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Polycrystalline samples in the solid solution ZrMn,_,Co,Ge4O1, (x = 0.0, 0.5, 1.0, 1.5 and 2.0) have been

prepared using the ceramic method and characterised by a combination of magnetometry, X-ray diffrac-

tion and neutron diffraction. They all adopt the space group P4/nbm with a ~ 9.60, ¢ ~ 4.82 A and show

long-range magnetic order with transition temperatures, Tc, in the range 2 < Tc/K < 10. The underlying

magnetic structure is the same in each case but the ordered spins lie along [001] when x = 0.0 and in the

(001) plane for all other compositions. In all cases the magnetically-ordered phase is a weak
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Introduction

When cooled below a critical temperature, many simple tran-
sition-metal oxides and halides undergo a transition to an
antiferromagnetic (AFM) state. However, compounds that are
isostructural in the paramagnetic phase can adopt different
low-temperature magnetic structures, for example MnO and
Co0." Although both of these can be described as Type II anti-
ferromagnets,” the atomic moments align along different crys-
tallographic axes within the unit cell. Furthermore, the nature
of the non-cubic strain is not the same in the two magnetic
phases. As in many comparable cases,’ this can be attributed
to the fact that six-coordinate Co>":3d” has a large single-ion
anisotropy associated with it, whereas the spherical Mn*": 3d°
cation does not. Studies of solid solutions have often been
used to elucidate the relative strength of the anisotropy associ-
ated with the two different cations.*

This composition-dependent variation in magnetic behav-
iour is not restricted to simple binary oxides and halides and
we have recently shown® that CeMn,Ge;0,, and CeCo,Ge 01,
behave very differently at low temperatures. They both crystal-
lise in the space group P4/nbm with the 2b site being occupied
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ferromagnet although the magnitude of the spontaneous magnetisation and the strength of the coercive
field are composition-dependent. The magnetic structure can be rationalized by considering the
strengths of the interactions along the distinct M—O-Ge-O-M superexchange pathways in the crystal
and the observed magnetic structure is entirely consistent with the predictions of ab initio calculations.

by cerium and the 4f site by cobalt or manganese. These two
cation sites are coordinated by eight and six oxygen atoms,
respectively, and have square-antiprismatic and octahedral
geometries. They can be considered to lie in layers perpendicu-
lar to the [001] axis. These layers are separated from each other
by layers containing [Ge,04,]°" rings, each ring being com-
prised of four vertex-sharing GeO, tetrahedra, see Fig. 1.
CeMn,Ge,0O,, was found to be magnetically ordered below
7.6 K. Although magnetometry measurements made in fields
of less than 100 Oe suggested that the ordering involves a very
weak ferromagnetic (FM) component, neutron powder diffrac-
tion (NPD) indicated that the atomic moments on nearest-
neighbour cations align antiparallel along [001]. The replace-
ment of Mn>" by Co”* to form the solid solution
CeMn,_,Co,Ge,0;, caused the spins to move into the (001)
plane although the same magnetic structure was initially
retained. However, for x > 1.5 the magnetic unit cell doubled
in size along [001] and the spin structure consisted of an anti-
ferromagnetic stacking of weakly ferromagnetic sheets. The
application of a magnetic field of 10 kOe induced a meta-
magnetic transition that eliminated the doubling of the unit
cell volume and resulted in the adoption of a weakly ferro-
magnetic structure.

In this paper we report a study in which we have used
magnetometry and in-field NPD to monitor the changes in
magnetic structure that occur as a function of composition in
the solid solution ZrMn,_,Co,Ge,0O1,. We contrast this system
with the cerium-containing phases described above in order to
identify the aspects of the magnetic behaviour that are sensi-
tive to the size or electronic structure of the diamagnetic,
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(b)

Fig. 1 Crystal structure of ZrMn,_,Co,Ge;O;, viewed along (a) [100] and (b) [001]. Mn/CoOg¢ octahedra, GeO, tetrahedra and Zr atoms are coloured

magenta, green and blue, respectively.

tetravalent cation in these isostructural compounds. In the
case of the ZrMn,_,Co,Ge,0,, system we have also performed
ab initio (density functional theory, DFT) calculations in order
to quantify the relative strengths of the different super-
exchange interactions that operate in this structure.

Experimental

Polycrystalline samples of ZrMn,_,Co,Ge,0;, were synthesized
using a solid-state method for compositions in the range 0 < x
< 2. Initially, stoichiometric quantities of ZrO, (99.978%),
€030, (99.9985%), MnCO; (99.985%) and GeO, (99.9999%)
were ground together and the resulting mixtures were heated
at 1075 °C for one day. They were then pressed into a pellet
and annealed at 1125 °C for a total of 16 days with intermedi-
ate cooling and regrinding every two days. The course of the
reactions was monitored by X-ray powder diffraction (XRPD).
After a number of trials the composition of the reaction
mixture was modified to include a small excess of GeO, and a
slightly sub-stoichiometric quantity of ZrO,. This protocol
countered the volatility of GeO, and minimised the formation
of impurity phases, most notably CoGeO;. XRPD data were col-
lected on the final reaction products at room temperature
using a Panalytical X’pert diffractometer operating with mono-
chromated Cu Ka; radiation. Data were collected in the range
10 < 26/° < 130 with a step size A20 = 0.0084° and analysed by
the Rietveld method® as implemented in the GSAS program
suite.” The magnetic properties of all the reaction products
were measured with a Quantum Design MPMS 5000 SQUID
magnetometer. In each case the dc magnetic susceptibility was
measured over the temperature range 2 < T/K < 300 after both
zero-field-cooling (ZFC) and field-cooling (FC) in an applied
field of 100 Oe. Additional measurements in other fields were
made in the case of ZrMn,Ge;0;,, see below. For each sample,
the field dependence of the magnetization was measured over
the field range —30 < H/kOe < 30 at 2 K. The ac susceptibilities
were measured at frequencies up to 1 kHz over the tempera-
ture range 2 < 7/K < 10 using a 3.5 Oe ac field. ZrMn,Ge,O;,,
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ZrMnCoGe,0,, and ZrCo,Ge40,, were selected for further
study by NPD. Data were collected on the high-resolution
powder diffractometer Echidna at ANSTO. The angular range
of 8 < 26/° < 160 was scanned using a step size of A20 = 0.05°
with a wavelength of 1.622 A or 2.4397 A. Some patterns were
collected with the sample mounted in a vertical-field cryo-
magnet. In these cases, in order to prevent movement in the
magnetic field, the sample was pressed into a pellet which was
subsequently broken into fragments, each just small enough
to be loaded into a standard vanadium container. Regions of
the diffraction profile that were contaminated by Bragg peaks
from aluminium in the cryomagnet were excluded from the
subsequent analysis. In other cases the sample was loaded in
powder form and the vanadium can was mounted in a closed-
cycle refrigerator. Rietveld analysis of the data was carried out
using the peak shape function developed by van Laar and
Yelon.®

