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Besides the Kondo effect observed in dilute magnetic alloys, the Cr-doped perovskite manganate
compounds Lg,Ca Mn,_,Cr,05 also exhibit Kondo effect and spin-glass freezing in a certain
composition range. An extensive investigation for theg JGs, ;Mn,_,Cr,05 (x=0.01, 0.05, 0.10,

0.3, 0.6, and 1)0 system on the magnetization and ac susceptibility, the resistivity and
magnetoresistance, as well as the thermal conductivity is done at low temperature. The spin-glass
behavior has been confirmed for these compounds with.05, 0.1, and 0.3. For temperatures
aboveT; (the spin-glass freezing temperatuee Curie—Weiss law is obeyed. The paramagnetic
Curie temperature® is dependent on Cr doping. BeloWw there exists a Kondo minimum in the
resistivity. Colossal magnetoresistance has been observed in this system with Cr concentration up to
x=0.6. We suppose that the substitution of Mn with Cr dilutes Mn ions and changes the long-range
ferromagnetic order of LgCa, ;MNnO;. These behaviors demonstrate that short-range ferromagnetic
correlation and fluctuation exist among Mn spins far abdxd-urthermore, these interactions are

a precursor of the cooperative freezing d. The “double bumps” feature in the
resistivity-temperature curve is observed in compounds xth.05 and 0.1. The phonon scattering

is enhanced at low temperatures, where the second peak of double bumps comes out. The results
indicate that the spin-cluster effect and lattice deformation induce Kondo effect, spin-glass freezing,
and strong phonon scattering in mixed perovskitg G, ;Mn;_,Cr,0;. © 2005 American Institute

of Physics[DOI: 10.1063/1.1898438

I. INTRODUCTION study of Mn-site doping is expected to provide important

. . . clues to the mechanism of CMR. During the recent years,
The perovskite manganese oxide has again become at‘Here have been more and more reports on the effects of
interesting object since this material shows some exotic elec- ~ . . . . EZO .
n-site doping with foreign element&~?° It is found that

tronic transport and magnetic properties as well as colossaY! . . .
magnetoresistancéCMR), > which is known to be one of Mn-site doping generally decreases the Curie temperature

the future resources in detecting and recording magnetic sigi"d the MI transition temperature. However, the exact effect
nals. INR;_,AMnO; (R=rare earthA=Ca, Sr, Ba, and Pb  depends on the nature of the doped elements. Among these
system, for the particular content of the manganates, thdoped elements, Cr has a rather slow decreasing effect on the
mixed valency(Mn3*/Mn**) leads to a strong ferromagnetic Curie temperature and the MI transition temperaftré!
(FM) interaction that arises from a double-excharfB) Moreover, some extraordinary phenomena, for example, the
mechanisni.A metal-insulator(MI) transition and CMR oc- spin-glass-like freezing in magneti%?r?6 and “double

cur at and around the ferromagnetic Curie temperaflige bumps” in resistivit§1’27’28 are observed in doped com-
Besides DE interaction the lattice distortion is believed topounds. All the phenomena are interesting and attractive, but
play an important role through strong electron-lattice cou-t is hard to extract the exact explanation because of the
pling, which arises from the Jahn-Tell¢dT) distortion  complex interplay among charge, lattice, and spin in the pro-
around Mr* ions/™? It is generally recognized that the totype CMR material Lg-Ca, sMnOs. In this paper, we re-
port our measurements on dc magnetization, ac susceptibil-
¥Electronic mail: wubm@ustc.edu.cn ity, magnetotransport, and thermal conductivity for the
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50 TABLE |. Experimental values on magnetic and transport properties of
Lay Cay sMn;Cr,O3.
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FIG. 1. ZFC magnetization vs temperatu&T) in a field of 100 G for manganites_ by many _ _aUthorS- The paramag_netic-
Lag LCa Mn;_,CrOs. ferromagnetic phase transition occurs arodng the Curie

temperature confirmed by the magnetization measurement.
perovskite Lg-Ca Mn;_Cr,0; (x=0.01, 0.05, 0.10, 0.3, Tc is suppressed slowly with the increase of(@r x<0.3)
0.6, and 1.0 Kondo effect and spin-glass freezing have beerthat is shown in Table I. The sample wik=0.6 shows a
well confirmed in this system in certain composition ranges!ower hillside in the magnetization, probably associated with
An enhanced phonon scattering is almost simultaneous witAn antiferromagnetic transition. For the end memger].0,
the second bump of double bumps in resistivity. The resultd has a tiny temperature-independent diamagnetic contribu-
indicate that the spin-cluster effect and lattice deformatiorfion. The magnitude ofM increases at lower dopingx
induce Kondo effect, spin-glass freezing, and strong phonoi=0.1) and then goes down when the Cr contentis0.1.

