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Abstract: The effects of Mn>" doping on the structural, optical and magnetic properties of the corundum-related ox-
ide Zn;TeO4 were investigated. Polycrystalline ceramic samples of the solid solution Zn; Mn,TeO4 (0<x<2.0) were
prepared by a solid-state reaction route. Phase diagram as a function of Mn concentration indicates monoclinic (C2/c)
structure for x<1.0, disproportionated mixing of both monoclinic (C2/c) and rhombohedral (R-3) structure for 1.0<<x
< 1.6, and R-3 structure for x=1.8. Moreover, when x=2.0, ZnMn,TeO4 was formed, in which the bond length of
Te—O and Mn/Zn-0O increased, and the Mn/ZnOg octahedra became more distorted. Rietveld refinements of the crystal
structures from the powder X-ray diffraction (XRD) data showed that the Zn/MnQOg octahedra were highly distorted in
R-3 phase. With the increase of Mn? doping content, the solid solution Zn; ,Mn, TeOs demonstrated not only the
structure change from C2/c to R-3, but also the color evolution from light yellow to dark yellow. In optical absorp-

tion spectroscopy, with the increase of Mn®" doping concentration, the absorption at 400-550 nm was enhanced, and
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the optical band gap of the samples gradually decreased from 3.25 eV (x=0.1) to 2.08 eV (x=2.0). Analysis revealed

that the color of samples changed from light yellow to dark yellow is due to the d-d transition of Mn®" ions in

Zn/MnQOg octahedron. Magnetic measurements indicate that the antiferromagnetic transition temperature of the solid

solution gradually increased with the increase of the doping amount of Mn®", and the doped Mn®" ions exist in a

high spin state.
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Table 1 Crystallographic parameters for ZnMn,TeOg obtained from the Rietveld refinement of the PXRD data
Atom Site X y z B/nm’ Occ.
Mn/Zn 18f 0.0388(1) 0.2240(1) 0.2864(1) 0.00510(1) 0.667/0.333

Tel 3b 0 0.5 0.00710(1) 1.0

Te2 3a 0 0 0.00320(1) 1.0

(0 18f 0.1773(4) 0.1972(4) 0.3833(1) 0.00510(1) 1.0

02 18f 0.2061(3) 0.0348(5) 0.1071(2) 0.00550(1) 1.0

Space group R-3 (No.14); a=0.87849(1) nm, c=1.06348(1) nm, ¥=0.710778(11) nm’, Ryp=5.66%, R,=6.08%.
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Fig. 3 Rietveld refined of the PXRD data (a) and crystal structure (b) of ZnMn,TeOq
Zn/Mn: blue spheres; Te: yellow spheres; O: red spheres; TeOq octahedra: yellow; MnOg octahedra: blue



%8

ZEIRTT, S5 Zng M, TeOg I ity VA0 25 #) 5  IAT e 1% ANl PR 7

899

J 4
O <, , v P .
{ ( & 4
i 1 .';'5‘;'-‘_,
4 A A A
LY Cahshs
x=0 x=0.1 x=0.2 x=0.3 x=0.5
X 1 e g
bS ‘ 4 ,; :
. % ’.., ‘ PP
x=1.0 x=1.2 x=1.4 x=1.6 x=1.8 x=2.0
K4 L&Y Zny Mn, TeOq (0<x<<2.0)7E H ¢ T Mg 454k
Fig. 4 Color evolution of the Zn;_,Mn,TeOg (0<x<2.0) compounds in daylight
£l 3 £l
A [CARRN <
3 3 \m 3
- a— g § T —
2 £ 2
2 o 8 o | g
=2 =1 3 NE:
2 400 600 800 10001200 S | < 400 600 800 10001200 = 400 600 80010001200
S Wavelength / nm ~ Wavelength / nm / ~ Wavelength / nm 4
/7 /
i x=0.1 /x=0.2 ,/x=03
/ /
) E=325eV / EF297eV /' EF283eV
1.0 1.5 2.0 2.5 3.0 3.5 40 45 50 55 1.0 1.5 2.0 2.5 30 35 40 45 50 55 1.0 1.5 2.0 2.5 3.0 3.5 40 45 50 55
hv/eV hv/eV hv/eV
3 3 3
| 2 |5 13
% < 460 600 800 10001200 % <7400 600 800 10001200 y ~§ <7200 600 800 1000120
2 Wavelength / nm =~ Wavelength /nm = Wavelength / nm
x=0.5 x=1.8 x=2.0
E=2.52¢eV v E=35¢eV 0 E~2.08 eV
1.0 1.5 2.0 2.5 3.0 3.5 40 45 50 55 1.0 1.5 2.0 2.5 3.0 3.5 40 45 5.0 55 1.0 1.5 2.0 2.5 3.0 3.5 40 45 50 5.5