Computational method

ZrMn,Ge,04, and ZrCo,Ge,0;, were modelled using density
functional theory (DFT) as implemented in the Vienna
AD initio Simulation Package (VASP, version 5.2.12)°7*® in the
generalized gradient approximation (GGA) of Perdew, Burke
and Ernzerhof'* with the projector augmented-wave (PAW)
method.""® A T-centered 5 x 5 x 5 Monkhorst-Pack k-point
mesh'® with Gaussian smearing"” was used in the calculations
with a plane wave energy cut-off of 600 eV; tests were per-
formed to verify that this combination of mesh size and cut-off
energy resulted in a converged system. The GGA plus onsite
repulsion (GGA + U) method was used to correct the well-
known over-binding of electrons in 3d metal atoms.'® A 1 x 1 x
2 supercell was initially used in the relaxation of the structure
and for the calculation of the spin exchange constants of these
materials. Final calculations of magnetic energies using a
larger unit cell of (a. = 2a, b. = b, c. = a + 2¢) utilised a 2 x 4 x 4
k-point mesh and an energy cutoff of 500 eV. The use of this
cell allowed us to consider magnetic structures other than that

This journal is © The Royal Society of Chemistry 2017
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found by experiment and to determine the relevant spin
exchange constants, see below. Ionic relaxation was performed
starting with the experimental crystal and magnetic structures
and U-values of 5.0 and 4.0 eV for ZrMn,Ge,O,, and
ZrCo,Ge,0q,, respectively. All unit cell parameters were
allowed to vary and the relaxations were re-started several
times to eliminate the effects of Pulay stress."® Even though no
space-group symmetry was imposed on the degrees of freedom
of the atomic positions, the final symmetry was the same as
the original space-group symmetry. The atomic positions of
these relaxed structures were subsequently used to calculate
magnetic energies using an isotropic Heisenberg model. The
exchange constants and the Weiss temperature, 6, were sub-
sequently derived from these energies, the latter using mean-
field theory. Calculations performed to establish the sensitivity
of the exchange constants to variations in U over the range 3 <
UleV < 6 by matching the calculated and experimental Curie—
Weiss temperatures led to the conclusion that the chosen
values, U = 5 and 4 eV, were appropriate values to use for
ZrMn,Ge,0,, and ZrCo,Ge,0;, (details of these calculations
are available in the ESI{ that accompanies this paper). These
values are similar to those used on other magnetic oxide
materials with the same magnetic cations.”**"

The superexchange interactions that need to be taken into
account within this structure were described in our earlier
account of CeMn,_,Co,Ge,O4,. For the purposes of our com-
putational study, the corresponding exchange constants were

(b)
Fig. 2 (a) Schematic representation of superexchange interactions in

ZrMn,_,Co,Ge401,, (b) atomistic view showing the difference between
Js and Jy; gold and red circles represent O1 and O2, respectively.

This journal is © The Royal Society of Chemistry 2017
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labelled as follows: J;; the interaction between nearest-neigh-
bour (NN) cations along [001]; /,, the interaction between NN
cations within a (001) plane; J; and J,, two similar but unequal
interactions along <101> between cations in neighbouring
planes; /5 and Js, two similar but unequal interactions between
next-nearest-neighbour (NNN) cations in a (001) plane, see
Fig. 2. J; and J, differ in that the former pathway involves O1
and the latter involves O2; J5; and J, in that the latter involves
Zr whereas the former does not. Our initial calculations in a
1 x 1 x 2 supercell were unable to distinguish the individual
interaction strengths within the pairs J;, J;, and Js, Js; only
mean values could be calculated. However, it became apparent
that the interactions along <101> represented by J; and J, were
amongst the strongest in the structure and further calculations
in the enlarged supercell with a. = 2a, b. = b, ¢. = a + 2c¢, see
Fig. 14, were therefore undertaken in order to separate their
contributions. Given that our initial calculations showed that
the NNN interactions represented by /s and Js were very weak,
no further calculations were undertaken in order to resolve
their individual contributions. The values of U derived using
the 1 x 1 x 2 supercell were used in the calculations based on
the enlarged supercell.

Results

Samples of ZrMn,_,Co,Ge, O, were prepared for x = 0, 0.5,
1.0, 1.5 and 2; the cobalt-containing compositions were pink
whereas ZrMn,Ge O, was brown. The principal phase appar-
ent in the XRPD pattern of every sample could be indexed in
the tetragonal space group P4/nbm; the refined unit cell para-
meters are listed in Table 1. The intensity distribution in the
XRPD, exemplified by that of ZrCo,Ge,O,, in Fig. 3, was con-
sistent with the crystal structure previously assigned to
Y,CaGe,O4, >* with the 2b site now occupied by Zr*" and the 4f
site by a disordered distribution of divalent transition-metal
cations. The XRPD patterns collected from samples of
ZrCo,Ge 01, and ZrMn, ;Co, 5Ge,O,, contained weak Bragg
peaks, see Fig. 3, from a CoGeO; impurity phase. Quantitative
analysis of the patterns suggested impurity levels of 5(1) and
1.3(6) wt%, respectively.

