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We report a systematic study on the structural and magnetic properties of off-stoichiometric polycrystalline
bulk spinels Mn; 15Co01 8504 and Mnj 17Co; 69Cug 2304 using Neutron and x-ray diffraction, Ferromagnetic
Resonance (FMR) and magnetic measurements. Both compounds show a weak tetragonal distortion with ¢/a <
1, where the crystal structure could be refined in the tetragonal space group /4| /amd. Both Co?* and Cu?t
jons are located at the tetrahedral A site, and Mn3t and Co®* at the octahedral B site. Ferrimagnetic (FI)
ordering of Mn; 15C0; 8504 and Mnj 17Co; 60Cug.2304 sets in below 184 and 164 K, respectively. Magnetic
structure analysis revealed that the ferrimagnetically coupled A2*- and B3*-site moments are aligned parallel
to the tetragonal ¢ axis. Additionally, a non-collinear antiferromagnetic (AFM) order appears in the ab plane,
where the moments point along [110] and [110]. The net magnetic moment [2up;(Mng/Cop) - tp(Coy)] of
Mn; ;5Co1 g504 obtained from neutron data varies between 0.88 - 1.08 g which is in good agreement with M
=0.89 - 1.13 up as determined from magnetization measurements. However, for the Cu containing compound
a larger discrepancy in the magnetic moment was observed between the neutron data (1.89 - 1.92 upg) and
low-temperature (T = 1.9 K) field (H = 90 kOe) dependent magnetization data (0.97 - 1.21 up). From the
three sublattice model we obtained canting angles 28° and 25° for Mn ;5Co; 8504 and Mny 17Co; 60Cug.2304,
respectively. Both the bulk systems exhibit high magnetocrystalline anisotropy (Ky ~ 9 x 10° and 7.5 x 10°
erg/cm3) and a field induced transition (Hp) across 4.0 kOe due to the domain reorientation. Temperature (1.9
- 350 K) and field (+90 kOe) dependence of magnetization data confirms the high-spin (S = 3/2 and S = 2)
ground-state configuration for both the divalent Co and trivalent Mn.

I. INTRODUCTION

Ferrimagnetic spinel oxides belong to a well-known class
which show intriguing low-temperature magnetic behavior
such as geometrical frustration, Jahn-Teller distortion, mag-
netoelectric coupling, tunable exchange bias, reentrant spin-
glass and negative magnetization including compensation
phenomena [1-12]. Such complex magnetic ordering fre-
quently noticed in Mn, Co, and Cr based spinel systems like
Co3_,Mn, 04, ZnMn,Oy4, Mnj3_,Cu,O4 and CoCr,O4 and va-
riety of other systems which crystallizes in pyrochlore lat-
tice [5, 8, 13—15]. On the other hand, these compounds in the
form of low-dimensional nanostructures have drawn immense
attention recently because of their wide applications in renew-
able energy sector [16-19]. In particular, the inverse spinel
MnCo,;04 has received widespread attention because of its
diverse applications and novel magnetic properties [20-25].
The ferrimagnetic behavior (still dominant A-B interaction) in
this compound arises due to the unequal moments of trivalent
Mn and Co as well as divalent Co described by a formula unit
(Co?>M)4[Co**Mn3T1304 [26]. Previous studies by Wickham
and Croft reported long-range ordering in this compound with
ordering temperatures as high as 191 K for Mn; ,Co; gO4, but
Blasse et al. reported slightly lesser ordering temperatures ~
170 K for stoichiometric MnCo,04 [26, 27]. Recent stud-
ies reported enhanced multiferroic properties in the Bi and
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Y substituted MnCo,04 (Bi,Cor_ . MnOy4 (0 < x < 0.3) and
Y, Cor_MnO4 (0 < x < 0.2)) in great detail [28, 29]. Han
et al. reported ferroelectricity at room temperature and en-
hanced ferrimagnetic ordering temperature (7¢c ~ 186 K) in
Y substituted MnCo,O4 spinel [29]. Conversely, a significant
decrease of T¢ (167 and 165 K) and average magnetic moment
(7.51 and 7.9 up) has been observed in Cu and Zn substituted
MnCo,04 [30, 31]. Moreover, these compounds under nanos-
tructures exhibit spin-glass like characteristics with further re-
duction in T¢ (155 and 157 K) [30, 31].

Initial studies by Joy and Date reported unusual hysteresis
behaviour in bulk MnCo,04 system in which the anisotropy
field overcomes the coercivity below 130 K due to the irre-
versible domain wall movements due to the rearrangement
of the valence electrons [24]. Such uncommon magnetic
character of this system combined with the off-stoichiometry
(MnCo0,04,s) arising at the stage of preparation leads to
significant alteration in the magnetic exchange interactions
and the long-range ordering temperature of the system [24,
32]. Also, pressure (P<1.71 GPa) driven changes such as
Hopkinson-effect in terms of the cusp in temperature depen-
dence of relative magnetic permeability u.(7) across 175 K
and influence of finite-size/surface effects on the magnetic
properties are the unique characteristic features of the current
system [23]. Moreover, the composites based on MnCo,04
system are having wide range of applications in fuel-cells and
Li-ion batteries which makes them an active field of research
not only from the fundamental point of view which is one
of the motivating factor to reinvestigate this system. Usu-
ally, the Jahn-Teller (JT) active uni-occupied e, orbital ions



such as divalent Cu?* (3d°) and trivalent Mn>* (3d*) stabi-
lizes the tetragonal symmetry (¢ > a) by introducing large
octahedral crystal fieldatthe B s ites. We a nticipate that

such tetragonal elongations moderately lift the crystal sym-
metry thereby causing geometrical frustrations in the spinel
lattice which significantly alters the exchange interactions as

the bond distance changes. Hence the introduction of such JT
ions unequivocally host the orthorhombic strains in the ground
state with doubly degenerate dy,/dy, orbitals causing a drastic
change in the magnetic ordering which is the primary moti-
vation of incorporating Cu in the spinel lattice of MnCo,04.

Also, the determination of the accurate cationic distribution
by neutron diffraction and its magnetic characterization is an
important aspect which essentially decides the limit to each
site occupancies. Nevertheless, a detailed study on this sys-

tem focusing the local distortions and site dependent magnetic
moments at various temperatures below T¢ using the neu-

tron diffraction experiments are rare in the literature. Man-

drus et al. first reported p owder n eutron d iffraction studies

on CooRu;_Mn,O4 system in which they reported two tran-

sitions at 100 and 180 K providing the evidence for short-

ranged correlations (length of about 100 A) below the ferri-

magnetic ordering [33]. For moderate Rt (S=1 /2) content
(x >0.5), Granroth et al. reported that a ground state is a mix-

ture of long-range ferrimagnetic order with the short-range or-

der, however, for lower Ru content the system exhibits long-

range order [34]. For complete Mn dilution with Ru leads to
spin-glass like characteristics with spin freezing temperatures
as low as 16 K [33]. Neutron diffraction study on Bi doped
MnCo,04 by Kaushik et al. revealed significant increase in

the Tc (200 K), Co-O bond length and relaxation in the CoOgq

polyhedra [35]. Except these two papers there is no detailed
neutron diffraction study on MnCo,0; related systems avail-
able in the literature. Therefore, in the present work we re-
port extensive investigations of the crystal structure and mag-
netic behavior of Mn1.15C01,8504 and Mn1,17C01,60Cu0,23O4
polycrystalline spinels using neutron scattering, bulk magne-
tization measurements, and ferromagnetic resonance (FMR).
These studies are primarily aimed at a detailed understand-
ing of the crystal structure, magnetic ordering, and the role of
Cu substitution. Moreover, we explore the magnetization pro-
cesses and thermal evolution of the magnetic moments of the
individual A- and B-site atoms.

