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Transition from a paramagnetic metallic to a cluster glass metallic state
in electron-doped perovskite manganites
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The study of MilV)-rich manganites Ga ,SmMnO; with low electron content corresponding te=&
<0.12 demonstrates the large difference of their electronic and magnetic properties with thallof-hah
manganites. In particular, a metalliclike temperature dependence of the resigijvisyobserved abové,
the smallest room-temperatyse= 102 ) cm being reached for=0.12. However increasing hopping energy
with x suggests the creation of small polaronsegselectrons are injected into the MW) matrix. The
thermopower §) measurements confirm the increase of carriers wietmd can be described within a single-
band metal model. Thp(T) and S(T) curves exhibit also a transition at a fixed temperaiflyye- 110 K for
0.075sx=0.12.T, is related to the appearance of a ferromagnetic component as showIT fd@pendent
magnetization. Nevertheless, the yaeneasurements reveal a complex behavior. CaMaghibits a weak
ferromagnetic componentT¢= 122 K) whereas for Ga ,SmMnO; (0<x=<0.12) they'(T) curves are char-
acterized by large bumps @, with T,,<T. . Moreover, the shapes of the latter are found ttnQedlependent
andT,, is also frequency dependent as shown frgf(T) curves. The magnetization measurements indicate a
cluster glass state beloW: and demonstrate the lack of long-range ferromagnetism in these electron-doped
manganites[S0163-182@8)03529-2

INTRODUCTION the existence of colossal magnetoresistance for an opkmal
value (Xop~0.135-0.16 depending ob), with resistance
The hole-doped manganités _,A,MnO;, whereL is a  ratios reaching several orders of magnitude in a magnetic
lanthanide andA is an alkaline earth, corresponding %o field of 7 T2 Such a behavior is, at first sight, similar to
smaller than 1/2, have been the purpose of numerous inve#at observed in hole-doped manganitgs ,CaMnO; for
tigations these last years owing to their colossal magnetore<0.30:* However, for lowerx values, the two systems
sistanceCMR) properties(see, for a review, Refs. 1 ang..2 _behave differently. For i'n.stance the elec'tron—dopgd mangan-
Their behavior has been interpreted on the basis of th#€S Ca-,SmMnO; exhibit a semimetallic behavior in the

double-exchange theoR#, and of dynamic Jahn-Teller temperature range 200-300 K for=<0.12, whereas the
effect® so that polarons are now widely invoked to explain N0le-doped manganites., ,CaMnO; exhibit insulating
the magnetoresistive properties of these oxfes. properties for similax values, whatever the temperature.

q In order to understand the unexpected behavior of the

In contrast to the hole-doped phases, the electron-dope tron-doped it h dertak detailed
manganites which correspond to v)-rich contents have electron-doped manganites, we have undertaken a detaiie
tudy of the oxides Ga ,SmMnQO,, for low electronic den-

not been extensively studied. This lack of interest can begit e in the ferromaanetic reaion. before the appearance
explained by the fact that manganites such as Y, 1€, 9 gon, pp

: : of the CMR effect (6<x=<0.12). In the present paper we
B'°-25C30-75an3 or L0_25Ca);75l\ﬂn03 are charaptgrlzed by giscuss the transport properties in the paramagnetic state in
charge ordering phenomend and do not exhibit magne-

dependence ok and we see a complex transition @t

toresistive effects. The recent discovery of new ferromag-_11g g independent o below which the samples behave
netic  metallic manganites, €alMnO;  and 4 cluster glasses.

Ca,_,Bi,MnO;, for x~0.101%! has stirred up interest for
these compounds since it suggests the possibility of
magnetoresistance effects for electron-doped systems.
Cay Big 1 MnO5 and Cg ¢Eu, ;MNO; exhibit indeed negative The synthesis of the Ga,SmMnO; (0<=x<0.20)
magnetoresistance but with a much smaller magnitude thasamples was described elsewh&rBurity, cationic homoge-
that of Mn(lll)-rich manganites. neities, and compositions were systematically checked by
The existence of ferromagnetism for both Wh) and  electron diffraction coupled with EDS analysis and by x-ray
Mn(lll)-rich systems has motivated new investigations of thediffraction. The “O;” oxygen stoichiometry was determined
magnetoresistive properties of the electron-doped mangatyy iodometric titration for all the series whereas thermo-
ites. The recent exploration of the series;Cd,MnOg, gravimetric analysis was also performed at 1000 °C in an
varyingx by a 0.01 step in the range(k=<0.20, has shown Ar/H, flow for CaMnQ; (x=0.00). With the accuracy of
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that the doping of the calcium site with samarium decreases
significantly the resistivity with respect to CaMgpQXx
=0.00). The first important point deals with the existence of
a semimetallic domain in the range 175-300 K, whatever the
x ranging from 0 to 0.12. This behavior, very different from
’g 102 | that of the hole-doped manganites_,CaMnO;, which are

