagonal elements of the
polarization matrix. If only domains type I and II are present,
only Py, and P,, terms occur with opposite signs; other off-
diagonal elements are zeros. In the case where domains type I
and IV are present, only P, and P;, are nonvanishing. If only
180° domains, e.g., types I and III, are present, then elements
Py, and P, are nonzero, and they change sign when domains
Il and IV are present.

In order to determine the equilibrium domain structure
and the MSG of Ba,CoGe, 07, SNP measurements have been
performed on a single crystal with a vertically oriented [110]
axis. This geometry gave access to (h,h,l) type reflections.
Usually when using SNP measurement even a few magnetic
reflections are sufficient to precisely determine the direction of
the magnetic interaction vector [25,26]. The full polarization
matrix of the (440), (111), and (112) reflections and some of
their equivalents were measured. The sample was prepared
in three different magnetic domain states ZFC, FC110, and
FC110 after zero-field cooling, cooled in 20 mT parallel to the
[110] axis and cooled antiparallel to the [110] axis, respec-
tively. As an example, the polarization matrices measured for
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TABLE I. Polarization matrices on (112) mixed nuclear and magnetic Bragg reflection of Ba,CoGe,0; measured at 4 K after zero-field
cooling (ZFC), field cooling with B || [110], and field cooling with the field in the opposite direction B || [110]. Calculated matrices from two
magnetic models Calc110 and Calc100 (described in text) are also shown.

ZFC FC, B || [110] FC, B || [110]

Pij b4 y/ 5 b y/ 7 X y/ 7
Observed ¥ 0.73(1) 0.012) —0.06(4) 0.74(1)  0.03(2) 0.30(2) 0.722) —0.032) —0.25(1)

Yy 0.07(6) 0.76(2) 0.04(4) 0.003) 0.82(2) —0.02(6) 0.06(3) 0.81(1) 0.01(6)

7 0.04Q2) 0.04(1) 0.76(4) —0.29(1)  0.00(3) 0.79(2) 0.29(1) 0.00(1) 0.79(1)
Calc100 ¥ 0.78 —0.01 —0.05 0.78 0.01 0.22 0.78 —0.02 —0.24

y 001 0.88 0.00 —0.01 0.88 0.00 0.02 0.88 0.00

Z 005 0.00 0.89 -0.22 0.00 0.89 0.24 0.00 0.89
Calcll0 ¥ 0.89 0.00 —0.03 0.89 0.00 0.17 0.89 —-0.01 —-0.20

Yy 0.00 0.94 0.00 0.00 0.94 0.00 0.01 0.94 0.00

7 0.03 0.00 0.95 -0.17 0.00 0.95 0.20 0.00 0.95

the (112) Bragg reflection at 4 K after ZFC, FC110, and FC110
procedures are presented in Table 1.

Measured polarization matrices were treated within two
magnetic structure models: Calc110 and Calc100. For the
model Calc110 the AFM component is fixed along [110] (MSG
P2/2,2}) while for the Calc100 model the AFM component
is along [100] MSG Cm’'m?2’). For the calculations of the
expected P the lattice constants and structural parameters from
previous measurements were used [13,18]. The magnitude of
the magnetic moments for the Co ions were initially set to
values obtained from Ref. [13] and afterwards refined together
with the domain ratios. Both models fail to explain the ob-
served polarization matrices assuming a single-domain state.
Considering for magnetic domains allowed by symmetry with
equal populations gave much better agreement for the ZFC
case for both models. The calculated PP with refined magnetic
domain populations are given in Table I for both Calc110 and
Calc100 models. As demonstrated in Table I the agreement
between the measured and calculated components of P;; for
all three ZFC, FC110, and FC110 domain states is much better
for the model Calc100 (x? = 7%) than for the model Calc110
(x% = 25%). Hence, the model Calc110 can be excluded and
the model Calc100 with sublattice magnetization parallel to
[100] is found to be the magnetic structure with Cm’'m?2’ MSG.

Now we focus on the magnetic domain population refined
within Calc100 model. Figure 2 schematically demonstrates
the influence of fields parallel to the [110] and [110] axes
on the domain imbalance. Following ZFC protocol the al-
lowed domains are equally populated within the experimental
precision (Fig. 2 left). No preferential domain orientation
in ZFC experiment was found. Memory effect in the AFM
domain population was absent in subsequent thermal cycles
between 4-15 K. Field cooling even in a small 10 mT field
applied parallel to the [110] axis induces observable unbalance
in the domain population. In B = 20 mT domains I and II
are energetically favorable compared to domains III and IV
(Fig. 2 center). Their volume cover about 3/4 of the crystal
volume. As the field is applied along [110], the population
within the I-II and III-IV pairs is expected to be equal taking
into account their symmetry. Indeed, the refined values of
domain population is in agreement with this expectation.
Cooling with the same field strength applied along the opposite

direction, i.e., along [110], reverses the situation; domains III
and I'V become dominant and take about 3 /4 of crystal volume
(see Fig. 2 right). Experiments with other field directions
showed the same domain formation supporting that domains
are equienergetic.