II. EXPERIMENTAL DETAILS

Polycrystalline spinel oxides of manganese cobalt oxide
and a copper doped sample were prepared by the solid-
state reaction method using the binary transition metal oxides
C0304, Mn;,03, and CuO as precursors. Appropriate amounts
of these precursors were ground in an agate mortar for 6 hours
and pelletized using a hydraulic press with 50 kN pressure.
These cylindrical pellets are finally sintered at 1200°C for 8
hours duration with 4°C per minute heating and cooling rates.
The structural characterization and phase purity of the sintered
pellets were carried out by using a Rigaku x-ray diffractome-
ter (model: TRAX III) with Cu-Kor radiation (A = 1.54056
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A) at room temperature. For further investigations of the crys-
tal structure at 15 and 295 K we used a Guinier diffractometer
Huber 645 (Cu-Ka, A = 1.5406 A), where x-ray powder data
were collected in the 20-range between 15 and 100°.

Neutron powder diffraction experiments on these samples
were carried out on the instruments E2 [36], E6, and E9 [37]
at the BER 1I reactor of the Helmholtz-Zentrum Berlin. The
instrument E9 uses a Ge monochromator selecting the neu-
tron wavelength A = 1.301 A, while the instruments E2 and
E6 use a pyrolytic graphite (PG) monochromator selecting the
neutron wavelengths A = 2.379 and 2.423 A, respectively. On
these instruments powder patterns were recorded between the
following diffraction angles: between 14.7 and 90.2° (E2),
5.5 and 136.6° (E6), and 5 and 141.8° (E9). The instru-
ment E9 was used to investigate the crystal structure at 3 and
295 K. In order to investigate in detail the magnetic structure
of both compounds neutron powder diffraction patterns were
collected at T = 1.7 K on the instrument E2 with high count-
ing statistics (24 h/pattern) using a 15-min collimation to im-
prove the instrumental resolution. In the paramagnetic range,
a second powder pattern was collected at 200 K. The temper-
ature dependent behaviour of the magnetic ordering has been
investigated on the instrument E6. The refinements of crys-
tal and magnetic structures were carried out with the FullProf
program [38]. The nuclear scattering lengths 5(0) = 5.805
fm, b(Mn) = —3.73 fm, b(Co) = 2.50 fm, and b(Cu) = 7.718
fm were used [39]. The magnetic form factors of the Mn3t,
Co?* and Co®* ions were taken from Ref. [40]. All the mag-
netization and heat-capacity measurements are performed us-
ing physical property measurement system (PPMS) based Vi-
brating Sample Magnetometer (VSM) from Quantum Design
(Dynacool model).

III. RESULTS AND DISCUSSION
A. Crystal structure

In an earlier study it was shown that the inverse spinel
TiCo,04 was found to crystallize in the cubic space group
Fd3m (No.227) [41], while the Mn containing compounds
Tip.gMng,C0,04 and TigeMng4Coy04 crystallize in the
tetragonal space group I4; /amd (No. 141, cell choice 2) with
the cell dimensions a; X by X ¢; = ac/V/2 X be/V/2 x ¢ [42].
Although Rietveld refinements of the neutron powder data re-
vealed a ¢/a ratio slightly smaller than 1, a splitting of Bragg
reflections could not be clearly observed. From our refine-
ments of the neutron powder data (collected on the instrument
E9) we noticed the same trend for present compounds. This
led us to investigate the degree of tetragonal splitting in more
detail with a Guinier diffractometer which enables a much
better instrumental resolution than the neutron diffractometer
E9. For comparison we have also collected x-ray powder data
of Tip.cMng4Co204. For this compound the cda/2 ratios
0.99819(6) and 0.99992(9) have been obtained at 12 and 295
K, respectively. These values could be determined with bet-
ter accuracy than the ratios ct/atﬁ =0.9988(3) and ct/atﬂ
=0.9995(3) obtained earlier at 3 and 295 K [42]. This clearly
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FIG. 1. Tetragonal splitting of Mn; 15C0; 8504 and

Mn 17Coq 60Cug.2304 determined from Guinier-powder-diffraction
data. In both compounds the cubic reflection 400 splits into the
tetragonal ones (220) and (004) which additionally show a super-
imposed intrinsic peak broadening. Therefore, the peak profiles
are compared with those of Tig ¢Mng4Co04, where no tetragonal
splitting occurs, and the intrinsic peak broadening is much less
pronounced. The calculated patterns (solid lines) are compared with
the observed one (circles). In the lower part of each diagram the
positions of the reflections (400)/(040) and (004) (black bars) are
shown.

indicates that a tetragonal distortion of Tiy.¢Mng4Co,04 only
occurs in the magnetically ordered range, whereas its struc-
ture remains cubic at room temperature. The evidence of a
tetragonal distortion results in a splitting of the cubic 400 into
the tetragonal reflections 220/220 and 004 giving an intensity
ratio of 2 : 1. Therefore, this reflection changes at 12 K to a
broader asymmetric peak caused by the presence of a tetrago-
nal splitting as shown in Fig. 1. Unfortunately, the Bragg re-
flections of Mny_ 15Co;. 3504 and Mn; ;7Co; 60Cug2304 show
a superimposed intrinsic broadening, where the broadening
is more pronounced in Mnj 15Co; §504. This may be as-
cribed to an inhomogeneity or strain effects in the sample.
Thus, an asymmetric peak shape is difficult to observe for
Mn; 15Co; 8504 at 295 K. Nevertheless, a tetragonal splitting
could be found for both compounds from the Rietveld refine-
ments of the data sets collected at 12 and 295 K. This indicates
that the tetragonal distortion may be ascribed to ionic-size ef-
fects. The lattice parameters are shown in Table I. On the other
hand, it can be seen in Fig. 1 that the peak broadening of both
compounds is more pronounced at 12 K. Here it is interest-
ing to see that the presence of ferrimagnetic ordering leads to
an increased peak broadening again. This may be ascribed to
superimposed magnetoelastic effects.