The temperature dependence of the molar de magnetic sus-
ceptibility and the field dependence of the magnetisation of

Table 1 Unit cell parameters of ZrMn,_,Co,Ge;O1, at room tempera-
ture deduced from XRPD

X
0 0.5 1.0 1.5 2
alA 9.6560(1)  9.6302(1)  9.6053(1)  9.5799(1)  9.5494(2)
c/A 4.8636(1)  4.8436(1)  4.8244(1)  4.8047(1)  4.7838(2)
VIA® 453.473(5) 449.208(6) 445.104(6) 440.948(7) 436.24(2)
Ryp/% 7.1 5.4 4.4 3.7 5.7
> 1.84 1.70 1.57 1.44 1.12

Space group P4/nbm, Z = 2.
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Fig. 3 Observed (red) and calculated (green) Cu K, X-ray diffraction
profiles of ZrCo,Ge,O;,. A difference curve is also shown. Vertical
markers indicate reflection positions for both ZrCo,Ge;O;, (bottom)
and the CoGeOs impurity (top). The strongest reflection from the latter
lies at 20 ~ 35°, see inset.

each sample are shown in Fig. 4. Every composition undergoes
a magnetic transition below 10 K. The molar Curie constant,
Cm, and the Weiss constant, 6, derived by fitting the magnetic
susceptibility to the Curie-Weiss Law in the temperature range
150 < T/K < 300 are listed in Table 2. Hysteresis is apparent in
M(H) for all the cobalt-containing samples; the coercive field,
Hg, and the remanent magnetisation, Mg, are also listed in
Table 2. No hysteresis was detected in M(H) for ZrMn,Ge;0;,,
although the function was nonlinear. The temperature depen-
dence of the ac susceptibilities of all five compositions is
shown in Fig. 5. Again, a transition is always observed below
10 K. The transition temperature, T, is not frequency depen-
dent but below T the susceptibility is frequency dependent
and complex, suggesting that the sample has developed a
spontaneous magnetisation. An accurate value of 7 for each
composition is included in Table 2. In view of the apparent
absence of hysteresis in M(H) for ZrMn,Ge,0;,, despite the
presence of an imaginary component in the ac susceptibility,
further dc measurements were made in applied fields of 0.01
< H/kOe < 10, see Fig. 6. Hysteresis indicative of a spon-
taneous magnetisation can be seen below the transition temp-
erature in the data recorded in 10 Oe but not in those
measured in 1000 Oe. The small, secondary maximum seen at
6 K in the ac susceptibility is matched by a break in the ZFC dc
susceptibility measured in 10 Oe, see Fig. 6(b).

Neutron diffraction data were collected at temperatures
selected in the light of the susceptibility data described above.
In the case of ZrMn,Ge,0;,, data were collected at room temp-
erature and 3.5 K using a wavelength of 1.622 A. The pattern
collected at 3.5 K, but not that collected at room temperature,
contained Bragg scattering at low angles that could not be
accounted for using the structural model used to analyse the
XRPD data and this additional scattering was therefore
assumed to be magnetic in origin. Fig. 7 shows the Rietveld fit
achieved using a structural model based on Y,CoGe,O,, >* and
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Fig. 4 Composition and temperature dependence of the dc molar
magnetic susceptibility and the field dependence of the magnetisation
per formula unit of ZrMn,_,Co,Ge,0;,. The red line shows the result of
fitting the susceptibility to the Curie—Weiss law.

Table 2 Magnetic parameters of ZrMn,_,Co,Ge4O;,

x
0 0.5 1.0 1.5 2

Cmn 8.696(1)  8.332(6) 7.743(1)  7.586(1)  7.186(2)

0/K -11.38(2) -14.74(2) -17.50(2) -21.96(2) —15.93(2)

Jett (CO)®  5.90° 5.37 5.36 5.37 5.36

Mglus per  — 0.48 0.78 0.80 0.068

f.u.

Hc/Oe — 893 786 261 10.6

Tc/K 8.0 6.7 6.0 5.2 3.5

et (Mn). ? Calculated for 0.5 < x < 1.5 assuming that g (Mn) = 5.90.

the antiferromagnetic structure drawn in Fig. 8;>* the magnetic
unit cell and the structural unit cell are the same size. The
cation is aligned along +z. The
coupling between it and the moments of the four nearest-
neighbour Mn”" cations lying in the same xy plane at z = 0.5 is

ordered moment of each Mn*"

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Composition and temperature dependence of the real and ima-
ginary components of the ac molar magnetic of ZrMn,_,Co,Ge;O01,. A
transition at ~6 K in ZrMn,Ge,0;; is indicated by an arrow.

antiferromagnetic whereas the coupling to the four next-
nearest neighbour cations in this plane is ferromagnetic. The
nearest-neighbour coupling along [001] is ferromagnetic and
the magnetic structure can thus be described as a ferro-
magnetic stacking of antiferromagnetic sheets. Given the
relationship ¢ ~ a/2 between the unit cell parameters, the
arrangement of the transition-metal cations in this structure
can be described as pseudo-cubic and the magnetic structure
drawn in Fig. 8 can thus be described as C-type.”> Formally,
the magnetic structure in Fig. 8 can be described by the mag-
netic space group PA'/nbm’ (#125.5.1035), although the true
magnetic symmetry is likely to be lower as this magnetic space
group does not allow the ferromagnetic component that was
observed by magnetometry. The structural parameters derived
from the data collected at room temperature and 3.5 K are
listed in Table 3 and selected bond lengths and bond angles
are presented in Table 4. Data were subsequently collected
using a wavelength of 2.4397 A at 15 K; no magnetic Bragg
scattering was apparent in this diffraction pattern, see Fig. 9.
Finally, three data sets were collected successively at 1.6 K in

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Observed (red) and calculated (green) neutron diffraction
profiles for ZrMn,Ge40;, recorded using 4 = 1.622 A at 3.5 K; a differ-
ence curve is also shown. Vertical markers indicate the positions of both
structural (lower) and magnetic (upper) reflections.
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b

Fig. 8 The magnetic unit cell of ZrMn,Ge4O,,; only Mn?* cations are
shown. Each is antiferromagnetically coupled to the four nearest-neigh-
bour cations in the xy plane.

magnetic fields of 0, 30 and 0 kOe. No changes in either the
crystal structure or the magnetic structure were detected when
the field was applied; the ordered moments derived from the
three analyses were 4.68(2) and 4.23(2) and 4.66(2)ug per Mn*",
respectively.