The change in volume ratio of the magnetic domain
population is linear with field strength between B = 0, 10, and
20 mT fields. This extrapolates to about 40 mT applied along
[110], which is required to fully suppress the energetically
unfavored domains in agreement with static magnetization
measurements (Sec. III D, Ref. [27]). This field value is much
smaller than the critical field of abut 1 T where the field
induced electric polarization disappears [1,11], supporting
the presence of an antiferromagnetic polarization-polarization
coupling present in the spin Hamiltonian [28].

When the magnetic and nuclear unit cells are identical and
magnetic and nuclear intensity occurs at the same position
in reciprocal space, like in Ba,CoGe,O7, SNP allows us to
determine the magnetic structure factor and thus the magnitude
of the ordered magnetic moment. This calculation yields
2.7 g /Co in good agreement with the results of unpolarized
neutron diffraction discussed below (Sec. IIIC). SNP is
sensitive not only to the magnitude but also to the direction of
the magnetic moment. Thus we tried to use it to determine
the magnitude of spin canting. Our calculations showed,
however, that for Ba,CoGe,0O7 canting angle less than ~2.5°
introduces differences in the polarization matrices smaller
than the experimental error, at least for the accessible Bragg
reflections, and so is not measurable reliably. Therefore, to
estimate the canting angle more precisely we rely on polarized
neutron flipping-ratio measurements as well as magnetization
data (see Sec. III B).

B. Polarized neutron diffraction: Flipping-ratio measurements

Classical polarized neutron flipping-ratio method [29] is
used to study the magnetization distribution around mag-
netic atoms in ferromagnetic and paramagnetic materials.
In antiferromagnets the scattering cross section is usually
polarization independent and the classical method is not ap-
plicable [30]. Polarized neutron flipping-ratio measurements
in antiferromagnetic compounds are therefore performed in
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FIG. 3. (Color online) Field dependence of the induced FM
component ugy perpendicular to the direction of the primary AFM
ordering (dark rectangles). Error bars are within the symbols. The
line is a linear fit to the neutron flipping-ratio data. Circles are
magnetization data taken from Ref. [27].

special conditions: above Ty in the paramagnetic state and in
external magnetic fields.

For each Bragg reflection, the flipping ratio R measured by
polarized neutron diffraction is

I* _ (Fx+Fy)’ )
I (Fy— Fp)?
where [ is the intensity of neutrons diffracted with spins
parallel (4) and antiparallel (—) to the applied magnetic field,
Fx is the nuclear structure factor, and Ff,[ is the projection of
the magnetic structure factor F; to the scattering plane. In
a real experiment one has to take into account the degree of
polarization of the neutrons, the efficiency of the flipping, and
the angle between F and the scattering vector.

The experimental data at both 1.6 and 10 K temperatures
measured in B = 6.2 T is well fitted to the model of spherical
distribution of the magnetic moment around Co atoms. No
significant local anisotropy was found, and the magnetic
susceptibility tensor is described by a single nonzero parameter
X1 = X22 = x33 = 0.166(3)uup /T.

Additional low temperature flipping ratio measurements
were performed at different magnetic fields to extract the field
induced ferromagnetic (FM) component ppy of Ba,CoGe,O5.
Figure 3 shows wpy perpendicular to the direction of the
primary AFM ordering. The extrapolation of upy(H) to zero
field gives 0.01(1)up, which is in a good agreement with bulk
magnetization measurements [27]. Taking into account the
magnitude of Co magnetic moment from unpolarized neutron
diffraction we can estimate the value of canting ¢’ in zero field
to be less than 0.2(2)°.