hv/eV

hv/eV

hv/eV

K5 &Y Zny Mn, TeOg(0<x<2.0)[f) K5} ik
Fig. 5 Optical absorption (UV/Vis) spectra of the Zn; Mn, TeOg (0<x<2.0) compounds

e . AR E = AN E X (D=CAT - 6cy), (1, C,
T, 0, 5 S F NG 2R L TR HLH £ R R B ),
ZFC Ml FC F¥md Tl A . HE 6 TTAL, 24 x=0.2
BT R R B R A A R A e A, |
WA 45 BT A x=0.2, 0.3, 0.5, 1.8, 2.0 I}, #EMAH
NG 5 v RS M (S=5/2) I PRI TR 5.89 g
5 x=0.1 B, TR 5 A7 TE 6 R S5 e I
SRR e AT AR, TEEE
MR SHREAEMZE . 20 7 s i [a] 25
MAREE AT R, 24 x<1.0 I, 2EARIEAEAETS I REAH
H3e4 WG x P KSEFHE, AR
() SRR B 26 AT R o DR 5 R HB AT

Mn* B 7 DA RS AEAE . x=1.8 I, JF45 30 e ik
WL FEFEAR £, x=2.0 W, SERREFEAS TN &, it
23R FEZ) N 12.6 K, MTO I [ Bk it 6 AR 1 FE )
N 34K, RHIFEH Mn™ 528 B0, %R R
B R Y A R P B T

3 g

AT T B G L [ AR S REFE 750 °C R A Rk [
& Zny ,Mn, TeOg (0<x<2), FEHFFTHLER L ANK UL
FIEREE . EMREIBER x=1.8 I, BTEELH
R-3 45#, x=2.0 B ZnMn, TeOg, Te—O 1 Mn/Zn—O



900 1A S = 35 %
- 5 o~ - S~
5x107° x=0.1 7X105 b 1x10* =02 4.0x105 §,“ s 1x10* N =03 3.0x10° g
T ax10° 6x10° B~ ﬂ 3.5x10° & T gxq0-F 12.5%10° 8
— ¥ 5 T L oxX107 . o= : =
£ 4x107) 5x10 L 8x10°f Yoo T 8x10° | o <
£330 4105 E 6x10° ), 25610 X 2 66107 <o sae 2
% 2x107]1 c-ogrss - PBXI0CE B 40 coomoe 20108 E axa0) =308k |1.0x10° &
=123.02K  {2x10¢ > < 1.5x10° = & . =
-~ 5 129 —_ -~ . 6=9.022K 1. Oxlos ~ \ s | =568 p/mol L=
;1X10 /Jet=r7.35;,xn/mol_1><104 = ;2)(10 5 11566 ppfmol 5 0x108 R 2x10 5.0x10 R
O | T—— =0 ° . - . . 0 5 0 " . : . ; =
050 100 150 200 250 300 % 750 100 150 200 250 300 0 3010013020020 308
T/K T/K
12X10_ 18><1OZ I’Ta; ~ 1x10* 5x10* "T'; ~ 8x10* 716K 5x10* &;
L 1ox107f 1 LoXI00 = T g0 #1075 6t - 4x10"
g 8.0x10°}: L2100 < g s 3x10* = & I 3x10* <
‘g 6.0x107°[% 19.0x10* g % , g Eax10%| ox10t &
< 4.0x10° 16.0x10* = < 4107 =6.02 py/mol | 2x10° = $2x10*5 T-8.9799 12* <
= . ] =X 5 TN i 0-98.65K 11x10* =
= 2.0x107% 3 0x10* =R : N 2%x10™ 1x10 g N .  herto9 e §

0 50 100 150 200 250 300

T/K

0 0
0 50 100 150 200 250 300

T/K

0 50 100150200 2I50 300

T/K

& n;_ Mn,TeOg (0<x<2.0)7E 7.96x m H R R TREAL 2 £
K6 MEY Zn, Mn,TeOq (0<x<2.0)7E 7.96x10* A/m {3738 A 5 5 300 K [{IREAL il 2k
Fig. 6 Temperature-dependent susceptibility of Zn; ,Mn, TeOg (0<x<{2.0) measured between 5-300 K under magnetic field of 7.96x10* A/m
4x107¢ 1x1072
310 701 5K 0.006  x=0.2 5K gx103 | 0.3 5K
sl 0.004 6x107
2x107¢ ~ 000 ~ 4x103 |
= 6 0 . r [ .
w 10 300K | & 300K | & 2107y 300K
T 0 B0 E 0
S1xa0e S —0.002} §:421:}gj:
S 10t = 0,004} = o105 |
30ty -0.006 —8x107 ¢
—4x107¢ - : - - : : —1x102 . .
—600 —400 —200 0 200 400 600 —600 —400 —200 0 200 400 600 —600 —400 —200 0 200 400 600
H/(A-m™) H/(Am™) H/(Am™)
1x1072 1x1072 8x1073
8x1073 | x=0.5 5K 8x107 [ x=1.8 5K 6x10- x=2.0 5K
6x10% | 6x102 10|
To 4x107 | = 4x10°f N
N: 2x107 | 300K 20 9x103 + 300K 20 2x107 [ 300K
< 0 g 0 j 0
:—leo_3 r §_2X10_3 r :’_2)(10—3 L
S 4x107 S —4x107 f N i
—6x10° | —6x10° | —10
—8x10° | —8x107 | —6x107 1
-1x107 — ~1x10° —— — x10°3 p—
—600 —400 —200 0 200 400 600 —400 —200 0 200 400 600 —600 —400 —200 0 200 400 600
H/(Am™) H/(Am™) H/(Am™)

