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The perovskite manganites CaMW,O3 are studied up to the solubility limit by using transmission
electron microscopy, X-ray powder diffraction, and magnetic and transport measurements. The phase
diagram shows three compositional regions at low temperaturesindeeases, (i) reguld®nmaperovskite
structure and G-type antiferromagnetism (AFM) combined with a weak ferromagnetic (FM) component,
(ii) strongly distorted monoclini®2;/m structure and C-type AFM associated with orbital ordering, and
(iii) strongly distortedPnmastructure, associated with charge and orbital ordering and AFM arrangement,
are observed. Our measurements demonstrate that e&cioi\treates two extra electron carriers in the
Mn#t matrix and appears as a defect in the Mn sublattice. This B-site disorder, together with the lower
itinerancy of the doped carriers, make favorable conditions for orbital and/or charge ordering at unusually
high critical temperatures (up to 380 K).

Introduction it can also be done by substituting Mn by cations of valence
higher than+4, such as CaMf,,Mn3"M> 03 (with M =

CaMnGQ; crystallizes in a ABQ perovskite structure with
& cry p Nb, Ta, or V}&20 or CaMri", Mn3fMS"O; (for M = Mo

an orthorhombic distortion due to the tilting of the MnO o4
octahedraPnmaspace group with the unit cell2a, x 23, or W). . e 4 e 3h
x /2, a, referring to the ideal perovskite). On cooling = Studies of some Ciﬁanx Mn; -, Mn;“Os compounds
below room temperature, it undergoes a magnetic transitionN@ve shown a systematic evolution of the behaviors versus
around 120 K to a G-type antiferromagnetic (AFM) state, X For low Mr*" levels, up to about 10%, the paramagnetic
where each Mn spin is surrounded by six AFM coupled (PM) state of the room-temperature (RT) phase is trans-
neighborst5 By a heterovalent substitution on the Ca or formed atabout 110 Kinto a complex magnetic state, which
Mn sites, a small amount of Mh in the Mrfmatrix is may be attributed either to a spin canting in the G-type AFM
created, which drastically changes the behavior of the Phase or to a segregation of ferromagnetic (FM) regions in
compounds. In most studies, it is achieved by'Lior Ca* the AFM mgtnx. Several studies have sh_owp that the second
substitution, according to G&Ln>"Mn** Mn* 0,517 But descrlpt.|on is the more probatﬂél.v”vl.?'Thls k|nq (_)f ph_ase
separation is also in accordance with the original idea of
* Corresponding author. E-mail: christine.martin@ensicaen.fr. Fax: 33 (0)2 Goodenough that the dopeg @ectrons are confined to a

319516 00. . restricted space because of the electric field effect of
National Institute of Electrochemistry and Condensed Matter. . . . "
* Institute of Physics of ASCR. randomly distributed A catiorsFor higher Mri#* contents,
® Laboratoire CRISMAT, ENSICAEN. an orthorhombic to monoclinic transition is observed at low
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temperature, which corresponds to the setting of the C-type  5.50

AFM,12410.1213yhich can be described as an AFM coupling = 100K P2 1,0 300K
of FM chains. The Mn@octahedra are elongated along these ~— 5.45 - 1220 o5
chains, expressing the orbital ordering (OO). A further % <
increase in the gelectron density tends to occur in charge- g 540 s g
and orbital-ordered (CO/O0) MWMn** structures, associ- £ =
ated with a more complex parquetlike AFM ordéf>26 g 5.35 §
Similar trends are observed for the Mn-site-substituted 2 210 3
series (successively G-type AFM with a small FM compo- E 5.30 o
nent, C-type AFM, and charge-ordered AFM states appear Pnma 1
with the increase in Mit content), but there are some 5.25 frma P2i/m : 1208
important distinctions. In the previous case of the A-site 000 0.05 010 015 020
substitution, the doped electrons tend to migrate over x (CaMn, W .O,)

equivalent Mn sites in the vicinity of the A-site substituant. Figure 1. Evolution of the room-temperature lattice parameters yieitis)
On the other hand, the A-sublattice remains intact in the Mn- and cell volume (righty-axis and dotted line) vs the W-content),(

site-substituted manganites, and the heterovalent substituantg&termined from X-ray powder diffraction. The space groups used for
fefining the data are given in the picture. In the inset, some structural

in Mn-sites represent static pointlike defects, i.e., scattering parametersa, b, ¢, andg) obtained by refining (in th&2:/m space group)
centers for the charge delocalization. It may be favorable X-ray data acquired at 100 K are plotted for 3 compositions.

for electron localization phenomena, and indeed, previous
reports on the CaMn,Mo,O; system demonstrated the onset

of CO/OO phases at unusually high temperatures, aroundspectrometers coupled with the microscopes.