Similar values for the canting angle were reported for other
Dzyaloshinskii-Moriya (DM) antiferromagnets [31-33]. The
magnitude of ¢’ is determined by D, the strength of the DM
interaction, as [22,34]

; “

) ‘1t 1( —2Dyp )
@ = |=tan _—
2 V3] = D,
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FIG. 4. (Color online) Upper panel: Temperature dependence of
the integrated intensity of the magnetic (110) Bragg reflection.
The experimental data (shown by circles) is taken by unpolarized
single-crystal neutron diffraction. Solid line shows a fit to Eq. (5). The
dashed line represents the nuclear (structural) contribution. Lower
panel: Temperature dependence of the Co magnetic moment for
Ba,CoGe,0;. The experimental data from the single-crystal neutron
diffraction measurements are shown by circles. The solid line is a
result of a modified molecular field model [Eq. (7)]. The dotted line
is shown to illustrate the deviation of u(7") from the conventional
molecular field model [Eq. (6)].

with D;/J = (g; — g.)/gi, where g, = 2.0023 is the free
electrons g value. Index i denotes the crystallographic ori-
entations. Calculations based on g value and J parameters
obtained in Sec. IIID yield D, = 0.12 K, D,, = 0.32 K, and
¢ = 0.085° in good agreement with our experimental upper
limit of ¢" < 0.2°.

C. Unpolarized neutron diffraction

In order to follow the temperature evolution of the mag-
netic structure of Ba,CoGe,07, several intense magnetic and
structural Bragg reflections were collected in the temperature
range of 2.2-15 K. Their integrated intensities were used
to refine the magnitude of the Co magnetic moment. All
other parameters such as the atomic positional parameters,
the isotropic temperature factors, the scale, and the extinction
parameters were fixed according to our previous study of the
nuclear and magnetic structures at fixed 7 = 2.2 Kand 10.4 K
temperatures [13].

The upper panel of Fig. 4 shows the temperature de-
pendence of the integrated intensity of the magnetic (110)
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Bragg reflection as an example. The intensity of this reflec-
tion decreases continuously with increasing temperature and
becomes constant above Ty. The temperature-independent
intensity above Ty is due to the structural contribution to the
Bragg reflection. It should be noted that nuclear intensity is
forbidden for corresponding (010) reflection in the tetragonal
space group P42,m. However, the least squares fit gives a
temperature-independent nuclear contribution of about 3% of
the magnetic intensity at 7 = 0. This contribution is small but
experimentally clearly observable at all equivalent positions
up to room temperature according to the neutron diffraction
measurements both at HEiDi and 6T2. This forbidden intensity
could be attributed both to small orthorhombic distortion
(Refs. [13] and [18]) and to Renninger scattering (Ref. [14]).
Observations of a large number of forbidden peaks at different
wavelengths, at different instruments, and in different samples
as well as performed 1 scans suggest that observed intensities
are due to distortion. However, the intensities are only partially
described within the orthorhombic Cmm?2 model, suggesting
that at least part of it is due to the Renninger effect.

The integrated intensity / of magnetic Bragg reflections
follows the square of the magnetic order parameter. The data
were fitted close to Ty assuming a power law dependence to
the equation [26,35]

_ 28
I T) )

I=In+10(
N

where I, is the nuclear (structural) contribution to the intensity,
Iy is the magnetic intensity at 7 = 0, and B is the critical
exponent. The fitin the |T/Ty — 1| < 0.3 temperature region
yields B = 0.21 £ 0.04 as the critical exponent. It is close to
the value found for other layered 2D antiferromagnets [36—
38]. This is in agreement with the layered crystal structure of
Ba,CoGe, 07 where CoO,4 and Ge,O7 groups in the planes are
separated by interlayer Ba cations.

The lower panel of Fig. 4 shows the temperature depen-
dence of the refined Co magnetic moment. For a simple
antiferromagnetic structure, the temperature dependence of
the magnetic moment p in the conventional molecular-field
model can be expressed as

3S T
i:BS<__Nﬁ), ©)
Ho S+1 T uo

where S is the magnetic moment of the system, pg is the
magnetic moment at 7 = 0K, and By is the Brillouin function.

This simple model fails to reproduce the experimental data
as shown by the dashed line in the lower panel of Fig. 4
with § = 3/2 [high-spin (HS) state of Co’*, tggeﬁ]. Note that
the ordered moment at 7 = 0 is u = 2.81p/Co which is
somewhat less than the full moment corresponding to S =
3/2. While the molecular field theory predicts a sharp onset
of the order parameter below Ty, the experimental magnetic
moment values start to grow at higher temperatures above Ty .
Moreover, the experimental p value is always higher than the
curve described by Eq. (6).