The structural parameters and bond lengths determined for
ZrCo,Ge,0,, at room temperature using a wavelength of
1.622 A are listed in Tables 3 and 4, respectively. Paramagnetic
CoGeO; was included as a second phase in this analysis but
the principal phase was assumed to have the ideal compo-
sition. This strategy is justified by the level of agreement
between the observed and calculated diffraction patterns. The
neutron diffraction pattern of ZrCo,Ge,0;, recorded at 1.6 K
using a wavelength of 1.622 A contained Bragg scattering that
could not be attributed to the crystal structure alone. However,

View Article Online
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it could be accounted for, see Fig. 10, when the magnetic
structure shown in Fig. 11 and an antiferromagnetically
ordered CoGeO; impurity were included in the analysis. Again,
the magnetic unit cell is the same size as the structural unit
cell but the spin-ordering pattern is very different to that
found in ZrMn,Ge,O;,. More specifically, the atomic moments
lie in the xy-plane rather than along [001] and the spin struc-
ture is non-collinear. The x components adopt the same anti-
ferromagnetic pattern seen in ZrMn,Ge,O;, but the y com-
ponents align in a ferromagnetic pattern. Overall, the magnetic
structure is described by the magnetic space group Pb'an'(= Pc'
n'a, #50.6.382). The refined structural parameters are listed in
Table 3 and selected bond lengths and bond angles are pre-
sented in Table 4. The atomic moments determined from data
collected using a wavelength of 2.4397 A in fields of 0, 3, 6 and
20 kOe at 1.6 K are listed in Table 5. As in the case of
ZrMn,Ge,04,, the crystal structure did not change significantly
when the field was applied. No magnetic Bragg scattering from
ZrCo,Ge, 04, was visible in a diffraction pattern collected at
7 K, see Fig. 12. However, it was still necessary to include the
magnetically-ordered impurity. CoGeOj; can exist in two forms,
monoclinic and orthorhombic, which have Néel temperatures
of 35.8 and 33.0 K, respectively.>® Our refinements showed the
impurity to be the orthorhombic form and a data set collected
at 40 K could accordingly be analysed with the inclusion of
only the main phase and a paramagnetic CoGeO3; impurity
with a weight fraction of 4.4(2)%, see Fig. 12(c). The impurity
concentration was fixed at this value in the analyses of all the
neutron diffraction patterns collected from ZrCo,Ge, 0O,,. We
note that paramagnetic CoGeO; gives rise to relatively weak
Bragg peaks in both X-ray and neutron diffraction, see Fig. 3,
and in the antiferromagnetic phase the neutron diffraction
pattern is dominated by the magnetic Bragg peak that occurs
at 20 = 14.5° when 1 = 2.4397 A.>°

Table 3 Structural parameters of ZrMn,_,Co,Ge;O4, derived from neutron diffraction data (1 = 1.622 A) as a function of composition and

temperature
x, T
0.0% 3 K 0.0% 300 K 1.0°,3 K 2.0,3K 2.0, 300 K
Zr Uiso/]}Z 0.0020(2) 0.0037(4) 0.0020(2) 0.0028(3) 0.0037(4)
Mn/Co UisolA” 0.0052(5) 0.0090(5) 0.0039(4) 0.0023(4) 0.0078(5)
Ge x 0.5161(1) 0.5160(1) 0.5169(1) 0.5172(1) 0.5169(1)
Ussol A? 0.0014(1) 0.0031(2) 0.0012(2) 0.0012(2) 0.0026(2)
o1 x —0.3733(1) —-0.3727(1) —0.3726(1) —0.3724(1) —0.3719(1)
z 0.1651(2) 0.1638(3) 0.1693(3) 0.1755(4) 0.1732(4)
Ui/ A” 0.0013(3) 0.0041(3) 0.0032(3) 0.0030(3) 0.0045(3)
02 x 0.1687(1) 0.1687(1) 0.1659(1) 0.1633(2) 0.1638(2)
y 0.0732(1) 0.0732(1) 0.0733(1) 0.0730(2) 0.0733(2)
z 0.2622(2) 0.2622(2) 0.2630(2) 0.2636(2) 0.2643(3)
. Uisol/ A? 0.0028(3) 0.0038(2) 0.0022(4) 0.0022(4) 0.0039(2)
a/A 9.6502(1) 9.6532(1) 9.5970(1) 9.5477(1) 9.5526(1)
/A 4.8567(1) 4.8623(1) 4.8165(1) 4.7791(1) 4.7850(1)
VIA® 452.28(1) 453.09(1) 443.61(1) 435.66(1) 435.66(2)
Rypr 4.65% 4.94% 4.82% 4.09% 5.87%
6.569 2.430 4.459 3.170 3.241

Space group P4/nbm (no. 125), Z = 2 with Zr on 2b (, 1, 1); Mn/Co on 4f (0, 0, 3); Ge on 8k (x, 1, 0); O1 on 8m (x, —x, z); O2 on 16n (x, y, 2).