Figure 2 shows the neutron powder diffraction patterns of
the two samples Mn; 15C0; 3504 and Mn; 17Co; 60Cup 2304
collected on the instrument E9 at 3 and 295 K. In the patterns
collected at 3 K additional magnetic intensities are observed,
where the strongest magnetic contribution is observed at the
positions of the reflections (101) and (200)/(112) (see also

Fig. 4). Both samples contain small amounts of the impu-
rities Co304 and CoO which were additionally formed during
the preparation stage. For the Rietveld refinements, we have
taken into account the structural and magnetic parameters of
these compounds given in Refs. [43] and [44]. Refinements
have also been performed in the lower symmetric space group
I41 /amd. In this structure the Co>" ions occupy the tetrahe-
dral A site, while Mn>* and Co’* ions are statistically dis-
tributed on the octahedral B site. For the copper containing
sample the Cu®" ions are also expected to be located at the A
site, since the ionic radii of Co?" (r = 0.58 A) and Cu?* (r =
0.57 A) are practically the same [45]. In fact, the refinement
of the occupancy of the A site resulted in a too large value if
it is only occupied with Co atoms. This suggests that Cu also
occupies the A site because its scattering powder is stronger
than that of Co. In this setting the A-site cations Co’>* and
Cu2t (labelled as Coy and Cuy) are located at the Wyckoff
position 4b(0,1/4,3/8), while at the B-site cations Mn3* and
Co’T ions (labelled Mng and Cog) are located at 8¢(0,0,0).
The oxygen atoms occupy the position 164(0,y,z), where y
and z approximately have the values ~ 0.5 and ~ 0.25, re-
spectively. The presence of Co304 and CoO leads to a reduc-
tion of the Co content in the prepared spinels giving finally the

chemical compositions (Co**), [Mn? s (7)Co(3)§55 o] 04 and

(Co(z)%SCug_%S )a [Mnﬁ73 (7)C08E27<7>] 504, respectively. The

occupancies could be determined with good accuracy since
the neutron scattering lengths of the metal atoms strongly dif-
fer, in particular for Mn which has a negative one. In the fol-
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FIG. 2. Rietveld refinements of the neutron powder diffraction data
of Mnj ;5Co0; g504 and Mnj 17Co1 69Cug.2304 collected on E9 at
295 and 3 K, respectively. The crystal structure was refined in the
tetragonal space group /4 /amd. The calculated patterns (red line)
are compared with the observed one (black open circles). In the
lower part of each diagram the difference pattern (blue line) as well
as the positions of the nuclear (N) and magnetic (M) reflections of are
shown. A strongest magnetic contribution is observed for the reflec-
tions (101) and (200)/(112). Both samples contain some impurities
of CoO and Co30y4. The strongest reflections (nuclear and magnetic)
are marked with an asterisk.



lowing text we now give the formulas with the correct stoi-
chiometry. The results of the Rietveld refinements of these
two compounds are given in Table 1.

It is interesting to see in Table I that the cell volume of
the Cu-containing sample is slightly smaller than the undoped
sample. This effect may be simply ascribed to the Cu dop-
ing at the A site, since the ionic radius of Cu?t (r ~0.57
A) is slightly smaller than that of Co** (r ~ 0.58 A) [45].
In fact, the Cu doping in the Co4Oy4 tetrahedra results in a
slight reduction of the bond length as given in Table I. On
the other hand, it can be seen in Table I that the bond lengths
in the TpOg octahedra are similar in both compounds. This
again indicates that the Cu®>* ions are located at the A site.
The Co?* ion in the 3d” configuration at the A site does not
cause cooperative distortions in the CoOy tetrahedra through
the Jahn-Teller effect. Here the two lower lying e, orbitals
are fully occupied with 4 electrons, while the higher lying
three 7, orbitals are half filled and therefore triply degener-
ate. On the other hand, the Jahn-Teller active Cu®t ions at
the A sites having the 3d° electronic configuration leads to
a decrease of the c/a ratio which is strongly established in
the normal spinel CuCr;O4 [46]. Here the three 75, orbitals
of the Cu®* ions are split into one higher dyy level and lower
twofold generate d,./d,; level. But our study showed that a Cu
doping of 20 atomic % does not significantly change the c¢/a
ratio from room temperature down to 3 K (Table I). At this
point it has to be noted that the strong tetragonal distortion
in CuCrp04 sets in concomitantly with the spontaneous on-
set of an orbital ordering, where a structural phase transition
is observed from cubic to tetragonal [46]. This may exclude
the presence of a charge ordering in the Cu-containing sam-
ple. The TpO¢ octahedra contain the Jahn-Teller active ions
(Tg = Mn>" and Co’*), having the 3d* and 3d° configura-
tions, respectively. For the Co>* ions electronic energy can
be gained if the 15, levels split into a lower dy, level and a
higher twofold generate d../d,, level. This would result in
a tetragonal distortion with a clany/2 ratio smaller than 1,
and a shrinking of the apical bond d,,(Tp—0). But it is im-
portant to note that the tetragonal distortion could not be de-
tected in TiCorO4 [41] suggesting that the Jahn-Teller activ-
ity of the Ti** and Co>* ions is rather weak or even absent in
this system. A similar behavior was found for cubic Co3Qy,
where the absence of Jahn-Teller activity of the Co** ions can
be explained by a large crystal-field splitting of the 3d or-
bitals by the octahedral cubic field [43]. On the other hand,
previous studies on TiggsMng2C0,04 and TigMng4C0204
showed that a replacement of Ti** ions at the B site by Mn>*
ions leads to a weak tetragonal splitting [42]. The same trend
we observe for the current compounds Mn ;5Co; gsO4 and
Mn; 17C01 60Cug.2304, where the Co3* ions at the B site are
replaced by Mn3* ions. The crystal structure refinements of
Mn; 15Co; 8504 and Mnj ;7Co1 60Cug2304 showed that the
apical bond length d.(73-O) at 3 K is slightly longer than
the equatorial one d,,(7p-O) (Table I), while at room tem-
perature they are practically the same. An elongation of the
apical bond length d.(Tg —O) would also result in an elonga-
tion of lattice parameter ¢ giving a ci/a;\/2 ratio larger than
1. This is contrary to the result given above, where c/a;v/2

eq

Z£,(0-Co,-0)=111.42(10)° O

ap

FIG. 3. Crystal structure of Mn; ;5Co 8504 at 3 K. In the tetragonal
structure the Coy O, tetrahedra show a slight compression along the
¢ axis leading to a change from the ideal tetrahedra angle Z.(O-Coy-
0)=109.47to 111.42°.

ratio is weakly smaller than 1. But it can be seen that the
bond length d.(Tg—O0) is elongated in Mn; ;5Co; g504 and
Mnj 17Co1.60Cug.2304 by only 1.84 and 1.63 %, respectively.
Here it is interesting to see that this small elongation does
not significantly enlarge the ¢ parameter. On the other hand,
it can be seen in Fig. 3 that the bond angles Z.(0O—A—O)
are enlarged in the magnetically ordered range, where the
angle bisector points along c¢. This leads to a slight shrink-
ing of the AO4 tetrahedra along ¢, which may compensate
an elongation of ¢ through the elongation of d.(T5—0). In
this case the structural changes may be ascribed to magne-
tostriction effects. Very similar distortions were observed in
Tip.sMng 2C0,04 and TigeMng4Co0y04 [42]. At this point
it is interesting to mention that the distortion of the 73Oq
octahedron is even stronger if the Mn content is increased.
Therefore, we can assume that the elongation of the apical
bond d (T —O) can be ascribed to a Jahn-Teller activity of the
Mn3* ions having the 3d* configuration. Much stronger pro-
nounced is this effect in Mn3O4, where the bond distances are
dap(T—0) = 1.930(1) and d.(Tg—O) = 2.287(1) giving a
strong elongation of 18.5 % [47].