RT22 To go furth.er in details '_n the unde_rStand'ng of The magnetic susceptibility measurements in the temperature
parameters governing the behavior in Mn-site-substituted \ange 5-400 K were generally performed in applied field of 1.45
systems, we have undertaken a comprehensive investigation on zero-field-cooled (ZFC) and field-cooled (FC) samples. In
of the analogous CaMnW,Osz series. By combining  selected cases, magnetization curvesap T were taken at low
structural characterizations (X-ray diffraction and electron temperatures. All these DC magnetic experiments were performed
microscopy versus temperature) and magnetic and transportising a SQUID magnetometer. In addition, high-temperature
measurements (magnetization, susceptiblity, resistivity, ther- susceptibility was measured up to 800 K using a pendulum
moelectric power), we present a new magnetic and structuralmagnetometer in an applied field of 1.8 T. o

phase diagram, showing that the charge and/or orbital The thermoelectric power (TEP) and electrical resistivity mea-

orderina develons at unusuallv hiah temperatureRT). surements were carried out using a homemade system within the
9 P y hig P 0 temperature range 850 K. The four-point steady-state method

with separated sensors and power contacts was applied, the details
of both low-temperature (35320 K) and high-temperature (360

The synthesis of the CaMnW,03 samples with 0< x < 0.20 850 K) measurements were reported previoésly.
has been previously describEdThe samples were prepared by
solid-state reaction at 150 in air, starting from stoichiometric Results
mixtures of CaO, Mn@ and WQ.

All the samples were characterized by X-ray powder diffraction
at room temperature. The patterns were obtained using a Xpert
Philips diffractometer (Cu K). The temperature-dependent struc-
tural characterization over the range 3Q50 K was also realized - . . .
for thex = 0.10 and 0.15 compositions using a X-ray diffractometer double perovskite Qanoeso appear as impurities, inde-
Bruker D8 (Cu K, energy-dispersive SOL-X detector) equipped pendently of'the synthesis process. .
with a MRI TC wide range temperature chamber. Two scans were The eV9|Ut'0n of the_ r00r_n-temperature Iat_tlce parameters
measured for each temperature and the measured intensities wer¥€rSUs X is reported in Figure 1. The unit-cell volume
compared in order to check the thermal stability and reproducibility Increases with increasing tungsten content, but it is attributed
of the sample structure. All X-ray diffraction patterns were analyzed t0 the formation of larger Mit ions in the Mri* sites rather
using the Rietveld profile analyzing method with help of FULL- than to the ionic size of W .3 Forx varying from 0 to 0.07,
PROF program packageé. the X-ray patterns are refined in tRemaspace group with

Specimens for transmission electron microscopy (TEM) observa- Unit-cell parametera ~ ayv/2, b~ 2a,, andc ~ a,v/2. The
tions were prepared crushing the crystallites in ethanol. A drop of orthorhombic distortion characteristic for this O type per-
the suspension is deposited and dried onto a carbon-coated coppe@vskite structured > b/+/2 ~ c) reflects the octahedral tilt
grid. The TEM study was performed in 200 kV JEOL 2010 FEG that increases witk. ThePnmasymmetry is preserved down
and JEOL 2010 transmission electron microscopes fitted with to the lowest temperature except for the= 0.07 sample,
double-tilt liquid-nitrogen-cooled sample holders (tHt30°). The which undergoes a transition to a monoclinic phase at around

cationic composition of the materials was confirmed by energy-
dispersive X-ray analysis (EDX) using EDAX and OXFORD EDX

Experimental Section

Structural Study. X-ray Characterization.The room-
temperature X-ray patterns show that the samples are single
phased with a distorted perovskite structure Xor 0.20.

For higher W contentsx(>= 0.2), scheelite CaWgf and/or

(25) Fernandez-Diaz, M. T.; Martinez, J. L.; Alonso, J. M.; Herrero, E. (28) Autret, C.; Hejtmanek, J.; Knizek, K.; Marysko, M.; Jirak, Z.; Dlouha,

Phys. Re. B 1999 59, 1277. M.; Vratislav, S.J. Phys.: Condens. Matte&2005 17, 1601.
(26) Jirak, Z.; Martin, C.; Hervieu, M.; Hejtmanek, Appl. Phys. 2002 (29) zalkin, A.; Templeton, D. HJ. Chem. Phys1964 40, 501.

74, S1755. (30) Azad, A. K.; lvanov, S. A.; Eriksson, S. G.; Eriksen, J.; RUifidtb;
(27) http://journals.iucr.org/iucr-top/comm/cpd/Newsletters/ or http:// Mathieu, R.; Svedlindh, PMater. Res. Bull2001, 36, 2485.

www.ill.fr/pages/science/IGroups/diff/Soft/fp/. (31) Shannon, R. DActa Crystallogr., Sect. A976 32, 751.