4 47 2
“ Contains 4.4(2) wt% CoGeOj. ? Contains 0.7(1) wt% CoGeO;.
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Table 4 Bond lengths (A) and bond angles (degrees) in ZrMn,_,Co,Ge401- as a function of composition and temperature
x, T
0.0, 3 K 0.0, 300 K 1.0,3 K 2.0,3K 2.0, 300 K
Zr-02 x 8 2.205(1) 2.206(1) 2.198(1) 2.194(1) 2.191(2)
Mn/Co-O1 x 2 2.374(1) 2.386(2) 2.351(2) 2.320(1) 2.332(2)
Mn/Co-02 x 4 2.117(1) 2.119(1) 2.082(1) 2.050(1) 2.052(2)
02-02" 3.301(1) 3.302(1) 3.247(2) 3.196(1) 3.203(2)
02-02" 2.652(1) 2.655(1) 2.606(2) 2.569(1) 2.565(2)
Ge-01x2 1.788(1) 1.787(1) 1.782(1) 1.782(1) 1.781(1)
Ge-02 x 2 1.726(1) 1.727(1) 1.734(1) 1.735(1) 1.738(2)
02-Mn/Co-02' 102.45(5) 102.42(6) 102.50(6) 102.41(4) 102.61(9)
02-Mn/Co-02" 77.55(5) 77.58(6) 77.50(6) 77.59(4) 77.39(9)
01-Mn/Co-02' 81.40(4) 81.38(4) 81.41(4) 81.54(4) 81.51(6)
01-Mn/Co-02" 98.60(4) 98.62(4) 98.59(4) 98.46(4) 98.49(6)
01-Ge-01 106.73(10) 106.04(11) 106.89(11) 107.46(10) 106.77(16)
01-Ge-02 105.63(5) 105.78(5) 105.67(6) 105.34(5) 105.49(9)
01-Ge-02 109.04(7) 109.13(7) 108.93(8) 108.85(7) 108.93(11)
02-Ge-02 120.12(7) 120.20(8) 120.11(8) 120.43(7) 120.55(11)
“ Distances within the equatorial plane of the (Mn/Co)O, octahedra.
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Fig. 10 Observed (red) and calculated (green) neutron diffraction
(b) . , | . profiles for ZrCo,Ge40;, recorded using 4 = 1.622 A at 1.6 K; a differ-
ol t =00 ence curve is also shown. Vertical markers indicate the reflection posi-
— ) T=15K tions for, from top to bottom, CoGeOz magnetic phase, ZrCo,Ge;01,
’Q [ T = magnetic phase, CoGeOs crystal structure and ZrCo,Ge;O;, crystal
g } structure.
o . 5
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Sl 1 [ i
E: ?\ | \ i -< J Neutron diffraction data were collected on the intermediate
'E’ A \ .composmon ZrMnCoGe,0O;, at 3 K and 20 K. A CoGeOy; 1.rr.1pur—
% of o e e ity was seen to be present at a level of 0.7(1) wt%. Additional
- T "W””‘ e e Bragg scattering consistent with the presence of antiferro-
, , , ‘ ‘ , , magnetic ordering in the main phase was clearly apparent in
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Fig. 9 Low-angle regions of the observed (red) and calculated (green)
neutron diffraction profiles for ZrMn,Ge,O;, recorded using 1 =
2.4397 A at (a) 3.5 K and (b) 15 K; difference curves are also shown. In
(a), vertical markers indicate the positions of both structural (lower) and
magnetic (upper) reflections.

This journal is © The Royal Society of Chemistry 2017

the data collected at the lower temperature. This scattering was
consistent with the spin structure observed in ZrCo,Ge, O,
(Pb'a'n, #50.6.382), see Fig. 11, albeit with the ferromagnetic
component in the ab-plane too small to be detected in our
NPD data. The weak ferromagnetism allowed by this magnetic
space group was however observed in the magnetometry data.
The structural parameters derived from the data collected at
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Fig. 11 The magnetic unit cell of ZrCo,Ge,O;,; only Co?* cations are
shown.

Table 5 Field dependence of the ordered magnetic moment of Co®* in
ZI’2C02GE4012 at1l6 K

H/kOe

0 3 6 20
M, 2.10(5) 2.21(5) 2.33(4) 2.30(5)
M, 1.45(8) 1.43(9) 1.73(7) 2.07(6)
M 2.55(7) 2.63(7) 2.90(5) 3.09 (6)

3 K using a wavelength of 1.622 A are presented in Table 3 and
the observed and calculated diffraction patterns are shown in
Fig. 13; the bond lengths and bond angles are listed in
Table 4.

In our collinear magnetic DFT calculations we considered
the relative stability of A-type, B-type, C-type and G-type mag-
netic ordering for ZrMn,Ge,Oy, and ZrCo,Ge;0,,;>° A-, C- and
G-type result in antiferromagnetism whereas B-type ordering
results in ferromagnetism, see Fig. 14. We also considered
additional structures, included in Fig. 14, which were not
included in the original classification by Wollan and Koehler;
we shall refer to these as S-type and T-type ordering. The
C-type structure was calculated to be the most stable for both
compositions. The stabilities of the different ordering patterns
relative to that of the C-type structure are listed in Table 6 and
the values of the exchange constants calculated in the case of
C-type ordering are listed in Table 7. The tabulated values
relate to individual superexchange pathways between a pair of
cations; they have not been adjusted to allow for the different
multiplicities of the various intercation interactions. The two
exchange constants, J; and J,, that both relate to coupling
between NNN along <101> correspond to the superexchange
pathways M-O1-Ge-O1-M and M-02-Ge-02-M, see Fig. 2(b),
respectively. The Weiss temperatures of ZrMn,Ge,O;, and
ZrCo,Ge,0O,, were calculated to be —12.62 and -15.59 K,
respectively.
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Fig. 12 Low-angle regions of the observed (red) and calculated (green)
neutron diffraction profiles for ZrCo,Ge;O;, recorded using 1 =
2.4397 A at (a) 1.6 K (b) 7 K and (c) 40 K; difference curves are also
shown. Vertical markers in (a) indicate the reflection positions for, from
top to bottom, CoGeO3z magnetic phase, ZrCo,Ge;0;, magnetic phase,
CoGeOs crystal structure and ZrCo,Ge40;, crystal structure.