B. Magnetic ordering

In order to determine the magnetic structure, the neu-
tron powder diffraction patterns of Mn; ;5Co; 8504 and
Mn; 17Co; 60Cug.2304 were collected on the instruments E2
and E6 well below and above the magnetic ordering tem-
perature Tc. Figure 4 shows that additional magnetic inten-
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FIG. 4. Neutron powder patterns of Mn; 15C01.g504 (i, iii) and
Mn; 17C01 60Cug.2304 (ii, iv) collected on the instrument E2 at 200
and 2 K, respectively. The powder patterns in the lower part of the
diagram show additional magnetic intensities due to the magnetic or-
dering of the Mn, Co (and Cu) atoms. The insets present the promi-
nent magnetic reflections (101); and (110),7 in enlarged form. Due
to the weakness of the intensity of the reflection pair (110)/(002)y,
we used a logarithmic scale. The calculated (red line) and observed
patterns (black open circles) as well as the difference patterns (blue
line) are shown. The positions of strongest reflections of the impu-
rities CoO and Co304 are marked with the symbols * and §, respec-
tively.

sities appearing at 2 K due to the magnetic ordering of the
transition-metal atoms. For both compounds the strongest
magnetic intensity could be observed at the position of the 101
reflection (111 in the cubic setting) indicating a ferrimagnetic
(FI) coupling between the atoms located at the A and B sites.
A much weaker magnetic intensity could be observed at the
position of the reflection pair 110/002 (200 in the cubic set-
ting) indicating an additional antiferromagnetic coupling (AF)
between the B atoms. For this reason, the weak reflection pair
is shown in the inset of Fig. 4 in an enlarged view using a log-
arithmic scale. A very similar behavior could be observed for
the inverse spinels TiCo,04 [41] and Ti;_,Mn,Co,04 [42],
where a tetragonal splitting could not be clearly evidenced.
Therefore, the magnetic structure of these spinels was de-
scribed using the cubic structure with the space group Fd3m.
Here the B-site atoms are located at the positions (1) 0,0,0;
2) %,%,%; 3) %,%,%; “) %,%,%. It was found that the mag-
netic structure with the propagation vector k = 0 is compatible
with the irreducible representation (irrep) I's obtained from
the representation analysis using the program Baslrep of the
Fullprof suite [38]. This irrep is of dimension 3 and it occurs
2 times which means that the ferromagnetic component can
be aligned parallel to the axes a, b or c. This spin structure is
also compatible with the one-dimensional irrep I'; derived by
using the lower symmetric space group 14, /amd which also
appears 2 times. In this setting the B-site atoms are located at
the positions (1) 0,0,0; (2) %,0,%; 3) %,%,%; @) %,%,%. In con-

trast to the cubic setting the ferromagnetic component is now
fixed to be aligned parallel to the tetragonal c axis. Hence, the
non-collinear antiferromagnetic order appears in the ab plane,
where the moments point along [110] and [110], respectively
(Fig. 5). In the cubic and tetragonal settings the Fourier coef-
ficients S (B1,¢) = (u,u,v), Sg(B2,¢) = (—u,—u,v), Sy(B3,c)
= (u,—u,v), Sg(B4,c) = (—u,u,v) (cubic), and S; = (0, —u,v),
Sk(stt) = 0,u,v), Sk(B3’t) = (M,07V), Sk(B4’t) = (—M,O,V)
(tetragonal). A coexistence of AF and FI ordering was also
observed in the orthorhombic system Nij_,Cu,Cr,O4 [46],
where the AF component is more pronounced. Here it is inter-
esting to see that the ferrimagnetic component is also oriented
along the shortest axis.

The results of the Rietveld refinements of Mn; 15C0; 3504
and Mn; 17Co; 69Cug 2304 are summarized in Table II. For
both compounds the refined magnetic moment U, r/(7p) of
the ferrimagnetically coupled B atoms varies between 1.99
and 2.12 up. Both ions Mn3* and Co’* at the B site have
four unpaired d electrons in the high-spin state (3d* and 3d°
configurations) and it can be assumed that they carry the
same moment. However, the observed values are consider-
ably smaller than the expected theoretical value of the high-
spin state Uorr = g S pup = 4.0 up. Here it is important
to note that the magnetic moment of Co>* at the B site in
Co304 was found to be zero, which can be explained by a
large crystal-field splitting of the 3d orbitals by the octahe-
dral cubic field [43, 48]. The same behaviour was found for
the system Mn,Cosz_,O4, where the Mn3* ions reach moment

FIG. 5. Magnetic structure of (C02+)A[Mnﬁ5C08§5]BO4 and

(Coé%CuﬁE)A [Mnﬁ7C03§3]304. The magnetic moments of the
A and B atoms are coupled ferrimagnetically along the ¢ axis, while
an antiferromagnetic noncollinear ordering of the B atoms occurs in
the ab plane. In the cubic and tetragonal settings the Fourier co-
efficients Si(j) of B atoms are the following: S; (Bl,c) = (u,u,v),
Sk(B2,c) = (—u,—u,v), Sg(B3,c) = (u,—u,v), Sp(B4,c) = (—u,u,v)
(cubic), and Sy = (0, —u,v), Sg(B2,t) = (0,u,v), Sg(B,3t) = (u,0,v),
Sk (B4,t) = (—u,0,v).