Structural and Magnetic Transitions in CalyigW,O3 Chem. Mater., Vol. 19, No. 17, 2004245

Frr[rrrrr l LI B I TYyrr [ ¥yFrrrrrrey l Fryr|rrrg [ T T I' T II T T T T T T T
536 seesesE I—I-I-I—I‘_ 21753 SO A0 4 ]
< [ ] § s35[se o0 o Cummmm ]
» 534 | . L& ] ]
© - . 270 g 530 b2 1
° Cppenns N-N-N-N-0- ] - I ]
£ 5321 . < [= ]
@ [ P2/m Pnma ] § 2165 [ ]
b [ —e— —0— a ] S I ]
3 530 - —=— -O0— ¢ -ﬂ-“.‘.' 1 > i
o r —A— —A— bh2 2 91 - 11 6.0 L J
£ S28p =5 C ¢ N7 [
- FPPURES < “gol Lo ] [
- 150 300 - 2155 |-
5-26 - T (K) _. [ 1 1 1 1 L 1 1 L
- 100 150 200 250 300 350 400 450
4 Temperature (K)
214.0 - ] Figure 3. Temperature dependence of the cell volurRartg for x =
1 0.15; in inset, corresponding cell parameterslvs
e to P2,/m transition. The evolution of the lattice parameters
< 2135} P . .
;; vs T reported in Figure 3 fok = 0.15 is rather continuous
= 100 through the CO/OOQ transition.
3 213.0F 1 ek ES The succession of the orthorhombic, monoclinic, and CO
> [ I/ E 50F * 22.““—5: phases (versusg) is analogous to that reported for other
F nma 3 . . . . . .
:ﬂﬂi a 25;-I N\ Mn#*-rich manganites obtained by A- or B-site substitution.
2125+ S 300 325 350 A The orthorhombic to monoclinic distortion is associated with
e T(K) | orbital polarization of g electron density that becomes
1 i 1 1 i 1 i 1 PR B A

e e e e ' cooperative because of long-range elastic interactions. Con-
100 150 200 250 300 350 400 sequently, the orbital ordering is not sensitive to the disorder
Temperature (K) induced by W-for-Mn substitution. Moreover, the transition
Figure 2. Upper panel: Temperature dependence of the unit-cell parameters temperatures are higher than those in the A'Slte'su_bsmuFed
(a, b, andc) vs temperature fox = 0.10; the evolution of is given in the compounds. On the other hand, the charge ordering with
inset. Lower panel: Corresponding cell-volume evolution and phase ratio essentially antiferrodistortive arrangement of local MnO
n inset. distortions is driven by interactions between nearest and next-
nearest neighbors, and its occurrence in samples with high
concentration of W and thus of defects in the Mn sublattice
remains puzzling. To investigate these W-based manganites
in more detail, we have performed an electron microscopy

180 K. The compounds = 0.10 and 0.12 exhibit the same
kind of monoclinic distortion existing already at RT. The
patterns are refined in thB2;/m space group with cell
parametersa, b, ¢ of values similar to those of the
orthorhombicPnmaregion, but with a monoclinic anglé study.
significantly deviating from 90 This deformation makes Electron Microscopy Studylhe existence of three struc-
one of the [101] diagonals elongated, whereas the secondural regions is also shown by electron diffraction (ED). For
one is shortened, leading the ferrodistortive arrangement ofthe smallerx values (0= x < 0.05), the ED confirms the
elongated Mn@ octahedra, typical for OO in the C-type Pnmaspace group at RT and that no structural transition is
AFM manganite$. The compounds witk = 0.15 and 0.20  observed at low temperature (92 K, as shown Figure 4).
(even if small peaks of impurity appear for the latter  |n the intermediate part of the phase diagram for 007
composition) are also characterized by Brenacell (as for x < 0.12, aPnmasymmetry is observed at high temperature,
the smallx values) but with a pronounced contra;tiqn ofthe \yhereas a structural transition (R2:/m) is systematically
b parameter relative to theeandc parameters. This kind of  ,hqeryed with decreasing temperature. The [010] ED pattern
lattice deformation reflects the an.tlferrod|stort|ve arra}nggment recorded at room temperature for the= 0.1 compound
of elongated MPA’ O octahegdra in thec plane, which is (Figure 5a) shows the typical splitting of the spots due to
typical for CO/OO manganites. - . -
the twinning phenomena occurring as soon as the monoclinic

The X-ray diffraction measurements thus allow us to : S
distinguish three structural regions versus regularPnma P2,/m symmetry appears. The associated dark-field image
(Figure 5b) shows the twinning domains beldwo, the

strongly distortedP2,/m, and strongly distorted CO phase . )
with Pnmasubcell. Nevertheless, the boundaries between Image of the same area recorded at 400 K (i.e., adowp

the three zones vary with temperature. 'S given in insert.