Discussion

All the compounds studied are isostructural and the unit-cell
volume decreases in a linear manner with increasing cobalt
content, as is to be expected in view of the relative ionic radii
of Mn>" and Co**.*” The unit cell volume of each composition
is ~4.5% smaller than that of the analogous Ce-containing
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Fig. 13 Observed (red) and calculated (green) neutron diffraction
profiles for ZrMnCoGe40;, recorded using 1 = 1.622 A at 3 K; a differ-
ence curve is also shown. Vertical markers indicate the reflection posi-
tions for, from top to bottom, CoGeOz magnetic phase, CoGeOs3 crystal
structure, ZrMnCoGe4O;, magnetic phase and ZrCo,GesO;, crystal
structure.

composition. Consideration of the data in Table 4 shows that
the bond lengths in the two end members of the solid solution
do not change significantly on cooling below room tempera-
ture. We note that, as in CeMn,Ge,0;, and CeCo,Ge,0O;, but
in contrast to Y,CoGe,0;,,> there was no evidence for dis-
order on the oxide sublattices of ZrMn,Ge,0;, or ZrCo,Ge,O,.
This is consistent with our previous suggestion that the oxide
disorder is attributable to the disordered distribution of Y**
and Co*" over the 4f sites in Y,CoGe,O,,. The Mn*" and Co*"
cations in ZrMn,Ge,0;, and ZrCo,Ge,O,, occupy a site with
point symmetry 2/m and the oxide ions to which they are co-
ordinated therefore do not form a regular octahedron. In each
case there are two long, trans bonds to O1, see Table 4, and
four shorter, coplanar bonds to O2; the plane in which the
latter lie is not perpendicular to the axis formed by the long
bonds. The mean bond lengths in the MnOg and CoOg octahe-
dra, 2.203 and 2.140 A, are both shorter than those in the Ce
analogues although the contraction, ~1%, is more marked in
the case of the Mn-containing compound. The corresponding
lengths in MnO and CoO are 2.223 and 2.132 A at room temp-
erature,”® suggesting that the Mn>" cation in ZrMn,Ge,O,,
might be in a compressed environment. However, a bond-
valence calculation for the Mn”" site resulted in a value of
2.04. The four O2 anions that coordinate the cation in the
plane form a rectangle rather than a square, with 02-02 dis-
tances of 3.301 and 2.652 A at 3.5 K in the Mn-containing com-
pound and 3.196 and 2.569 A at 1.6 K in ZrCo,Ge,O,,; the
latter value is an unusually short O-O distance. The Zr-O dis-
tances within the square antiprism of oxide ions that surround
the 2b site in ZrMn,Ge,0;, and ZrCo,Ge,O,, are very similar
to each other and also to the value of 2.224 A determined for
8-coordinate Zr*" in cubic Zr0O,.>° The O-O distances within
the approximately square faces of the antiprism are 2.661 A in
ZrCo,Ge,04,; the distances between anions in the opposing
faces are alternately 2.801 and 2.569 A, i.e. the CoO, octahedra

This journal is © The Royal Society of Chemistry 2017

B-type

Fig. 14 Magnetic structures considered in the DFT calculations. Blue
and magenta circles represent spin-up and spin-down cations. The cell
() used in the calculations is related to the structural unit cell as follows:
ac=2a,b.=b,cc=a+2c.

Table 6 Relative stabilities (K M™?) of different magnetic structures for
ZrM,Ge40;;, (M = Mn, Co)

M
Structure type Mn (U= 5 eV) Co (U=4¢eV)
A 4.993 5.282
B 24.654 28.178
C 0 0
G 15.989 23.932
S 9.943 14.204
T 9.031 10.196
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Table 7 Calculated exchange constants of ZrM,Ge;01, (M = Mn, Co)

M
Mn (U =5 eV) Co (U=4¢eV)

J1/K —0.147 0.115

J/K -0.273 —0.529

Js/K —0.188 —0.423

Ja/K —0.525 —2.179

Js+6/K —0.0219 —0.0448

share their ¢rans short edges with neighbouring ZrOg anti-
prisms. Interestingly, the O-O distance in ZrO, is also 2.568 A.
The GeO, tetrahedra in both ZrMn,Ge,0O,, and ZrCo,Ge, O,
show a considerable degree of distortion, as was also the case
in Y,CoGe,01,. The longer Ge-O1 bonds provide the connec-
tivity between the four GeO, tetrahedra that make up a Ge,O4,
group whereas each O2 atom is bonded to only one germa-
nium atom. The data in Table 4 show that the Mn/Co-O and
Zr-O bond lengths in ZrMnCoGe,O;, are, unsurprisingly,
intermediate between those in the compositions x = 0.0 and
2.0, although those in the GeO, tetrahedra are closer to those
in the Mn-free composition.