values between 3.70 and 3.83 up for spinels close to the com-
position MnCo,04 [33, 49, 50]. Therefore, we also have set
the moment of Co* to zero during the refinements. Finally,
slightly smaller moments i, 7;(Mng) have been deduced for
Mn; 15Co; 8504 varying between 3.40 and 3.51 ug. It can be
pointed out here that an AF component could not be found in
earlier studies. An AF ordering additionally generates mag-
netic intensity on the reflection 111, in our case about 13 %
of the total intensity, whereas the magnetic intensity of the re-
flection pair (110)/(002) (200 in the cubic setting) is relatively
weak. For both Mn; 15Co0; 8504 and Mn; 17Co01 60Cug.2304
the AF moment is iy, ar(Mng) = 0.55(8) up, or the aver-
aged moment f,, ar(T) = 0.32(8) up. If this AF compo-
nent is not taken into account, then the FI moment results in
an enlarged value. This explains why the B-site moments,
given in Refs. [33], [49] and [50], were found to be larger
than those determined in our study. In total the Mn moments
reach the values U, (Mnpg) = 3.45 - 3.56 up (Mn; 15Co;.8504)
and U(Mng) = 3.68 - 3.74 up (Mny.17C01.60Cu0.2304), re-
spectively. These are in good agreement with the value 3.55
Up/Mn>* as found earlier for Mn3O4 [51]. This also indi-
cates that Co>* does not contribute to the magnetic order in
these spinels. On the other hand, it is interesting to see that
the Co3* ions in TiCo,04 carry a moment of about 2 up [41],
where Ti** and Co* occupy the B site. For the compound
Tig6Mng4Co0204 [or in detail Co(Tig3Mng,Cog5)204] the
averaged moment value at the B site varies between 2.25 and
2.48 up. If the moment of Mn>* is fixed to be 3.84 up the
Co* ion moment varies between 1.2 and 1.4 pp. For this cal-
culation the constraint u(Mn3*) =4 x u(Ti*+) was used [42].
These observations show a trend that the Co moment in these
spinels is decreasing with increasing Mn content resulting
possibly in a reduction of the crystal-field splitting of the 3d
orbitals of Co>" by the octahedral cubic field.

The magnetic moment of the Co>* ion at the A site reaches
the values between 3.04 and 3.11 up in Mn; ;5Co1 8504 which
are in a very good agreement with 3.08 Lz given in Ref. [49].
The experimental moments practically reach the theoretical
value terr =g S up = 3.0 up of the high-spin state of Co**
ion which has three unpaired electrons in the 3d’ configu-
ration. In contrast, the A- site magnetic moment varies be-
tween 2.25 and 2.35 pp for Mnj 17Co1 60Cug2304. This re-
sult can be ascribed to the smaller moment of the Cu®>* ions
which replace 20 atomic % of the Co’" ions at the A site.
In the 3d° configuration these ions only have one unpaired
electron giving the expected theoretical value in the high-spin
state [,Leff(Cu”) =g S up = 1.0 up. Therefore, one obtains
the theoretical moment g, r7(Co**/Cu*") = g S up = 2.6 up.
Here the presence of a spin-orbital coupling is not taken into
account. Nevertheless, we have tried to estimate the individ-
ual moment values at the A site using the constraint ©(Co>")
=3 x u (Cu?"). In this way, for the experimental moments
which vary between 2.25 and 2.35 up the individual moments
are estimated to differ as follows: between 2.60 and 2.71 up
for Co?*, between 0.87 and 0.90 up for Cu*, respectively.

Thermal variation of the magnetic moments of cations lo-
cated at the A and B sites for both the compositions are shown
in Fig. 6 inferring the dominant ferrimagnetic (FI) coupling.
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FIG. 6. Temperature dependence of the experimental mag-
netic moments of the ions in (a) Mnj 5C0; 8504 and (b)
Mn; 17C0q 60Cug.2304 located at the A and B sites. The A site is
occupied with Co?t (and Cu?t) ions [labelled as Coy (and Cuy)],
while the B site contains Mn3t, and Co3*t (labelled as Mng and
Copg). Also shown is the thermal variation difference moment
of the two ferrimagnetic sublattices according to the expression 2
Ur1(Cop/Mnp)—p(Cos/Cuy). The bold lines are a guide for the
eye.

Due to the different moment values at the A and B sites one
obtains a resultant FI moment which is defined as 2ur;(7p)
—Uri(Ty) (Ty = Coy and Cuy, Tp = Mnp and Cop). Also,
we have estimated theoretically the individual site moments
for both compounds on the basis of the observed cation dis-
tribution and spin-only moment, which are given in Table II.
One can notice that the A-sublattice moment (determined from
neutron data) is consistent with theoretical value for both com-
pound, on the other hand, the B-sublattice moment shows re-
duced value compared to theoretical one. Such decrease of
the B-sublattice moment can be ascribed to frustration effects
in the kagome lattice consisting of B atoms. Inset of Fig.
4(iii) and (iv) shows the enlarged view around the base of
101 neutron-diffraction peak of both the compositions at 2
K revealing the presence of diffuse scattering close the re-
flection pair (110)/(002). Such well-resolved satellite Bragg
reflections usually originate from the disordered transverse
spin components (TSC) indicating the presence of canted lo-
cal spin configuration on the B sublattice similar to the Yafet-
Kittel’s (Y-K) three sublattice structure [52, 53]. Accordingly,
we have evaluated the canting angle (@yk) using the measured
individual site moments and total magnetic moments derived
from the Bragg’s reflections for both the compositions. Sub-
sequently, at 7 = 1.7 K, we obtained the magnitude of otyk
= 28°and 25°for pristine and Cu substituted spinels, respec-



tively. Such non-collinear arrangement of spins results to sub-
stantial decrease of the magnitude of B sublattice moments
than the expected value as noticed from Fig. 6 (2.35-2.16 ug)
instead of theoretical moment 5.65 tg. Usually, the transverse
spin-glass component (often called ‘semi-spin-glass’) coexists
with the longitudinal-spin-component (LSC) when the mag-
netic ions are diluted with nonmagnetic or less magnetic ions
(such as Cu in the present case). Such non-collinear spin ar-
rangement can also be found in other spinel oxides diluted
with less magnetic cations [54, 55]. The canted spin arrange-
ment weakens the A—B exchange interactions and reduces sat-
uration magnetization. Such unsaturated feature is clearly no-
ticeable from the low temperature magnetic hysteresis curve
which measured at 2 K up to very high field 9 T (Fig. 7).
The temperature dependence of the net magnetization curve
of Mnj 17Co; 60Cug 2304 sample shows a maximum around
150 K. We assume such anomaly comes due to the follow-
ing three reasons: (i) different crystal field environments and
dissimilar exchange interaction created due to Cu doping; (ii)
anisotropy plays a key role which leads to different temper-
ature dependence of magnetic moments; (iii) Another possi-
bility is that the moments of one sublattice decreases faster
than those of the other one which leads to an increase of the
ferrimagnetic moment but this might be independent from the
temperature dependence of the antiferromagnetic part. More-
over, recent studies by Garlea etal. reported the existence of
two transitions to long-range ordered ferromagnetic states,
the first collinear (ferri-paramagnetic) and the second non-
collinear ferrimagnetic ordering within the orbitally ordered
tetragonal phase of spinel MnV,0y4 [56, 57]. In this system
the low-T transition is characterized by the growth of AFM
components in the basal plane, is accompanied by a tetrag-
onal distortion and the appearance of a gap in the magnetic
excitation spectrum [56]. We expect that the above described
noncollinear uncompensated complicated spin structure may
exist in the present systems although these compounds are not
completely isostructural to the vanadate spinels.

We also studied the change of the peak shape of magnetic re-
flection (101)y, as a function of temperature. For both the
compositions, the magnetic reflection shows the same peak
shape as the nuclear reflections. In contrast, a pure Lorentzian
peak shape has been observed for the other spinel TiCo,04 in
the full temperature range [41]. For this compound, a strong
contribution of diffuse scattering has been observed previ-
ously giving an uneven background. On the other hand, a
change from a Gaussian into a Lorentzian peak shape with in-
creasing temperature could be observed for Ti diluted systems
such as Tig ¢Mng 4Co0,04 and Tigr,MngygCo,rOy4 [42].