In Figure 2, the evolution of the lattice parameters versus b lln tr]f third part (for Iargelvlg), the ED patterns r((ajc%rded i
temperature is reported for= 0.10. A biphasic region is elowTco present extra satellites appearing around the main

visible between-300 and 330 K, corresponding to tRema Bragg spots attributed to tlnmaspace group. The satellites
point to a structural modulation that is associated with CO/

(32) Radaelli, P. G.; Cox, D. E.. Marezio, M.. Cheong, S. Rtiys. Re. OO. Figure 6a illustrates this feature, with the [010] ED
B 1997, 55, 3015. pattern recorded at room temperature for the= 0.14
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the Dzyaloshinski-Moriyainteractions oroxygennonstoichiométs;.
As shown in Figure 7, the observed magnetization in an
applied magnetic field of 1.45 Ttd K is about 0.04ug per
Mn. As x is slowly increased in CaMn, W05, the magne-
tization value increases, reaches a maximum aroungg.4
for x = 0.04, and then drops to a value smaller than that of
CaMnQ; (Figure 7). Ferromagnetism in these compounds is
explained by the fact that the substitution with W introduces
mobile electrons into thegdand, so that the interactions of
these carriers viayg spins induce ferromagnetic coupling.
Even if the magnetization is recalculated per Mn atom and
not for the formula unit (Mn+ W) as shown in Figure 7,
the maximal observed moment is smaller than the one of
about 1.0ug reported for the electron-doped manganites
Ca—,L.n,MnO; for a similar Mr#*/Mn** ratio (around 0.08

_ ) o 0.10)¢ For these compounds, the low-temperature magnetic
Figure 4. [010] Typical Pnmaelectron diffraction pattern recorded for . . .
the smalleix values of the CaMn.4\WxOs series (in this case= 0.04 and state was described as FM clusters in a G-type AFM matrix.
92K). h00, h = 2n + 1 and 00l,1 = 2n + 1 are highlighted by double ~ The small value of the magnetization indicates that the FM
diffraction phenomena. interactions are weaker in these Mn-substituted manganites,

, . . in connection with the Yconfiguration of W+, which limits
compound. The modulation vector is parallel to &ieaxis ; -
P b r]the double exchange (DE) in the Mn sublattice.

and possesses an incommensurate value of the modulation,
G = 0.23*. On this ED pattern, the weak satellites apparently ~ Forx = 0.07, no spontaneous FM moment is detected in
observed along thé direction are in fact due to the presence the magnetization measurements. The magnetic susceptibility
of twinned domains disoriented to one another by B0 curves in Figure 8 show two distinct anomalies, also
the crystals. In images b and c in Figure 6, the [010] images observable by the thermoelectric power measurements
recorded at room temperature present a modulation of thepresented below. For= 0.10 and 0.12, the anomaly at high
contrast with a periodicity in good agreement with fj)e ~ temperature corresponds to the monoclinic transition, whereas
vector deduced from the ED observations. In that part of the anomaly at lower temperature (around 170 K) is related
the phase diagram, the experiments show that the CO deto the ordering of the C-type AFM (see the neutron
velops at relatively higico (>RT), for example, the evo-  diffraction study on analogous compound Calvioo.105%).
lution of the modulation value versus temperature is pre- These compounds thus remain in the paramagnetic state on
sented in Figure 6d. At low-temperature, it remains stable cooling below the orbital-ordering temperature unf,
and close to 0.23. The observation oPamasubcell with which does not vary (around 170 K), wherebso varies
extra spots a& 0.23* by electron diffraction is in agreement  from 320 K for x = 0.10 to 370 K forx = 0.12. It is
with the refining of the RT X-ray pattern inRnmasubcell. remarkable that this OO state develops at unusually high
For thex = 0.14, 0.15, and 0.16 samples, the electron dif- temperature, significantly larger than the maximum observed
fraction observations lead to a simila0.23 value at 92 K. in the Ca_sPrMnO; and Ca_SmMnO; systems, where
All these structural phenomena are quite similar to those orbital ordering is coupled with the onset of C-type AFM
observed for the Mo substituted calcium manganese serieorder,Too &~ Ty ~ 140 K. For thex = 0.07 sample, it is not
in the same range of values* so clear on the susceptibility curve, but two anomalies can
Magnetic Properties. The G-type AFM ground state of  be also detected, meaning that structural and magnetic orders
CaMnG; is associated with a weak ferromagnetism due to remain decoupled.

200 nm

Figure 5. CaMny 900103 (a) [010] electron diffraction pattern recorded at RT. The white lines drawn on the ED pattern show the splitting of the spots
correlated to the establishment of the monocliR&/m structure belowToo. (b) [010] image recorded at RT. The parallel domains associated with the
appearance of the monoclinic distortion are clearly observed. In insert, on the same part of the crystal, the parallel domains have totalgddisd@ear

K (i.e., aboveTpp), and the structure presentdPamasymmetry.
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Figure 6. CaMnygWo.1403 () ED pattern recorded at room temperature characteristic of the charge-ordered state observed in the third part of the phase
diagram. The satellites characteristic of the incommensurate structure are systematically observed around the main spots of the ED gatiur.iThe

close to 0.23. The weak satellites appearing alohagre due to ED pattern superposition of°dfxiented domains. (b) Lattice image associated with Figure

6a showing stripes attesting that the modulation is well-established in quite large zones of the crystal at room temperature. The periodioityrasthe c

is in good agreement with thggvalue deduced from ED. (c) Enlargement of (b); on this HREM, image one can note that the structure of the stripes is not
so regular. The incommensurate aspect of the modulation has to be connected with the local variations of the contrast. (d) Evolution of thefahwlitude o

modulation vector v§ (temperature increasing from 92 to 400 K); inset ED patterns recorded above room temperature are presented to show the disappearance
of the satellites afco.