) insulating for similarx values, can be explained by the fact
g 0.075 that on the MKIV)-rich side, the Jahn-Teller effect is weak
=%

and consequently the distortion of th®InO;],, framework
\/\—// is small, favoring only the weak electron-phonon coupling,
(L/\__/ contrary to the Mfll)-rich compositions.
109 1 The transport properties of ¢aSmMnO; in the para-
0.12 /]\Tp magnetic state can be understood supposing the existence of
' ' ' a narrow band with mainly aey character which is gradu-
0 50 100 150 200 250 300 ally filled with electrons as calcium is replaced by
T(K) samariumt:> With respect to the fact that theg; band is very
narrow the density of states &t is supposed to be relatively
high; energy fluctuations due to randomness introduced by
%he chemical substitution, which is necessary to create the
charge carriers, can easily induce the carrier delocalization.
This should be the case when the concentration of electrons
both techniques, the oxygen stoichiometry is found to bgg |qw andE does not reach the mobility ed@&: .*® When
equal to 3.06:0.02. the electrons concentration is increased the usual band
Resistivity measurements were performed with the fourmechanism will dominate. Note, however, that due to the
probe method on bars of dimensions 2x 10 mn? with @ mechanism of carrier creatigmonisovalent cationic substi-
Quantum Design physical properties measurement system &lition) and considering the previously mentioned Jahn-Teller
lowing us to apply magnetic fields in the range 0—7 T and ingffect—the distortion of Mn@ octahedra due tdggeé

a temperature range of 5-400 K. ~configuration—one can expect a continuous formation of
The thermoelectric powelS) measurements were carried g )| polarons with increasirg

out between 11-310 K using close-cycle refrigerator. The The electrical conductivity, expressed by a classical for-
four-point steady-state method with separated measuring ang;|a

power contacts was used to eliminate their thermal resis-

tances. The rectangular-shaped samples were mounted on the o(E)=n(E)*e* u(E)

heat sink of cryostate and the miniature resistor, attached by '

a pair of 0.072 mm chromel wires, using GE varnish on theg then a compromise between the high carrier mobility
end of the sample as the heater. The.temperatu.re gra¢emE> (highest for pure CaMn@with no disorder and with-
and voltage drop was monitored using two differential ot MnQ, distortion and the carrier densitg(E) (induced
chromel-constantan thermocoupl€s072 mm in diameter iz the Ca/Sm substitution and/or the oxygen vacancigse
which were affixed to the sample extremities using coppegayrier creation is, however, unavoidably accompanied by
link, indium solder, and silver paint. A typical temperature increasing disorder and, as we have mentioned above, by a
difference across the sample was 1.5 K. The influence of th?endency to form “polarons” which move by hopping. In a
thermopower of chromel was carefully taken into accountrame of this picture we have fitted the resistivity data be-

and necessary correction was made. The experimental setypeen 200 and 300 K using the formula including both the
was checked on high-temperature superconductor Bi-22235rier hopping and their scattering:

ceramics T.= 108 K) and chromel wire and the error within
all range of temperatures did not exceeg\t K 1. p=AxT*expg W/KT)
Magnetization data were collected with a Quantum De- ’
sign superconducting quantum interferen_ce de(/E_&@UI_D) whereA is a constant anw=E,,— J represents the hopping
magnetometer(5-400 K, 0-5 J and with a vibrating-  energy. The temperature-dependent drift mobility 4s,
sample magnetomete{S—SOO K, 0-1.45 T acx curves ~T~lexg —(E,—J)/KT] where E,, is the hopping energy
were registered with an ACS 7000 Lake Shore susceptomynq j is the transfer integral. The observed activation ener-
eter(10 Oe;f =8, 33, 133 Hz or with an :':13c-dc SQUID mag-  giesw are listed in Table I. Despite the fact that the electri-
netometer from Quantum Desigl0 ~ Oe<h,<30e; 4 resistivity dramatically decreases with increasiaghe
1 Hz=f<1kH2). Temperature-dependent inverse of the susjncrease of the activation energies from the very small value
ceptibility curves were obtained from a Faraday balance op-_g mev for CaMnQ up to ~10 meV for samplex=0.12
erating in 0.3 T in the temperature range 100-800 K. reflects, according to our opinion, the increasing tendency to
form small polarons when the concentration of formally
RESULTS AND DISCUSSION Mn_(l!l) ions increases. Finally let us emphasize that the me-
tallicity observed forx=0 suggests that the carriers result
The inspection of the resistivityp) versus temperature from an oxygen deficiency according to the formulation
curves of Ca ,SmMnO; samples(Fig. 1) clearly shows CaMnQO;_, with £<0.02.