C. Magnetization and Magnetic Resonance measurements

Figure 7 represents the magnetization versus field (M-H)
hysteresis loops for both the compositions Mn; 15Co; 8504
and Mnj ;7Co; ¢0Cup2304 measured at 1.9 K under the zero-
field-cool (ZFC) condition. From the graph it can be ob-
served that 20 at % of Cu doped sample shows higher mag-
netization as compared to the undoped case. Such increase

1.0
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-80 -60 -40 -20 O 20 40 60 80
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FIG. 7. Magnetic field dependencies of magnetization M(H) of (i)
Mn 15Co01 8504 (red) and (ii) Mny.17Co1 69Cug.2304 (green) mea-
sured at 1.9 K under zero-field-cooled condition. The inset (a) shows
the magnified region of M(H) curve to highlight anisotropy field
(H ) and (b) represents the first derivatives dM/dH (H) for both sam-
ples.

in the net magnetization (Uy = Mmn — Mcoscu) for T < Tc
is due to the presence of low moment Cu>" cations at the
tetrahedral A-sites which replace the Co spins and are oppo-
sitely aligned with octahedral Mn spins. A close observation
of these loops indicates that the initial magnetic curves lie
outside the hysteresis loops, and the anisotropy field (Hy) is
larger than coercive field (Hc). It is interesting to note that
the initial magnetic curves meet the main loops only at very
high fields which can also be seen from the first derivative of
M(H) curves (known as field induced transition, Hp) which
suggest the reorientation of magnetic domains towards the ex-
ternally applied magnetic fields. Hp value decreases from 4.0
kOe to 3.1 kOe for 20% of Cu-substituted sample. Similar
behaviour was reported by Joy and Date for MnCo,0O4 poly-
crystalline sample [24]. They observe that the stiffness of
the domain wall motion remains upto a very high tempera-
ture ~130 K and predicted direct correlation between domain
structure and the shapes of magnetization curve at low fields.
Furthermore, it can be seen from the M(H) graph that the
magnetization is not saturated even by applying high fields
up to £90 kOe, which represents the non-collinear arrange-
ment of spins. The angle of the spins changes due to the
torque exerted by the magnetic field, leading to a linear in-
crease in the magnetization value with increasing the field
within the magnetically ordered state. So in order to obtain the
approximate magnitude of the saturation magnetization (Ms)
we plotted the variation of M as a function of 1/H (inset of
Fig. 8) and obtained the value of Mg (for Hpc till 90 kOe) by
the linear extrapolation method (H~! — 0). Consequently,
the Mg value (~1.07 and 1.22 pp/f.u. for Mn; 15Co; 8504
and Mn 17Co1 60Cup2304) obtained at 1.9 K (ordered re-
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FIG. 8. Isothermal magnetization (M-H) curves of (i)

Mn; 15C018504 (red) and (ii) Mny 17Co;1,60Cup 2304 (green)
recorded at 1.9 K and fitted with the Law-of-Approach-to-Saturation
(LAS) expression. Circular points represent the experimentally
obtained data and the straight line corresponds the best fits corre-
sponding to the LAS equation to the experimental data. The inset
shows inverse magnetic field dependence of magnetization M(H 1)
measured at 1.9 K. The straight line corresponds the best fit.

gion) represents the net magnetization of A and B-sublattices
which are coupled antiparallel to each other through strong
A-O-B exchange interactions. For both the systems net mag-
netic moment () calculated from u = Ny g S Ms confirms
the presence of high-spin state of Co’>* (S = 3/2) and Mn**
(S = 2) and is comparable to magnetic moment value ob-
tained from the neutron diffraction analysis as discussed in
the previous section. On the other hand, the magnetocrys-
talline anisotropy present in these systems can be determined
using the Law of Approach to Saturation (LAS) method by fit-
ting the below expression with the M-H data for H > Hc near
the magnetic saturation [58]: M = Mg [1 — A/H — B/H?] +
xH. In this expression the constant A represents the contribu-
tions from microstress, whereas B(= 8Ky2/105u¢>Ms?) signi-
fies the contribution of magnetocrystalline anisotropy (MCA)
and the component yH is known as forced magnetization.
Accordingly, the solid lines shown in Fig. 8 represent the
best fit to the M-H isotherm with the LAS equation which
yields anisotropy constant Ky =9 x 103 and 7.5 x 10° erg/cm?
for Mn; ;5Co0; 8504 and Mn; 17Co; 60Cug.2304, respectively.
Also the presence of high MCA of samples are further sup-
ported by the x4.(7T") data where we noticed a giant irreversible
bifurcation between Y4c.zrc(T) and Xqc.rc(7T). Figure 9 (a,
b, c) shows the thermal variation of dc-magnetic susceptibil-
ity X4c (left-hand-side-scale) recorded under field-cooled con-
dition (at H = 1 kOe), ac-magnetic susceptibility y,. (right-
hand-side-scale) measured at zero dc-magnetic field and con-
stant ac-peak-to-peak amplitude of magnetic field, /1, ~ 3 Oe
with frequency  ~ 10 Hz and specific-heat Cp. Accordingly,
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FIG. 9. Temperature dependence of dc-magnetic susceptibility

Xdc(T, Hye = 1 kOe) (left hand side scale) along with the real and
imaginary components x’(®) and x”(w) of the ac-magnetic sus-
ceptibility Xac(T, @, Hg. = 0 Oe) (right hand side scale) for (a)
Mn; ;5Co0;.8504 and (b) Mnj 17Co; 69Cug.2304, respectively. The
insets in (a) and (b) show the frequency dependency of the real com-
ponent x'(w). (c) Temperature variation of the specific-heat Cp(T)
of Mny 17Co; 60Cug 2304 measured under both zero magnetic field
(H) (red color) and H = 50 kOe (blue color). The inset shows the
low-temperature region of CpT’1 versus 7.
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FIG. 10. Temperature dependence of the entropy S(7) of

Mn 17Co; 60Cug.2304 system obtained from the heat-capacity data
for both H = 0 and 50 kOe. The temperature dependence of differ-
ential entropy dS/dT is depicted on the right-hand-side scale which
clearly shows the hump across the ordering temperatures.

the magnetic ordering temperatures 7c ~ 184 and 164 K of
Mn; 15Co; g504 and Mn; 17Co1 0Cug.2304 are obtained from
the Yac(T), Xdc(T) and Cp(T) data which are in good agree-
ment with the temperature dependence of site-specific cation
magnetic moments from the neutron diffraction data as dis-
cussed above. Although there is a weak frequency dispersion
of the peak position in both real- and imaginary components
of the x,c(T") data (inset of Fig. 9(a, b)) we did not notice any
signatures of glassy characteristics using either Power-law or
Vogel-Fulcher laws. These results are in-line with the vari-
ation of Cp(T) plots for Mn; 17Co1.60Cug2304 where we did
not notice a sharp transition across the 7¢ usually obtained in
any antiferro-, ferri-, or ferromagnetic system because of the
broad and weak ferrimagnetic ordering of the system. The or-
der to disorder transition in heat-capacity data further smears
in the presence of externally applied magnetic field of 50 kOe
wherein a broad hump at 165 K noticed for H = 0 Oe is shifted
towards the high temperature side with significant drop in the
magnetization. Similar features are observed in case of tem-
perature dependence of entropy (dS/dT) plots (Fig. 10) ob-
tained from the Cp(T') data signifying the loss of entropy to
the magnetic domains consisting of weakly correlated ferri-
magnetic spins.