The data presented in Table 2 and Fig. 4 show that all the
compositions in this solid solution can be modelled as Curie-
Weiss paramagnets above 150 K. The concentration of the
CoGeOj; impurity is always too low for it to be detected in the
magnetometry data. The negative values of the Weiss tempera-
ture, 0, demonstrate that the dominant interatomic magnetic
interactions are antiferromagnetic in nature. The measured
Curie constant of ZrMn,Ge,O;, is in excellent agreement with
the value calculated from the spin-only formula, as might be
expected for the high-spin d° cation, Mn**. In the case of
ZrCo,Ge,0,, the effective magnetic moment of Co>" can be
determined directly from the observed Curie constant and for
the compositions containing both magnetic cations it can be
calculated after subtracting the contribution from the spin-
only Mn*" cations. The values determined in this manner vary
little with composition and they are always higher than the
spin-only value for a high-spin d’ cation, implying that an
orbital contribution to the moment is present. We shall return
to this point below. All the compositions studied appear to
show long-range magnetic order at 2 K. The transition temp-
erature, T, increases with increasing manganese content as
was also the case in CeMn,_,Co,Ge,O,,. We note that our cal-
culations predict the interactions in ZrCo,Ge,Oq, to be stron-
ger than those in ZrMn,Ge,0,,, perhaps because they could
not take into account the non-collinear nature of the magnetic
structure, see below. Co>*~O bonds are expected to be more
covalent than Mn>"-O bonds as a consequence of the smaller
ionic radius of Co>". In other solid solutions, for example
Mn,_,Co,0," the magnetic ordering temperature increases
with increasing covalency. The trend observed in
ZrMn,_,Co,Ge,0,, suggests that the degree of covalency in the
metal to oxygen bonds does not control the ordering tempera-
ture in this system. The most obvious positive correlations are
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with the interatomic distances and the magnitude of the
atomic moments. Despite the negative values of 0, our data
show that none of the compositions in this solid solution is a
simple antiferromagnet. The dc susceptibility data and the
function M(H), see Fig. 4, indicate that they all show weak
ferromagnetism below T¢. This is least obvious in the case of
ZrMn,Ge,0,, but it is readily apparent when y(T) is measured
in a lower applied field, see Fig. 6. The ac susceptibility data,
see Fig. 5, also demonstrate the presence of a ferromagnetic
component in the magnetically-ordered phase; the imaginary
component of the susceptibility is non-zero below T. and
shows a maximum at a temperature that is independent of fre-
quency. We note that the members of the solid solution
become softer magnets, that is Hs decreases, as the cobalt
content increases, see Fig. 4 and Table 2. Both the ac and the
low-field dc susceptibility of ZrMn,Ge,O,, have an additional
feature at 6 K. We do not have an explanation for this at the
present time; a sequence of neutron diffraction patterns col-
lected at 3.75, 4.75, 6.75 and 7.75 K did not reveal any change
in the magnetic structure. Nor do we have an explanation for
the local maximum observed in y” of ZrCo,Ge,O;, at 3.5 K, see
Fig. 5.

The magnetic structure of ZrMn,Ge,O;, determined by
neutron diffraction, see Fig. 8, is that of a C-type antiferro-
magnet, as was that of CeMn,Ge,0;,.” As described above, our
magnetometry data show that a weak ferromagnetic com-
ponent is present, but with a magnitude of <0.05uy that is
apparently too weak to be detected by our diffraction experi-
ment. The particular antiferromagnetic structure adopted can
be rationalised by considering the superexchange pathways
that are available to couple the cation moments, and we have
previously given, in our account of CeMn,_,Co,Ge;O;,,°> a
detailed, albeit qualitative, description of the possible inter-
actions and predicted their relative strengths. We expect the
arguments developed in that case also to be applicable in the
case of ZrMn,_,Co,Ge,0;,. We argued that the O-O distances
in the structure were too long to allow strong M-O-O-M coup-
ling, and that M—O-Ge-O-M interactions would dominate. On
this basis we predicted that, within a particular (001) cation
layer, nearest-neighbour (NN) coupling would be stronger than
next-nearest-neighbour (NNN) coupling and that the strongest
interlayer coupling would be along <101> rather than <001>,
despite the direct M-M distance in the latter direction being
the shortest in the structure. The <101> interaction was
expected to be the strongest of all those present in the struc-
ture because the M-02-Ge-O2-M superexchange pathway,
which plays a part in that interaction, is the shortest in the
structure. The results of our DFT calculations are in good
agreement with these qualitative predictions. They show, see
Tables 6 and 7, that the superexchange along M-02-Ge-02-M,
represented by J,, is the strongest magnetic interaction and
that the C-type magnetic structure is the most stable of those
considered. The magnetic structure of ZrMn,Ge,O,, drawn in
Fig. 8 is consistent with this account; each spin is aligned anti-
parallel to four NN spins in the same (001) sheet and anti-
parallel to eight <101> NNN spins in the sheets above and below,

This journal is © The Royal Society of Chemistry 2017
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thus satisfying the strong J,, J; and J, interactions. This
necessitates ferromagnetic alignment of the spins along [001]
which can be achieved because the antiferromagnetic coup-
ling, represented by J;, in this direction is much weaker.
Furthermore, the ferromagnetic coupling along [001] mini-
mises dipolar repulsions within the structure. The magnitude
of the ordered magnetic moment, 4.68(2)us per Mn>" is lower
than the maximum possible value, g$ = 543, as a consequence
of covalency®® and the zero-point spin reduction. The observed
value can be compared with that of 4.64up measured in
MnO.?>"*> As was the case in CeMn,Ge,O,, the application of
a magnetic field of 30 kOe reduced the ordered moment, pre-
sumably because the field was, to some extent, able to rotate
the spins in the polycrystalline sample.

The magnetic structure of ZrCo,Ge,Os,, see Fig. 11, differs
from that of the Mn-containing analogue in a number of ways.
This is not surprising given that the two magnetic cations have
different electronic ground states and consequently will experi-
ence different spin-lattice coupling interactions. The most
striking differences are that the ordered moments in
ZrCo,Ge,0;, lie perpendicular to [001], rather than parallel to
it, and although the dominant [100] components adopt the
same C-type antiferromagnet ordering pattern as was pre-
dicted by our calculations and seen in ZrMn,Ge,Oi,, the
weaker [010] components align ferromagnetically in a B-type
structure. The presence of a ferromagnetic component could
not be predicted by our DFT calculations, which assumed a
collinear spin structure, but it is consistent with the behaviour
of (T) and M(H) seen in Fig. 4 and the ferromagnetic com-
ponent of 1.45u5 per Co”* derived from the neutron data is in
a good agreement with the saturation magnetisation deter-
mined by magnetometry. A comparable change in the spin
direction was seen between Sr,MnGe,O, and Sr,CoGe,0,.>*
The value of the ordered moment in ZrCo,Ge,O,, in the
absence of a magnetic field is less than the spin-only value,
g8 = 3ug, associated with a high-spin d’ cation. A covalent
reduction would again be expected, but in this case the