FIG. 1. T-dependent resistivity for the ¢aSmMnO;
samplesx values are labeled on the graph. The transition temper.
ture T, is also shown.
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TABLE I. Transport characteristics for the £C3SmMnO; series deduced from the resistivity and
thermoelectric power measurements and chemical composition. nyJ;,h@ ratio is calculated according to
the chemical composition.

X P00k (ML cm) Wy (meV) Sooky (wV K™ N(E)/n Neviny /N
0 26.9 5.4 —350 22
0.05 2.33 8.1 —-120 12 20
0.10 1.5 8.4 —65 10 10
0.12 1.0 10.3 —65 7 8

The second point concerns the fact that the resistivityand a linear temperature dependence in the paramagnetic re-
goes through a broad minimum around 160 K and increasegion. The samples exhibit, however, a different behavior in
again asT decreases below this temperature, whateyer the magnetically ordered state. For the samples witt0.0
leading to a semiconductinglike behavior. But most impor-and 0.05 the thermopower decreases just belgw while
tant is the appearance of a peak on fi&) curves as soon for the x=0.10 sample the thermopower increases. This be-
as the electron density is sufficient, i.e., for0.05. More-  havior indicates, independently on the detailed interpretation
over it is remarkable that the peak temperafligedoes not  of the thermopower data, a decrease of the carrier concentra-
vary with the composition, i.eT,=110 K whateveix. tion for samples withx=0.0 andx=0.05 compared to

The M(T) curves registered under 1.45 T already estab=0.10. For the latter, supposing the metalliclike behavior
lished for these compountfsshow that all of them exhibit a aboveT, and a very slightly increasing resistivity beloly,
ferromagnetic component withic~ T, (Fig. 2), whose mag-  (Fig. 1) the jump and a change in the thermopower tempera-
nitude increases witk so that the magnetic moment reachesture dependence correspond to a change in the transport
its maximum value, 1.kg, for x=0.12. The existence of mechanism; the best fit of both resistivity and thermopower
this peak is likely related to the critical scattering when ap-behavior, corresponds to the variable-range hopping in three
proaching to the magnetic transition. Note that the weak ferdimensions.
romagnetism observed for CaMp@x=0.00) is in agree- In order to explain the transport in the paramagnetic re-
ment with the magnetization measurements performed bgion we have used the expression for the thermopower de-
different groups’~*° The existence of this small ferromag- rived from the general formula valid for a single band metal
netic component may be explained by a deviation from theewritten:
stoichiometric “Q;” content that would imply small )
amounts ok electrons on the Mt lattice. The metalliclike S=7*kg/3exkg* T{3 In o(E)/SE} ek,
behavior observed at this composition between 120 and 300
K (Fig. 1) may be understood if only 1 or 2 % of Mh are (6 partial derivative.
created by the oxygen deficiency and thus inducing delocal- o )
ization in the narrowe, band. Taking into account the above mentioned formula for the

A useful insight to better understand the carrier transpor€l€ctrical conductivity this can be rewritten as

consists of measuring-dependent thermoelectric powes)( _. 2

(Fig. 3. A common prominent feature for all samples is the S=mrKg/3erkg* TIN(E)/n+ 6 In u(B)/ 0B}e—e,,

negative value, indicating that we are dealing with electronsyhereN(E) is the density of states andis the carrier den-
sity. When the thermopower is described by this equation, its

1.2 ‘ ' T absolute value increases linearly with temperature and is in-
versely proportional to the carrier concentration This is
1.0}
- 0
< osl
S o8
° -100 |
E os! =
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FIG. 2. T-dependent magnetization for the series
Ca,_,SmMnO; (0=<x=<0.12) registered during warming in 1.45 T FIG. 3. T-dependent thermopower of three ,CaSmMnO;

after a zero-field cooling. compounds corresponding to the value labeled on the graph.
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FIG. 4. (a) T-dependent ag-of CaMnQ; [top: real part §'), bottom: imaginary partx”)]. Solid and dotted lines are fé=8 and 133
Hz, respectively. The arrow on the bottom part indicates the Curie temperBgure (b) x'(T) (top) and x”(T) (bottom) curves of
Ca& g755My02Mn0O;. The arrow (top par} indicates the characteristic temperatur&,,\ at the bump. (¢) x'(T) curves for
Cay oSy 1gMNO; registered at 133 Hz for differeth, excitation fields labeled on the graph. The curves correspondihg:t010~2 and
10" Oe are superimposed.