We analyzed the data in a modified molecular field
model [39]

" h
Z By =+
Mo S(T

3S Ed1+aUUuwﬁli) o
S+1 T Mo ’
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TABLE II. Parameters obtained from the fit using the modified
molecular field model [Eq. (7)] with S = 3/2.

h a o (1B) R (Ref. [42])

2.81 +£0.05

0.09 £ 0.05 0.43 £0.07 0.996

where £ is a fictive magnetic field modeling the effect of short-
range magnetic order above Ty, and a is a magnetoelastic pa-
rameter describing the magnetostrictive shift of 7Ty (Refs. [39]
and [40]). The fit using Eq. (7) for HS Co?* is shown by the
solid line in Fig. 4 lower panel. This later approach yields
a remarkably good account to the data. Table II summarizes
the fitted parameters. A small but finite / is responsible for
the increase of u above Ty. We suggest that % is due to the
fluctuating short range order persisting above Ty which was
also observed for other layered antiferromagnets [41].

D. Magnetization measurements

The field dependence of the magnetization measured up
to 32 T at T =4 K is plotted in Fig. 5. The magnetization
increases continuously with increasing field and starts to
saturate at approximately 15 T for the [100] and [110]
directions, while it continues to increase significantly up
to 32 T for the [001] direction. The reduced slope of the
magnetization for fields parallel to the [001] axis clearly shows
the easy-plane character of the magnetic structure. The satu-
ration magnetization is about 5% higher in the [100] direction
compared to the [110] direction, indicating finite g-factor
anisotropy within the (a,b) plane. The highest magnetization
of about 3.3up/Co is measured in B = 32 T parallel to the
[100] axis. The value p =~ 3.3up/Co is significantly higher
than the ordered moment obtained from zero-field neutron
diffraction experiments indicating the presence of single ion
anisotropy.

35 e
3,
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38
S 15
1,
B||[100] = |
0.5 Bl[[110]
0 ‘ _Bll[oo1] e
0 5 10 15 20 25 30 35 40

B(T)

FIG. 5. (Color online) Magnetization of Ba,CoGe, O with fields
applied along the [100], [110], and [001] directions (symbols from
top to bottom, respectively). Solid lines are results of calculations
described in the text with parameters indicated in the text.
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FIG. 6. (Color online) Field derivatives of magnetization,
dM/dH, of Ba,CoGe, 07 with fields applied along the [100], [110],
and [001] directions (symbols from top to bottom, respectively).
Inset shows the low-field region below 1 T.

To reproduce the field dependence of the magnetization we
follow Refs. [7] and [8] and take the anisotropic Hamiltonian:

H=J) (58 +88)+1.) 55
@) @)

+AY (85 —ng) 8, ®

where the (i, j) pairs denote nearest-neighbor sites. The axes
x, y, and z are parallel to the [100], [010], and [001]
crystallographic directions, respectively. The Hamiltonian
in Eq. (8) includes a strong single-ion anisotropy A, as
well as an exchange anisotropy J # J.. Suggested by the
orthorhombic Cm’'m2’ MSG and the direction dependence of
the saturation magnetization in the (a,b) plane, different g, and
gy values were allowed in the g-factor tensor describing the
Zeeman interaction. Although the lattice symmetries allow for
the Dzyaloshinskii-Moriya (DM) interaction D (S4 x Sp), its
effect on the magnetization in the intermediate- and high-field
region can be neglected.

The magnetic and the structural unit cells coincide, thus we
search for the ground state in a site factorized form, |¥) =
[TicaIT jes I¥i)|¥;). The variational wave functions |y;) are
states of the four dimensional local Hilbert space, spanned by
an S = 3/2 spin. The variational parameters are obtained by
minimizing the ground state energy E = gﬁx)

Calculations based on Eq. (8) with parameters J = 2.3 K,
J,=18K, A=14K, g, =224, g, =2.18, and g, = 2.1
closely reproduce the observed data. Due to large single-
ion anisotropy, A, the S, = 1/2 ground state of Co** in
Ba,;CoGe,07 is separated by a gap of approximately 4meV
from the S, = £3/2 spin states. This shows up as an increase
of the field dependent magnetization when the Zeeman energy
becomes equal to the anisotropy gap. Indeed at around 10 T the
magnetization in the [110] and [100] directions deviates from
a linear behavior and shows an upward curvature. It is clearly
seen in the field derivatives of the Ba,CoGe,O; magnetization,
dM/dH (Fig. 6). The sudden drop in the derivative around
15 T indicates that at this field the spin configuration becomes
a fully collinear ferromagnet. At zero temperature, this would
correspond to a metamagnetic transition (spin-flop transition),
which has been observed in the softening of a magnon mode
in previous THz absorption spectroscopy studies [7]. Further
increase of the magnetic field changes the magnitude of the
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FIG. 7. (Color online) Temperature dependence of the inverse
magnetic susceptibilities with magnetic field applied perpendicular
(green/lower symbols) and parallel (red/upper symbols) to the [001]
axis of Ba,CoGe,0; as reproduced from Ref. [12]. The lines show
the Curie-Weiss fit to the data in the 30-300 K range (see text).