For the x = 0.15 sample, presented in Figure 8, the Cag710.029VINO3, Cay 9sSMy osMNO3, and Cag.goSMy.1c
anomalies at high- and low-temperature reflect the charge/MnOs*33%. It is seen that the electron doping, which induces
orbital ordering and the onset of magnetic order, respectively,a decrease in the RT resistivity, quickly changes the

Tco ~ 380 K andTy ~ 120 K. semiconducting character of CaMa@n the case of Gays
Transport Properties. The temperature dependence of the Pry0.9VInOs, for instance, the resistivity value decreases
electrical resistivity and thermopower of the Cajiw,05 slightly with decreasing temperature down to about 150 K

series is shown in Figures-41. In Figure 9, the measure- in a metalliclike manner and finally turns up because of
ments forx = 0.02, 0.04, and 0.07 are compared with our localization in AFM region at lower temperatures. In the
earlier data on A-site-substituted manganites (CapinO same way, the RT value of the thermopower drops from
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zfc1.45T

CaMnO,- pure

Pr0.025

Magnetization (. /f.u.)
Electrical resistivity (m¢cm)

50 100 150 200 250 30
TK

Figure 7. Magnetic moment vs temperature, measured on zero-field-cooled
samples withx = 0, 0.02, 0.04, 0.05, and 0.07 on heating in 1.49dijs
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0 100 200 300 400 500 600 700 800 Figure 9. Temperature dependence of electrical resistivity (up) and
T (K) thermopower (down) for CaMn,WyOs with x = 0.02, 0.04, and 0.07

. . . A compared with CaMng@ Ca 978P15.029MIN0O3, Cay 955y 0dVInO3, and
Figure 8. CaMn— WyOs: Magnetic susceptibility vs temperature, deduced Cab.06SMy 1MNOs.

from magnetization measured in 1.45 T and zfc mode. Xhalues are
given in the graphTy andToo are indicated with vertical arrows for the o o
= 0.10 sample. = 0.07 exhibits a more marked localization at 180 K, both

about—8004V/K (for CaMnOs) to —2004V/K (for Caosrs in resistivity a_nd thermop_ower, tha_t is attributed_ to the onset
Pl 6oMN0s). For the latter, the thermoelectric power exhibits of the ferrodlstprtlve orbital ordering, prerequisite for the

. : C-type magnetic order.
a linear (metallic) dependence versus temperature and a
marked localization is observed i = 115 K, which reflects The transport F’ataf of samples= 0.07, 0.10, and 0.12
the AFM matrix properties. Similar trends are observed for '€ Summarized in Figure 10, whereqedSm .MnO; data
Cao 0:SITh0MNOs, Whereas CauSmy 1 MnOs shows a clear &€ added for compariséh Above Too, the Inje_ar metalli-
decrease in both the electrical resistivity and thermopower iK€ temperature dependence of both resistivity and ther-
below 115 K, pointing to an electric percolation of the more MOPOWer is observed. A negative sign and decreasing slope
conducting FM regions formed in the AFM matrix. Concern- (@5/dT) of thermopower withx point to an increasing
ing the CaMn_W,O; system, there is also a systematic conceljtratlon ofele(_:tronllke charg_e carriers. On_se_t (_)f orbital
decrease of resistivity and thermopower at RT from 0.02 order is accompanied with localization in re5|st|V|ty_ and
tox = 0.07. However, the resistivity values are about 1 order thermopower. For the samples=0.07 and 0.10, there is a

of magnitude higher and the metalliclike decrease in resistiv- marked upturn _Of the thermopower at . temperatures,
ity is not achieved for samples= 0.02 and 0.04 despite followed by a sign change from negative toward positive
the relatively large g electron doping of 4 and 8% values. The positive value of the thermopower at the lowest

respectively. Bothx = 0.02 and 0.04 samples show a temperatures points to a holelike character of charge carriers

localization below 115 K associated with AFM ordering and " the conducting FM chains of the C-type AFM phése.
segregation of the non-percolating FM regions detected by ~1he measurements of the sample= 0.15 are presented

magnetic measurements, as mentioned above. The sample IN Figure 11. The increased resistivity and the change from
a metallic to a semiconducting character at high temperatures

(33) Savosta, M. M.; Nolg P.; Mary&o, M.; Jirk, Z.; Hejtmiaek, J.: reflect the Mn-sublattice defects induced by the high content
gggggg,zl; Kohout, J.; Martin, C.; Raveau, Bhys. Re. B 2000 of W. The thermopower is temperature independent and close