exactly what is found in our case. By using the experimental The last remarkable feature of tldT) curves concerns
conductivityo andS values,N(E)/n ratios can be calculated the domain belowT,=110 K which corresponds in a first
(Table ). Using a rough approximation, thé&(E) value cor-  step to a transition toward a second semimetallic state at low
responds to the total concentration of Mn ionstemperature. The latter can only be stabilized for a sufficient
n(Mn)=1.8x10?2cm™2 and the Milll) concentration is de- electron density X>0.10), whereas for a too low electron
termined byx, n~x*1.8x 10?2 One can compare the ex- density a turn up toward a semiconducting behavior is ob-
perimentalN(E)/n ratio with the theoretical onay(Mn)/n. served(see for instance=0.075.

This gives surprisingly good agreement between the values The ac susceptibilitfac-y) curves(Fig. 4 confirm that

of the single-band model used to described the thermopowédhe Sm for Ca substitution drastically modifies the magnetic
and chemical composition for the=0.12 and 0.10 samples. properties. A sharp transition at 122 K on thgT) curve of
The difference for thex=0.05 and~0.0 samples could be CaMnQ; [Fig. 4(a), top] together with nonzerg” values
either due to a simplified model or to slight oxygen defi- [Fig. 4(a), bottom], indicative of weak ferromagnetism with
ciency for the samples witk<<0.10. Tc=122K, is observed. In contrast, the substitution of 2.5%
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TABLE Il. Characteristic temperatures for the £g@SmMnO; 0 20 40 60 80 100 120 140
series deduced from the magnetic measuremdhtsand T, from 0.020 B ERaaE AR
the acy curves,d, from the y~*(T) curves. hac =0.1 Oe
X Te (K) T (K) b, (K) @ 0.015 | % .
0 122 500 g
0.025 110 68 —220 QD o010t .
0.05 110 70 =
0.075 110 69
0.10 110 84 +40 0.005 1
0.12 110 92

Sm for Ca increaseg’ by a factor 4 Fig. 4(b), top], whereas
the Curie temperatureT¢) determined from they”(T) 0.0005
curve [Fig. 4(b), bottom] is decreased to 110 K. Moreover

the x'(T) curve of this electron-doped phase differs from ) 0.0004
that of CaMnQ by the appearance of a broad maximum at = |
T,,=68 K [Fig. 4b)], which is not expected for a ferromag- £ 0.0003 -
net. Similar shapes of thg’' curves are systematically ob- _E’,
served, whatevek in the range 0.025x=<0.12, as illus- 72 0.0002 |
trated for x=0.10 [Fig. 4(c), upper curv¢ It is worth
pointing out that they’ maximum value continuously in- 0.0001
creases witlx, in agreement with th&1(T) curves of Fig. 2 0.0000 . ‘
whereas the constant vallig corresponds td , on thep(T) ' )

curves, i.e.Tc=T,=110 K. Nevertheless, appeak appears at 0 20 40 60 80 100 120 140

108 K for x=0.075, which becomes more pronouncedas T(K)

increases, as shown for=0.10 [Fig. 4(c)]. Moreover the

temperature of the broad maximury, tends to increase with FIG. 5. x'(T) (top and x"(T) (bottom curves of
x for x>0.075, as shown from the comparison of igand ~ Ca.905Mb.1dVINO; registered witth,=0.1 Oe and four frequencies

T, values(Table I)). 1, 10, 100, 1000 Hz increasing in the arrows direction.
The existence of ferromagnetic interactions at low tem-
perature is also confirmed by ti#g increase(Table Il). The In order to test the existence of dynamic effects linked to