In order to probe magnetic transition driven by the domain
orientation and the magnetocrystalline anisotropy of the in-
vestigated samples we performed the ferromagnetic resonance
(FMR) absorption spectra at different temperatures. Figure
11 shows the FMR absorption spectra of Mnj 5Co; 3504
and Mn; 17Co; 60Cug.2304 polycrystalline samples recorded
at different temperatures using the X-band microwave radi-
ation of frequency 9.8 GHz. The temperature evolution of
magnetic transitions for both samples are determined by cal-
culating the absorption intensity of each spectrum. We ana-
lyzed the absorption spectra by calculating the resonance field,
and the resonance linewidth AH, which will play a key role
for the further analysis. For polycrystalline samples the res-

() 200 K (b s
190K
—
__wﬁ 180 K 160
- N
T 175 K
. \/__,,———"’— 150K
S -~
& wk | =
T N S 140K
=} I
= | K=}
=] =
160K | O [
130K
140K

] \/// 120 K|

e 120K -1
T |
0 2000 4000 6000 8000 10000 O 2000 4000 6000
H (Oe) H (Oe)
FIG. 11. The first derivative of X-band FMR spectral in-

tensity (d//dH) versus field (H) for Mn; 15Co0; 8504 (a) and
Mnj 17Co; 60Cup.2304 (b) recorded at different temperatures be-
tween 100 and 200 K.
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FIG. 12. The temperature dependence of integrated intensity
(Ip) of the FMR spectra for both polycrystalline compounds (7)
Mn; 15Co; 8504 (red) and (if) Mnj 17Co; 60Cup 2304 (green). Inset
shows the X(T) of Mn1‘15C01'85O4 (red) and Mn1,17C01.60Cu0,23O4
(green) measured under ZFC conditions in the presence of external
dc-magnetic field of 1 kOe. The arrow marks represent the ferrimag-
netic ordering temperature 7¢.

onance spectrum includes the contribution of the absorption
lines of the crystallites oriented in all the possible space di-
rections relative to the magnetic field. The temperature de-
pendence of absorption intensity is determined by multiply-
ing the observed linewidth by the FMR intensity at resonance
and is shown in Fig. 12. The main features observed in the
temperature evolution of the FMR intensity can be summa-
rized as follows: (i) At low temperature the FMR intensity
is low because of high anisotropy and coercive field present
in the sample, which corresponds to the considerable resis-
tance to the domain wall motion. Such resistance on domain
wall motion can be found upto a very high temperature from
the hysteresis data discussed above. (ii) As the temperature
increases the coercive field as well as the anisotropy field de-



crease and domain walls start to reorient at a critical resonance
field. (iii) With further increasing temperature the FMR in-
tensity increases upto a maximum and abruptly decreases to
lower value. Such decrease of FMR intensity suggests the
presence of internal fields which are proportional to the spon-
taneous magnetization that increases rapidly close to T¢. Also,
it is interesting to see that there is a close resemblance be-
tween the temperature dependence of FMR intensity and the
temperature dependence of magnetic susceptibility x(7') (in-
set of Fig. 12). Such similarity between FMR intensity and )
can also be found in other systems [58, 59]. Comparing both
the results one can say the suppression of FMR intensity sug-
gests the magnetic ordering temperature across 7¢ ~ 164 and
184 K for Mn; 15C01 8504 and Mn 17Co1 60Cug 2304, respec-
tively and the presence of high magnetocrystalline anisotropy
at low temperature.

IV. CONCLUSIONS

In conclusion, we have studied in detail the structural
and magnetic properties of a polycrystalline sample of
Mn1_15C01_8504 and Mn1,17C01_60Cu0,23O4 by X-ray and neu-
tron diffraction, FMR, magnetization and heat-capacity mea-
surements. The crystal structure of both the systems is
found to be tetragonal with the space group [4|/amd. The
crystal structure refinementsr eveal t hatt he a pical bond
length d.(Tp-O) is slightly longer than the equatorial bond
length d,;(Tg-O) for both the compounds due to the Jahn-
Teller active Mn®* ions. Our results demonstrated that both
the compounds exhibit weak tetragonal distortion with a
¢/a ratio smaller than 1 which may be ascribed to ionic-
size effects. The refinements o ft hen eutrond ata also
allowed us to determine precisely the following cationic

distribution: (Co™")4[Mnj ¢ 5 Coj ks, ) 1504 and (Coghes
2+

Cu9.235),4 [Mnﬁ73 C0(3)+27J BO4. These res.ults glgarly §h0w that
Cu”™ replaces the Co”" ions at the A site driving finally the
exchange interactions between the magnetic moments at the A
and B sites. For example, in the system Cu;_,Zn,Cr,0O4 a
substitution of Cu?* with even nonmagnetic Zn>" creates a
strong increase of coercive fields which can be ascribed to a
freezing effect of the local anisotropy [60]. The neutron
diffraction and magnetization data as well as the temperature
dependence of FMR spectra confirmed a ferrimagnetic order-
ing in both Mn1.15C01.3504 and Mn1,17C01_60Cuo,23O4 below
164 and 184 K, respectively. In our study we were able to
find out that the antiparal coupled B site moments are aligned
parallel to the ¢ axis, while a weak noncollinear antiferro-
magnetic spin order occurs in the ab plane. The low tem-
perature hysteresis analysis reveals high magneto-crystalline
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anisotropy Ky(~ 9 x 10° erg/cm?) for both samples. These

results are complemented with the temperature dependence of
magnetization data, where a giant bifurcation is evident be-

tween the Mzgc(T) and Mgc(T). Interestingly, both the sys-

tems exhibit a field induced transition across H p (~4.0 kOe)

which is associated with the domain reorientation. The or-

dering temperature determined from the heat-capacity data
and Yac(T) and x4.(T) are in good agreement with the neu-

tron diffraction data. The absence of sharp transition in Cp(T)