Fig. 7

K7 1b&EMY Zn, Mn, TeOq (0<x<<2.0)7E 5 A1 300 K i (4 i 28

Isothermal magnetization of Zn; Mn,TeO4 (0<x<:2.0) measured at 5 and 300 K, respectively

BARKHIK, IR EE KA . Zns Mn, TeOg

B Mn® (952 RO G5 H R A28 1k, &I
A IR H e (AR I B, BB R BRIk

[RI3Eh0, 400~550 nm Kb RIS B, B & KOG
FRtHH 3.25 eV (x=0.1)IF ¥k /N £ 2.08 eV (x=2.0).
AU X R WA F 89 588 2 U5 T MinOg J\ T 44t Min® "5 1
(1) d-d BRI, HBRIT R UK T 42 )8 & 1 I C A7 28
5. Zny Mn,TeOq & Mn® & &N, ks

Fy et Mn—O-Mn 4 () 45 186 K
bV 4 A T 1) A B B G K, U
() B A i AT, T e DI A 2 A Dy Ik Tl
L T 4 1) S Ak G B AR FE B MIn® 45 2% B 1 189

i e e 2 B A,

BTN ZIKIYEiJi%nI?JIJE%A%ZIIﬂ IDERYAEES
DR THRIEX

S % 3k

TOKURA Y, SEKI S, NAGAOSA N. Multiferroics of spin origin.
Reports Progress in Physics, 2014, 77: 076501.

EERENSTEIN W, MATHUR N D, SCOTT J F. Multiferroic and
magnetoelectric materials. Nature, 2006, 442: 759-765.

RAO C N R, SUNDARESAN A, SAHA R. Multiferroic and mag-
netoelectric oxides: the emerging scenario. The Journal of Physical
Chemistry Letters, 2012, 3(16): 2237-2246.

SPALDIN N A, FIEBIG M. The renaissance of magnetoelectric
multiferroics. Science, 2005, 309(5733): 391-392.

KIMURA T, GOTO T, SHINTANI H, et al. Magnetic control of

(1]

(2]

[3]

(4]

(3]



%8

ZEIRTT, S5 Zng M, TeOg I ity VA0 25 #) 5  IAT e 1% ANl PR 7

901

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

ferroelectric polarization. Nature, 2003, 426(6962): 55-58.

WANG J, NEATON J B, ZHENG H, et al. Epitaxial BiFeO; mul-
tiferroic thin film heterostructures. Science, 2003, 299: 1719-1722.
KITAGAWA Y, HIRAOKA Y, HONDA T, et al. Low-field magne-
toelectric effect at room temperature. Nature Materials, 2010,
9(10): 797-802.

LI M R, ADEM U, MCMITCHELL S R C, et al. A polar corun-
dum oxide displaying weak ferromagnetism at room temperature.
Journal of the American Chemical Society, 2012, 134(8): 3737-3747.
FINGER L W, HAZEN R M. Crystal structure and compression of
ruby to 46 kbar. Journal of Applied Physics (USA), 1978, 49(12):
5823-5826.

CAI G H, GREEBLATT M, LI M R. Polar magnets in double co-
rundum oxides. Chemistry of Materials, 2017, 29(13): 5447-5457.
SCHULZ H, BAYER G. Structure determination of Mg;TeOg. Acta
Crystallographica, Section B (Structural Crystallography and
Crystal Chemistry), 1971, B27: 815-21.

WEIL M. Mn;TeOs. Acta Crystallographica Section E Structure
Reports Online, 2006, 62(12): i1244—i245.

BECKER R, BERGER H. Reinvestigation of Ni;TeOs. Acta Crys-
tallographica Section E-Structure Reports Online, 2006, 62:
1222-1223.

FALCK L, LINDQVIST O, MORET J. Tricopper(II) tellurate(VI).
Acta Crystallographica Section B, 1978, 34(3): 896-897.