This journal is © The Royal Society of Chemistry 2017

reduced value is surprising because the Curie constant
measured above 150 K indicates that the moment has an
orbital component that would be expected to raise the value
observed by neutron diffraction above the spin-only value,
despite the presence of covalency. We note that in the case of
CoO, which has an effective magnetic moment of 5.1xp in the
paramagnetic phase,®® ordered moments in the range
3.35-3.845 have been determined by neutron diffraction.™>>3°
Our data therefore suggest that either the orbital component
of the magnetic moment does not order below T, or that it is
quenched in the ferromagnetic phase. Similar behaviour has
been seen in Sr,CoGe,0, and Co(OH)F*” where it was attribu-
ted to chemical disorder and local distortions, neither of
which are expected to be present in ZrCo,Ge,O4,. The presence
of an orbital contribution to the moment in the paramagnetic
phase might be considered surprising in the light of the bond
lengths listed in Table 4. The pseudo-tetragonal distortion of
the CoO¢ octahedra would be initially expected to remove the
degeneracy of the electronic ground state of the d’ cation, see
Fig. 15(b), and hence quench the orbital angular momentum.
In order to explain the presence of a large orbital contribution
in the case of Y,CoGe4O,, we followed Smura et al*® in arguing
that a sufficiently large distortion, with (Co-01),,/(C0o-02)cq =
1.116 in the case of Y,CoGe,O,,, can leave the d,. orbital at the
bottom of the d manifold and thus restore the orbital contri-
bution, see Fig. 15(c). In the case of ZrCo,Ge ;015 (Co-01),,/
(Co-02)¢q = 1.127 and we therefore expect the same argument
to be valid. However, the distortion of the octahedra is not
purely tetragonal, as is demonstrated by the difference,
0.601 A, between the 02-02' and 02-02" distances. This
additional strain will remove the degeneracy of the d,, and d,,
orbitals that is required to maintain the orbital contribution,
see Fig. 15(d). We must assume that in the paramagnetic
phase the splitting of these two orbitals is small compared to
thermal energy and hence an orbital contribution is retained.
However, below 3.5 K, i.e. the Curie temperature, the splitting
is presumably large compared to the thermal energy and so
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the orbital angular momentum is diminished. A significant
increase in the ordered moment is observed in an applied
field, see Table 5. We cannot deduce the cause of this from the
available experimental data, but we note that ygH/kg = 1.34 K
for a field of 20 kOe, a temperature that is comparable to both
Tc and the measuring temperature.

The zero-field magnetisation, ~0.5up per formula unit, seen
in M(H) for ZrMnCoGe,O,,, see Fig. 4, was too weak to be
detected in our neutron diffraction experiment. The antiferro-
magnetic structure determined by diffraction is intermediate
between those of the two end members in that the spin-order-
ing pattern is the same as in the case of ZrMn,Ge,O,, but the
concentration of Co** is high enough for the anisotropy of that
cation to select a different direction of alignment. Similar be-
haviour was seen in intermediate compositions in the solid
solution CeMn,_,Co0,Ge,01,.°

The most striking differences between the Ce**- and Zr"*-
containing solutions are seen in the Mn**-free, x = 2.0 end
members. Whereas ZrCo,Ge O;, is a weak ferromagnet,
CeCo,Ge,0;, adopts an antiferromagnetic structure in a unit
cell that is doubled along [001] compared to the structural unit
cell. The atomic moments adopt a G-type ordering pattern
along [100] with a weaker, A-type component along [010]. The
adoption of a G-type structure indicates an increase in the rela-
tive strength of J; and J, but the A-type structure is consistent
with strong J; and J, coupling. In an applied magnetic field
CeCo,Ge, 01, undergoes a metamagnetic transition and
becomes isostructural with ZrCo,Ge,O;,. The neutron diffrac-
tion experiments described above did not identify any signifi-
cant field-dependence in the structural behaviour of the latter.
The reasons for this difference are not clear at the present
time. The most obvious cause is the size difference between
Ce"" and Zr** and the subtle changes in the superexchange
pathways that occur as a consequence. However, the differ-
ences in the detailed electronic structures of the two cations
might also be important. The discovery of further compo-
sitions in which the unit-cell doubling is observed would facili-
tate the recognition of the key factors.

Conclusions

The magnetic properties of ZrMn,_,Co,Ge,O;, show a marked
variation with composition as the isotropic Mn>" cations are
replaced by anisotropic Co®" cations. The susceptibility of all
compositions can be modelled using the Curie-Weiss law at
temperatures above 150 K and they all undergo a transition to
a magnetically ordered state in the temperature range 2 < 7/K
< 10. None of the compositions studied shows purely anti-
ferromagnetic behaviour below the transition temperature,
although in ZrMn,Ge,0;, the ferromagnetic component is too
weak to be detected in magnetometry data collected in a field
of 10 kOe or in neutron powder diffraction data collected at
3.5 K. A spontaneous magnetisation is clearly apparent in the
magnetometry data collected on all the cobalt-containing
samples but only in the case of ZrCo,Ge,0,, was the ferro-
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magnetic component of the magnetic structure large enough
to be detected by neutron diffraction. Although the behaviour
of (T) in the paramagnetic region suggests the presence of an
orbital contribution to the magnetic moment of Co>", the
ordered moment in the low-temperature phase suggests that
no such component is present. This is consistent with the rela-
tively low value of the coercive field, Hc, The spin-alignment
axis varies with composition but, in contrast to the system
CeMn,_,Co,Ge,04,, the experimentally-determined underlying
antiferromagnetic component of the structure is always the
same. The pseudo-cubic arrangement of the magnetic cations
allows us to describe it as a C-type structure. It can be rational-
ised by considering the relative lengths of the M-O-Ge-O-M
superexchange pathways in the structure and is entirely con-
sistent with the relative strengths of the exchange constants
calculated by DFT methods.
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