(34) Hejtmanek, J.: Jita Z.: Mary&o, M.; Martin, C.. Maignan, A. to —50 «V/K. Localization due to charge ordering occurs at
Hervieu, M.; Raveau, BPhys. Re. B 1999 60, 14057. Teo ~ 380 K, which corresponds well with the susceptibility
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Figure 10. Temperature dependence of electrical resistivity (up) and
thermopower (down) for CaMn,WOs with x = 0.07, 0.10, and 0.12,
compared with SgprCagMnOs (as a reference for the C-type AFM
behavior).

change in Figure 8. Down to the lowest measurable tem-

peratures, the thermopower remains negative and its absolute

value increases markedly beldW. This behavior points to
an enhanced localization of the electronlike charge carriers
and is clearly distinguishable from the holelike conduction
characterizing the FM chains of the C-type phase.
Discussion and CaMn_,W,O3; Phase Diagram.The
(T,X) structural and magnetic phase diagram of the
CaMn_W,03 system is drawn in Figure 12 (for 8 x <
0.16) by using the results of transmission electron micro-
scopy, X-ray powder diffraction, and magnetic and transport
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Figure 11. Temperature dependence of electrical resistivity (up) and
thermopower (down) for CaMyzsWo.150s.
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Figure 12. (T,X) structural and magnetic phase diagram of the GaMi,O3
series. The space groups are givemrfiaand P2;/m), and CO stands for
charge ordering; PM, AFM, and FM are for para-, antiferro-, and
ferromagnetism, respectively.

measurements. Because of the lack of neutron diffraction C-type) appears. The structural transition temperature

data, the low-temperature magnetic structures are determine
by comparison of the structural and physical properties of
this W-system with the results obtained for the analogous
Mo series, for which neutron diffraction data are available.
Gradually increasing, three compositional regions can be
distinguished. For smaX, the structure remain@nmag and

at low temperatures, a transition from a PM to a AFM state
with a small FM component is observed at about 110 K,
whateverx. The intermediate region extends roughly from
X = 0.07 tox = 0.12. With decreasing temperature, a
structural transition fronPnmato P2,/m is first observed,
corresponding to the setting of the orbital ordering. Below
this temperature, a magnetic transition from PM to AFM

ncreases strongly witk and exceeds room temperature for
higherx values, whereasy increases only slightly, keeping
the magnetic ordering temperature close to 150 K. The third
region & = 0.13) is the domain of charge- and orbital-ordered
phases. The charge ordering originates well above RT and
is associated with a structural modulation characterized by
the wave vectog = 0.23*. The AFM order sets in at much
lower temperature. It bears strong similarity to that reported
for the A-site-substituted systems¢GéP1..gMn0s?6 or Cay 75

Lag 2gMn05% with 1:3 Mr**:Mn** order and a modulation
vectord = 0.25*. Both transition temperaturefo and Ty
decrease slightly whex increases.
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The observed phase diagram shows a strong analogy to 0

that previously reported for related system with another
hexavalent substitution, CaMiMo0,0s.2% In both series,
each W' or Mo®" ion creates two electrons in the Mn
sublattice, so that the electron-doping rate is faster with this
substitution than in CaMnfsubstituted on B-sites by
pentavalent cations (like Nb, Ta, or V). There is neither
A-site structural disorder nor A-site magnetic contribution
associated with magnetically active lanthanide, but the W
or Mo cations induce defects that affect the transfer of e
electrons in the Mn sublattice. The ferromagnetic double-
exchange interactions, linked with “sharedy electron
between two neighboring Mn (via O), are largely reduced,
which is manifested by lower electric conductivity compared -150; - oo - 560 ; 300
to A-site-substituted CaMngat the same electron doping. T (K)
Even if the metallic character is retained for= 0.04, the Figure 13. Thermopower of CaMybeNo.0s (circles) and CaMgieaNo.00s
maximum observed moment of Qu4 is about twice smaller (diamonds). Theoretical calculations for= 0.08,W = 0.4 eV,E, = —12
thar_l for C@,gz_Srrb_ogMnO3. It is worth mentioning j[hat a g‘nzvfg:gtt:do_Ig;ei'r\],v::()&gg ’Z{’,}fﬁii}”ﬁ%ﬁ (;§§h§§ }fng;j_" line):
similar effect is observed for the Rb or Ta*-substituted