corroborates with the inadequate frequency dispersion of the

cusp Tc(w) in Yac(T) collectively signifying the fact that the

investigated system consists of weakly coupled ferrimagnetic
spins. Moreover, the use of different methods is necessary
to give a detailed description of the structural and magnetic
properties of this system. X-ray and neutron scattering data
revealed important new details about the structural properties
of Mn1,15C01,8504 and Mn1,17C01_60Cu0,2304, especially the
change of the crystal structure symmetry which is related to
the ionic-size or/and Jahn-Teller effect. Atomic positions of
the magnetic ions are fundamental for the accurate interpreta-
tion of the magnetic properties of this system which has been
revealed by the current studies. Further, the present study con-
cludes that the knowledge of the precise crystal structure is es-
sential to determine the magnetic structure in detail which are
strongly correlated with each other. Especially, the discovery
of the additional antiferromagnetic components lying in the ab
plane is necessary to describe the magnetization processes and
such aspects were not previously known in this material. This
leads to additional interactions between the antiferromagnetic
and ferrimagnetic sublattices due to which an exchange-bias
effect along with the increasing coercive field becomes obvi-
ous. It is also a significant part to drive the change of struc-
tural and magnetic properties by partial substitution of the Cu
atoms as done in the present work for Mn; 17Co; 60Cu 2304.
The FMR and bulk magnetic measurements give additional
information about magneto-crystalline anisotropy and field-
induced effects of the system. Further theoretical and applica-
tion based studies on the investigated system will promote the
development of oxide based spintronic devices.
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TABLE I. Results of the Rietveld refinements of the x-ray and neutron powder diffraction data of Mn; 15Co; 8504 and Mn; ;7Co1 69Cug2304
collected on the instrument E9 at 3 and 295 K. The refinements were carried out in the tetragonal space group /4 /amd. The given residuals
are defined as Rp = Y lIFgpsl — |Fca1cll/YIF opsl). Listed are the positional parameters y and z of the O atom located at the site 164(0,y,z) and the
occupancies of the Mnp and Cop atoms at the site 8¢(0,0,0). Further the bond distances in the TpOg octahedra (T = Mnp and Cop), and the
T4 Oy tetrahedra (7404 = Coy and Cuy) as well as the lattice parameters are also given.

Mn; 15Co01.8504 Mn; 17C01.60Cu.2304

TIK] 3/157 295 3/157 295
occ(Mnp) 1.125(6) 1.145(7) 1.180(9) 1.173(7)
occ(Cop) 0.875(6) 0.852(7) 0.820(9) 0.829(6)

$(0) 0.5273(4) 0.5243(5) 0.5257(7) 0.5236(9)

2(0) 0.2409(5) 0.2382(5) 0.2417(8) 0.2388(9)

afA] 5.8526(6) 5.8643(4) 5.8443(5) 5.8522(6)

alAl 8.2582(14) 8.2721(12) 8.2374(16) 8.2562(16)

cla?2 0.9977(3) 0.9974(2) 0.9966(3) 0.9976(3)

VIA3] 282.87(7) 284.47(6) 281.36(7) 282.76(8)

alAT 5.8550(3) 5.8626(3) 5.8433(2) 5.8532(2)

alAT* 8.2514(6) 8.2759(6) 8.2411(3) 8.2553(3)
cdagy/2" 0.99653(13) 0.99818(12) 0.99726(6) 0.99730(6)

VIA3 282.86(4) 284.45(3) 281.38(2) 282.83(2)
deq(T-0) x4 1.961(2) 1.9772) 1.964(3) 1.976(4)
dap(T-0)x2 1.997(4) 1.976(4) 1.996(7) 1.976(8)

Leq(O-Tg-0)[°] x 4 84.4(2) 84.1(2) 84.8(4) 84.4(5)
Zap(O-Tp-0)[°] x 2 83.32(7) 83.03(9) 83.73(13) 84.24(18)
d(Coy-0)x4 1.964(3) 1.967(3) 1.950(5) 1.957(7)
£ ap(0-Cox-0)[°] x 4% 108.5(2) 109.7(2) 108.5(5) 109.3(5)
Zc(0-Coy-0)[°] x 28 111.42(10) 109.75(10) 111.45(15) 109.82(20)
R 0.042 0.036 0.043 0.043

“From X-ray data; Sfor Z,,(0-Cos-O) the angle bisector is lying within the ab plane, and for Z.(O-Co,-0) it points along c.

TABLE II. Magnetic moments of the transition metal atoms in Mn; 5Co; 8504 and Mn; 17Co; 690Cug 2304 obtained from Rietveld refinements
using neutron diffraction data collected on the instruments E2 and E6, respectively. In the space group 14;/amd the magnetic B3*-site ions
(Co>* and Mn?*) are located at the positions (1) 0,0,0; (2) 1/2,0,1/2; (3) 1/4,3/a,1/4; (4) 1/a,1/a,3/a; the A%*-site ions (T4>* = Co**and Cu®*) at
(1) 0,1/4,3/8; (2) 0,3/4,5/3. During the refinements the moment of Cop was set equal to zero. In addition to the individual moments p(Mn) the
averaged moments at the 7 site are also listed. The resulting ferromagnetic moments 2up(7g)—Urr(7T4) are compared with the spontaneous
magnetizations M measured at 2 K and the theoretical moment values. For the analysis of the E6 data the small moment f,y, AF (determined
from E2 data) was not allowed to vary. The obtained moment values of Mn; ;5Co; 3504 are compared with those given earlier in Refs. [49]
and [50], where the Mn content is slightly larger.

Mn; 15C0;.8504 Mnj 15C0; 8504 Mn;2C01 804 Mnj22Co017804 Mny 17C0;60Cug 2304 Mny 17C0; 60Cup2304

E2,at 1.7K E6,at 1.9 K Ref. [49]" Ref. [50] E2,at1.7K E6,at 1.9K
Hor(Ta)[uBl 3.04(3) 3.11(3) 3.09 3.03(5) 2.25(4) 2.35(3)
U riMnp)[ug] 3.51(5) 3.40(6) 3.70 3.83(8) 3.64(5) 3.70(6)
Iy, AFMng) (1] 0.55(8) 0.55 0.55(8) 0.55
Uior(Mnp)[1p] 3.56(6) 3.45(6) 3.68(6) 3.74(6)
wz r1(Tp)[1uB] 2.06(3) 1.99(4) 222 2.34(4) 2.08(3) 2.12(4)
My ar(TB)[HB] 0.32(6) 0.32 0.31(6) 0.31
Ueo(Tp) 1Bl 2.08(3) 2.02(3) 2.10(3) 2.143)
21, Fi(Tp)[uB] 4.12(5) 3.99(7) 444 4.67(9) 4.17(5) 4.24(7)
Ry/RE 0.0266/0.0116  0.0481/0.0127 0.0387/0.0261 0.0208 / 0.0120
2uri(Tg)—pr(Ta)[uB] 1.08(8) 0.88(10) 1.35 1.64 1.92(9) 1.89(10)
wlpsl® 0.89-1.13 0.89-1.13 1.20(5) 1.09 0.97 - 1.21 0.97 - 1.21
u(T)usl® 3.0 3.0 - - 23 23
u(T)ual® 23 23 - - 2.34 2.34

*Standard deviations or error bars were not given for all moment values in the literature, ¥ Up to H = 90 kOe, © Theoretical value for
spin-only moment.