values are deduced from the extrapolation of gie'(T) frozen magnetic domains, the frequency dependence of the
curves with 400 KKT<800 K. 6, increases indeed from ac-y curves has been checkéelg. 5. The ac field of 0.1 Oe
—220 K forx=0.025 to+40 K for x=0.10, so that the),, is in the linear part of the susceptibility. The curves are sepa-
<T relationship is always obeyed confirming the lack ofrated in the bump T,) region, clearly demonstrating the
true ferromagnetism. These results show that the ferromagxistence of dynamic effects beloW.. Moreover, the
netism observed at low temperature for these electron-doped’(T) maximum(Fig. 5, bottom is displaced towards high
manganites, although it corresponds to a metallic state, itemperatures ag increases, from 68 K to 87 K fof
very different from the ferromagnetic metallic state previ- =1 Hz andf=1 kHz, respectively. Such a frequency effect
ously shown for the hole-doped CMR manganites such as reminiscent of a spin-glass-like behavior.
Lo-CayMnO,. 14 Nevertheless the observed behavior for our manganites is
The curves registered with different ac fields for a feature encountered in both reentrant spin glagR&$)
Cay oSMy 1 MNO; [Fig. 4(c)] clearly show that nonlinear and cluster glas¥:?! The frequency shift per decade of the
phenomena occur in this compound. It can be seen thdaemperaturdl,, on x"(T) curves, registered with the lokng,
x'(T) values remain constant for,<10"! Oe, whereas the value of 0.1 Oe(linear par}, leads toK=AT, /T, In Af
large bump is induced by applying hightey, values. A non-  equal to 0.09, which is in agreement with typical values ob-
linear susceptibility effect is predicted by the mean-fieldserved for both, cluster and spin glasé&g?
theory for spin glasses with a divergent behavior for the odd Thus, at this point it is not possible to determine whether
harmonics of the susceptibility. Unfortunately with our yac- these oxides are cluster glasses or reentrant spin glasses,
measurement setups, we were not able to separate the diffesince both exhibit - and a frequency-dependent maximum
ent harmonics. One can also remark on this figure that thef x"(T). Field-cooled(FC)—zero-field-cooledZFC) mag-
susceptibility curves start to diverge albhddi K above the netization measurements allow us to find a clue to this issue.
peak temperature of 108 K. This characteristic temperaturelhe M(T) curves forx=0.10(Fig. 6 exhibit a strong hys-
110 K, corresponds thus to the Curie temperature in gooteresis, in agreement with the lack of a true long-range or-
agreement with th@: value obtained from thg”(T) curve  dering. Moreover, the irreversibility starts just beloW:,
(Fig. 5, bottom. The existence of a nonlinear component hascontrary to what appears for RSG, where the FC-ZFC irre-
been previously reported for the “cluster glass” versibility occurs significantly below . Furthermore, the
Lay sS1y sCo0; compound whose clusters originate from lack field-cooled branch is not flat below the temperature where
of long-range ferromagnetic ordering in the vicinity®§.2°  the FC and ZFC curves start to diverge, contrary to a spin
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FIG. 6. x(T) curves obtained fronM(T) curves registered in
the ZFC and FC proces$i{.=10 Oe) for Cg¢Sny sMnO;.

glass, leading to a much larger hysteresis. This demonstrat
that Cg oSm, sMnO; must be considered as a cluster glass a

low temperature.
Finally, according to the similarity of their transport and
magnetic behavior, the electron-doped

manganite

AGNETIC METALLIC TO . .. 2763
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FIG. 7. M(H) curve registered at 10 K for GggSm, 1 MnOs.
The arrows indicate the increasing and decreasing branches.

S"’»/VLB/moIe of Mn value but are generally limited to
?l—l.?MB even in magnetic fields of several Tesla.

In conclusion, the combination of transport and magnetic
measurements has allowed us to characterize the physical
goperties of Ca_,SmMnO; Mn(lV)-rich manganites (0
xx=<0.12). In particular, a cluster glass magnetic state is

Ca,,SmMnO; with 0<x=0.12 can be considered as clus- yserved in low magnetic field below the Curie temperature
ter glasses at low temperature in low magnetic field. Theyhich is semimetallic forx=0.10—0.12, in contrast to the
application of larger magnetic fields show that the hystersemiconductinglike behavior of MHI)-rich manganites.
esis curves are not typical of conventional ferromagnetsmoreover, the normal-state transport properties always show

This is illustrated by theM(H) curve registered for
Ca geSmy 1 MNO; at 10 K (Fig. 7). Note, in particular, that

a semimetallic behavior with a continuous decreasg;gf «
from x=0.00 tox=0.12, reaching 10° Q cm for the latter.

the magnetization does not totally saturate and that the renNevertheless, the fitting of the(T) curves with a small

anent magnetization and the coercitive fields remain ver
small. Furthermore, thes® (H) loops together with the

M(T) curve (Fig. 2 demonstrate that the saturation
magnetization never reaches values close to the expect

yolarons model shows that the hopping energy tends to in-
crease with the doping level. This underlines the crucial role
played by the Jahn-Teller MHl) eé cation in the localiza-
@idn process.
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