CaMnQ,.*® In these pentavalent systems, an even more should be characterized by the same W. We therefore
drastic reduction of the double eXChange takes place, and inreana|yzed both Samp'es by a”owing the carrier density to
particular, the maximal bulk magnetization reaches only 0.2 gjightly deviate from the nominal value. We indeed obtained
ue for 6% of substitution. This suggests that the mobility of 3 significantly better agreement to tke= 0.04 sample for
gy electrons is more strongly influenced by the quantity of n = 0.106 andw = 0.33 eV, and fon = 0.074 andW =
defects than by their formal valence. The concomitant g 33 eV to thex = 0.02 sample. This question of the actual
decrease ofgelectron mobility and conservation of metal-  carrier density will be discussed later. Having obtained a
licity suggest that the charge defects are effectively screenedconsistent parameter set, we can compare it to the case of
by electrons at the geband botton®? only the itinerant  sypstituting with Mo. In that case, the same analysis yields
electrons at Fermi level become “heavier” and more scat- \y = 0.43 eV, which is larger than in the W-substituted
tered. sample. We therefore deduce that the"Wons more

An interpretation of these data can be proposed by usingeffectively scatter theygelectrons than the Md ions. As a
the description of the temperature dependence of theresult, we expect that ordering temperatures will be higher
thermoelectric power for electron-doped manganites intro- for the W-substituted samples, which is indeed compatible
duced by some of u¥.The model applies togelectrons on  with the resistivity and magnetic measurement presented
a cubic lattice, interacting via oxygen. For the sake of gpove.
comparing different systems, we set the energy difference  This model is valid in the case of small doping, wh&n
between the gand p levels to a common and generally varies linearly at highl (x < 0.12). For largex (x = 0.15),
accepted value, namely 2 eV. As a result, we are left with the thermopower tends to a weakly temperature-dependent
two free parameters’; which represents the effective MI© value aboveéTloo. This value is very similar to that observed
hopplng amplitude, anEo, which stands for the ratia!¥ in Cay Sy 3sMnO3 (measured' however, on|y up to 300
L™ Typical values for the resulting bandwidth W, which K| so the high-temperature behavior is not exactly knotfn),
follow from t%, are close to 0.5 eV (W~ 0.43 eV for  in which the Mn valency is equal to 3.65. Empirically, we
CaMn M09 0403%"), whereasEg ~ —10 meV € ~ —16 find a good agreement between a simple configurational
meV for CaMn gdM00.0403). Let us stress that good agree-  entropy term (Heikes formula) and charge-carrier concentra-
ment between the theoretical curve and experimental data istion presumed from chemical formula, i.e-53:V/K for x
only achieved in a narrow range of parameters. The result= 0.1538 |n Ca_,LaMnO; (0.4 < x < 0.9), i.e., for the
of this analysis is presented in Figure 13. We start with Asite-substituted system, it has been, however, argued that
CaMry. 000403, first assuming that the charge carrier Svaries as I¥ at high temperatures and tends to a constant
density n is the nominal one,= 0.08. In this case, a good  value close to-194V/K, independently ok.3 This constant
agreement with the experimental data is obtained/ior was intuitively linked to spin entropy of MrA/Mn*t
0.40 eV andE, = —12 meV. These values are compatible packground. In CaMgeaWo.1£0s, this behavior is not repro-
with the ones previously report€Nevertheless, using the  duced and the Seebeck coefficient can be simply explained
same W value to analyze tixe= 0.02 sample yields only a  considering only the doping term of the Heikes formula, such
poor agreement, even though one expects that both samplegs if any additional entropy, including that of spin back-
ground, remains quenched up to high temperatures. We note

(39) 7F’2iS%a6544"gg Margiolaki, I.; Prassides, K.; SuardPBys. Re. B.2005 that the explanation of the thermoelectric power is still a
(36) Zir’nan, J. M.Principles of the Theory of Solid€ambridge University
Press: Cambridge, U.K., 1964; p 131. (38) Chaikin, P. M.; Beni, GPhys. Re. B 1976 13, 647.

(37) Fresard, R.; Heert, S.; Maignan, A.; Pi, L.; Hejtmandkhys. Lett. A (39) Palstra, T. T. M.; Ramirez, A. P.; Cheong, S. W.; Zegarski, B. R.;
2002 303 223. Schiffer, P.; Zaanen, Phys. Re. B 1997 56, 5104.
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matter of controversy; nonetheless, a possible discrepancyector is observed. These characterizations do not refer to
between proposed explanations for ;Gha;MnO; and any shift in the Mn valence due to an oxygen or cationic
CaMny gsWop.1503 (Cap 655my 39Mn0s) can just lie in a more nonstoichiometry, and the incommensurate ordered structure
localized carrier because of higher distortion (due to Sm- should be attributed to a pinning of the modulation vector
for-Ca substitution) or strong perturbation of conducting at the particular valug = 0.23*. It is clear that further
MnOs network (due to W-for-Mn substitution). investigations are needed to understand the phenomena
An interesting finding in the region of C-type AFM phases involved in these systems. In fact, a very small variation in
of the CaMn-,WxOs system is the exceptionally high orbital the actual composition (in the limit of the error, whatever
order temperature, reachinfho = 370 K for x = 0.12. the characterization type) will induce small shifts in the Mn
Because the itinerancy of electrons is reduced in the present;alence, which could explain the open questions previously
system, the stabilization of the ferrodistortive OO cannot mentioned about thevalues or the TEP parameters. In these
originate from the gelectron delocalization in the FM chains compounds, parameters such as oxygen content and Mn/W

of the C-type phase. Instead, it should be related to the
formation of static MA™Og distortions and their interactions
via homogeneous strain field, i.e., to the cooperative Jahn
Teller effect.