HERAK M. Cubic magnetic anisotropy of the antiferromagneti-

cally ordered Cu;TeOs. Solid State Communications, 2011, 151(21):

1588-1592.

MATHIEU R, IVANOV S A, NORDBLAD P, ef al. Enhancement
of antiferromagnetic interaction and transition temperature in
M;TeOg systems (M=Mn, Co, Ni, Cu). The European Physical
Journal B, 2013, 86(8): 361.

CAIMI G, DEGIORGI L, BERGER H, et al. Optical evidence for a
magnetically driven structural transition in the spin web Cu;TeOg.
Europhysics Letters, 2006, 75(3): 496.

BHIM A, GOPALAKRISHNAN J, NATARAJAN S. Exploring the
corundum structure as a host for colored compounds-synthesis,
structures, and optical studies of (MM’);TeOs (M=Mg, Mn, Co, Ni,
Zn; M’=Mg, Mn, Co, Ni, Cu). European Journal of Inorganic
Chemistry, 2018(20/21): 2277-2284.

WEIL M. Zn;TeOg. Acta Crystallographica Section E Structure
Reports Online, 2006, 62(12): i246—i247.

IVANOV S A, TELLGREN R, RITTER C, et al. Temperature-
dependent multi-k magnetic structure in multiferroic Co;TeOs.
Materials Research Bulletin, 2012, 47(1): 63-72.

IVANOV S A, MATHIEU R, NORDBLAD P, ef al. Spin and di-
pole ordering in Ni;InSbOgs and Ni,ScSbOs with corundum-related

[22]

(23]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

structure. Chemistry of Materials, 2013, 22(6): 935-945.

CHOI K Y, LEMMENS P, CHOI E S, et al. Lattice anomalies and
magnetic excitations of the spin web compound Cu;TeOs. Journal
of Physics: Condensed Matter, 2008, 20(50): 505214.

SINGH H, GHOSH H, CHANDRASEKHAR RAO T V, et al.
Short range ferromagnetic, magneto-electric, and magneto-
dielectric effect in ceramic Co;TeQg. Journal of Applied Physics,
2016, 119(4): 044104.

SINGH H, SINHA A K, GHOSH H, et al.

tions on Co;_Mn,TeOg; (0<x<:2): high temperature ferromagnet-

Structural investiga-

ism and enhanced low temperature anti-ferromagnetism. Journal of
Applied Physics (USA), 2014, 116 (7): 074904—1-9.

HARRIS A B. Symmetry analysis of multiferroic CosTeOg. Physi-
cal Review B, 2012, 85(10): 100403.

HER J L, CHOU C C, MATSUDA Y H, et al. Magnetic phase dia-
gram of the antiferromagnetic cobalt tellurate Co;TeOg. Physical
Review B, 2011, 84(23): 35123.

TOLEDANO P, CAROLUS V, HUDL M, et al. First-order multi-k
phase transitions and magnetoelectric effects in multiferroic
Co;TeOg. Physical Review B, 2012, 85(21): 214439.

WANG C W, LEE C H, LI CYY, et al. Complex magnetic couplings
in Cos;TeOg. Physical Review B, 2013, 88(18): 184427.

HUDL M, MATHIEU R, IVANOV S A, et al. Complex magnetism
and magnetic-field-driven electrical polarization of Cos;TeOs.
Physical Review B, 2011, 84(18): 180404.

HARRIS A B. Symmetry analysis of multiferroic Co;TeOs. Physi-
cal Review B, 2012, 85(10): 100403.

SINGH H, GHOSH H, RAO T V C, et al. Observation of high-spin
mixed oxidation state of cobalt in ceramic Co;TeOs. Journal of
Applied Physics, 2014, 116(21): 214106-1-7.

IVANOV S A, NORDBLAD P, MATHIEU R, et al. New type of
incommensurate magnetic ordering in Mn;TeOs. Materials Re-
search Bulletin, 2011, 46(11): 1870-1877.

IVANOV S A, MATHIEU R, NORDBLAD P, et al. Chemical
pressure effects on structural, dielectric and magnetic properties of
solid solutions Mn;_Co,TeOg. Materials Research Bulletin, 2014,
50: 42-56.

COELHO A. Whole-profile structure solution from powder dif-
fraction data using simulated annealing. Journal of Applied Crys-
tallography, 2000, 33(3): 899-908.

TAUC J. Optical properties and electronic structure of amorphous
Ge and Si. Materials Research Bulletin, 1968, 3(1): 37-46.

LIU C, YE M, HAN A, et al. Structural analysis and characteriza-
tion of doped spinel Co, M, TiO, (M=Mg**, Mn**, Ni*", Cu** and
Zn*") coated mica composite pigments. Ceramics International,
2015, 41(4): 5537-5546.