magnetic moment by mixing the S, = £3/2 spin states into
the ground state. Therefore, the high-field saturation moment
is considerably larger than the ordered moment observed by
neutron scattering in zero field (or in the low-field range).
The inset of Fig. 6 focuses on the field range of 0-1 T. The
weak curvature in the 0-0.1 T field range is the consequence
of the in-plane domain rearrangement in agreement with the
spherical polarimetry data.

We also investigate the anisotropy of the spin system by
analyzing the susceptibility data in the high-temperature phase
reproduced from Ref. [12] in Fig. 7. The inverse magnetic
susceptibilities are almost linear in the temperature range from
about 30 K up to 300 K indicating a paramagnetic behavior at
high temperatures. Over this temperature region, the data were
fitted by the Curie-Weiss model

C

= =, 9
T fow ©

X
where C is the Curie constant and Ocw is the Curie-Weiss
temperature. The best fits were obtained with 6cw = —33.4 +
0.3 K, et = 4.35 £ 0.01 g for the B || [001] direction while
Ocw = —20.8 £ 1.1 K and ptesr = 4.88 £ 0.03up was found
for the B L [001] direction. The corresponding fits are shown
in Fig. 7. Ocw is negative in agreement with the antiferromag-
netic nature of the dominant Co-Co nearest neighbor exchange.
By comparing the Curie-Weiss temperature |Ocw| with the
3D ordering temperature Ty, a ratio of |6cw|/Tn =5 can
be obtained. This indicates a significant suppression of the
3D ordering, as a result of quasi-2D anisotropy. Indeed we
found that Ba,CoGe, 07 is a two dimensional antiferromagnet.
The in-plane nearest neighbor antiferromagnetic exchange
interaction is J = 2.3 K. The interplane ferromagnetic ex-
change interaction is about an order of magnitude lower.
It is estimated to be J' = —0.2 K based on a mean field
approximation [43].

Based on the parameters obtained from the Curie-Weiss
fits, we also calculated the g factor according to

3kgC
8= a3 (10)
NaS(S + Dug
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where kg is the Boltzmann constant and Ny is the Avogadro’s
number. We obtain gy = 2.2 and g, = 2.6 for the directions
parallel and perpendicular to the [001] axis, respectively. The
easy-plane anisotropy is in agreement with diffraction mea-
surements and the high-field magnetization data (Sec. III D).
It should be noted that the measured values for the effective
magnetic moment of Co?* in Ba,CoGe, 05 are close to those
measured in other Co oxides, e.g., CoO and Co,SiO4 with
et = 4.4 — 49up (Refs. [44,45]).

IV. CONCLUSION

By a combination of bulk magnetization measurements and
polarized and unpolarized neutron diffraction experiments, we
determined, with high precision, the ground state magnetic
structure of Ba;CoGe,0; and its evolution with magnetic
field and temperature. The magnetic space group is Cm'm?2’
with the AFM sublattice magnetization laying parallel to the
[100] direction. Magnetic field dependent SNP identified a
change in the AFM domain structure below 0.04 T in-plane
fields in good agreement with field dependent magnetization
measurements. The results are compatible with small < 0.2°
canting of the spins within the (a,b) plane. The magnetic
ordering temperature Ty = 6.7 K is significantly reduced
relative to the mean field value estimated from the high-
temperature susceptibility data. This we attribute to the strong
quasi-2D real space anisotropies in the spin Hamiltonian.
The 2D character of the magnetic anisotropy is also found
to be in a good agreement with the measured temperature
dependence of the order parameter. At low fields below

PHYSICAL REVIEW B 89, 064403 (2014)

6 T polarized neutron diffraction data shows no signifi-
cant local magnetic anisotropy within the (a,b) plane. The
magnetic susceptibility tensor can be well described by a
single nonzero parameter x;; = X2 = x33 = 0.166(3)up/T
in agreement with magnetization measurements. However,
using high-field magnetization (up to 32 T) a slight in-plane
g-factor anisotropy was observed pointing to the orthorhombic
character of the magnetic symmetry. At zero magnetic field
the ordered magnetic moment is u = 2.81ug/Co while the
high-field saturation value is significantly higher, exceeding
w = 3.3up/Co. This is a consequence of the spin gap of 4 meV
induced by single ion anisotropy.
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