The reasons for exceptionally high critical temperature for
charge order in the third compositional region are also not
yet clear. The presence of W in the Mn sublattice disturbs a
regular Mri#t/Mn** ordering, but on the other hand, the
electron delocalization is largely suppressed up to high
temperatures, which may be favorable for higko. The
origin of particularly high structural transition temperatures
is thus probably the same for both orbital and charge
ordering. The ionic size of W (0.60 A), intermediate
between 0.53 and 0.64 A for Mhand Mr#* respectively,
probably minimizes the local strain because of the size
mismatcH® Moreover, the electronic configuratiof hini-
mizes the magnetic disorder on the Mn sublattice and there
are no magnetic interactions with the A-sublattice. A link
could be done with the Mri-rich RuddlesdenPoppem =
1 phases, where highco values are also observed because
of the weaker interactions between the next-nearest Mn (in
connection with the 2D character of the structufe.

Considering that the M9 ions possess the same inactive
d° electronic configuration and have a size (0.59 A) similar
to that of W', it is not clear why the transition temperatures
Too andT¢o are significantly higher in the W-based systems.
As a tentative explanation, we speculate that the different
electronegativity as well as th&G(T) Ellingham diagram
dealing with W and Mo could be parameters to take into
account. In fact, W and Mo do not behave in a similar way
in such oxides, as shown by the existence of the double
perovskite CaMnWQOs,%° whereas no information (to the best
of our knowledge) is reported about f&nMoQOg. That could
be probably connected with the easier stabilization of Mo
(than W) as demonstrated in gleeMoQ;.*3 A Mo ™3/Mo
mixed valence could thus be less efficient at inducing
localization than We.

Another interesting aspect of the charge ordering is the
sameq value observed at low temperatures for a whole range
of xin both the Mo- and W-based manganites. The cationic
composition and the oxygen content were checked foxthe
= 0.14 sample, for which a 0.23 value of the modulation

(40) Rodriguez-Martinez, L. M.; Attfield, J. FPhys. Re. B 1996 54,
R15622.

(41) Sternlieb, B. J.; Hill, J. P.; Wildgruber, U. C.; Luke, G. M.; Nachumi,
B.; Moritomo, Y.; Tokura, Y.Pys Re. Lett. 1996 76, 2169.

(42) Ibarra, M.; Retoux, R.; Hervieu, M.; Autret, C.; Maignan, A.; Martin,
C.; Raveau, BJ. Solid State Chen2003 170, 361.

(43) Alonso, J. A,; Casais, M .T.; Martinez-Lopez., M. J.; Martinez, J. L.;
Velasco, P.; Munoz, A.; Fernandez-Diaz, M.Chem. Mater200Q
12, 161.

and Ca/(Mn+ W) ratios can all vary simultaneously.
Because of the stronger localization of the carrier in this
system, in connection with the static repartition of the foreign
elements on the Mn sublattice, the actual distribution of the
cations may play a role in the observed properties. Moreover,
short-range cationic ordering could also play a role, in
agreement with the observation of double perovskitesfor
> 0.2. Another point in favor of a possible importance of
the cationic distribution is the fact that as soon as the CO/
OO appears (that is in small area of the= 0.12 sample),
the typical valuaj = 0.23* is observed, which is close to
the expected valug = 0.24a*; the difference between
observed and theoretical values then increases xvithis
likely that there is a kind of threshold (around 10%) upon
the B-sublattice, as there is one at a similar value on the
A-site framework, for which the nature of the interactions
change.

To provide a better description of these compounds, it is
necessary to know in detail and with a high accuracy the
crystal structure (interatomic distances, tilting of the octa-
hedra, etc.). Consequently, a neutron diffraction study versus
temperature of CaMyzdV00140; and CaMu gdWVo.1403 IS
under way.

Conclusion

A structural and magnetic phase diagram is proposed for
the CaMn_W,0; system (0< x =< 0.16) that shows a
similar succession of three phases with different ground
states, as in the Mi-rich side of the Ca.,Ln,MnQO; series.
Three compositional regions of different ground states can
be distinguished and, by comparison with the Mo series,
associated with G-type AFM with a weak FM component,
C-type AFM associated with orbital ordering, and Wh
Mn** charge and orbital ordered AFM arrangement. This
study demonstrates lower itinerancy of doped electrons in
the high-temperature region, which is favorable for stabiliza-
tion of OO in the C-type region and CO/OO for higher
values. Tungsten ions induce a large amount of‘Mn the
matrix, but also a strong localization by impurity scattering,
suppressing double exchange. Such a situation is favorable
for orbital and/or charge ordering at high temperatures,
around 380 K.
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