scattering in mixed perovskite haCay sMn;_,Cr,Ox. The Mzec(T) andMe(T) curves in the field of 25 G are
presented in Fig. 2 for LgCa sMn;_,Cr,0O5 (x=0.01, 0.10,
Il. EXPERIMENTS and 0.3. Irreversibility between the ZFC and FC magnetiza-
tion curves is clearly seen close M for all Cr-doped
A series of polycrystalline samples samples. The thermomagnetic irreversibility arises from the

Lag Cay aMn; «CrO3 (x=0.01, 0.05, 0.10, 0.3, 0.6, and 1.0 magnetic anisotrogy or is due to spin-glass-like behavior as
were prepared by the conventional solid-state reactiofeported in many-order magnetic systems. However, the re-
method?® Appropriate amounts of L);,CaCQ,MnO,,  sylts indicate no simple ferromagnetic long-range order in
and CpO3; were mixed and heated in air at 900 °C for 24 h, these Cr-doped compounds. The drop of tegr(T) at
and then heated at 1200 °C for 24 h with intermediate grindiower temperatures deserves attention and may be related to
ing. After the powder was pressed into pellets, a final sinterthe interaction between spitsee the following
ing was carried out at 1400 °C for 24 h. The structure and  The ac susceptibility measurements are a compatible
phase purity of samples were checked by powder x-ray diftechnique usually used to search for the magnetic glass be-
fraction (XRD) with CuK, radiation at room temperature. havior in a material. The susceptibility will have two com-
The XRD patterns prove that all samples are single phase igonents: a real pant’ (), the dispersion, and an imaginary
orthorhombic perovskite structure. part x"(w), the absorption. The temperature dependence of
All measurements on electrical transport and magnetism(T) and ”(T) is measured at the frequency of 73 Hz and is
were performed by a Physical Property Measurement Systegfisplayed in Fig. 3 for Lg,Ca, sMn;_,Cr,O3 (x=0.01, 0.05,
(PPM9 of Quantum Design from 5 to 300 K. In the zero-field g 10, 0.3, 0.6, and 1)0 The temperature dependence of
cool (ZFC) measurements the sample was cooled down fronj(r(-r) shows a maximum at high temperatures and a bend at
room temperatureot5 K before a measured field was ap- oy temperatures. The maximum should be the
plied. In the field cool(FC) measurements the sample was paramagnetic-ferromagnetic  transition observed in  dc

the magnetization datd),-(T) andMg(T), were collected

in warming the sample up to 300 K. AC susceptibility mea-

surements were carried out in an applied fielg=10 G at 18 Ty | —»—0.01FC
different frequencies from 10 to 1003 Hz. The resistivity in . amze
magnetic field up to 7.0 T was measured by the standard ”g 12- —s—0.1 ZFC
four-probe method. The thermal conductivity data were mea- E %6 ::&g;?c
sured by the method of longitudinal steady thermal ffBw. s 8

4-
I1l. RESULTS
A. Magnetization and ac susceptibility 04 .

. . _ 0 S0 100 150 200 250 300
The Mg, as a function of temperaturein the field of
100 G for all the LgCa 3Mn;_,Cr,05 (x=0.01, 0.05, 0.10, Temperature (K)

0.3, 0.6, an(_j 1.Dsamp!es, is prgsented in Fig. 1. _The form of i, 2. Magnetization vs temperatuk&(T) in ZFC (circle) and FC(solid
the curves is qualitatively similar to that described for thecircle) processes in a field of 25 G for jgCa, Mn;_,Cr,Os.
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FIG. 3. Temperature dependence of ac susceptilisityy’ and (b) x” in FIG. 5. Reciprocal susceptibility of l,gCa ;Mn,;_,Cr,05 as a function of
applied fieldH,.=10 Oe at 73 Hz for Lg,Ca, sMn;_,Cr,O3. temperature.

data measured in the paramagnetic phasd dsversusT in
Fig. 5 for the different Cr content. The susceptibility of
99.7C8 3Mn;,Cr,05 compounds exhibits deviation from
urie—-Weiss behaviofM/H=C/(T-6)] at relatively high

in the same way as the drop in 8,(T). There exist two

peaks in they”(T) curve. One peak at high temperature ap-
pears at the same temperature related to the paramagnet
ferromagnetic transition and its position in the temperature .
coordinate is independent of frequency. The other sharp cu mperatures, where the curves clearly show different values

is located at low temperatures. More important is that thet f thg tgut”_e C?”Stl‘?”;tsd‘?”dT”;)T pgramagnettlc Curie te][np"era-
position of this cusp in the temperature coordinate is depen—ure at1s also listed in 1able 7 represents a sum ot a
e exchange interaction for a completely random system.

dent on frequency and shifts to higher temperature when th , , T
he value off is reduced ag increases and maintains nearly

frequency of the ac field increases from 10 to 1003 Hz. Typi- - .
cal results are displayed in Fig. 4 for the sample with a constant value for=0.05, 0.1, and 0.3, and is then reduced

=0.1. The frequency shift offers a good criterion for distin_with increasing Cr, which reflects a decay of local ferromag-

guishing a canonical spin glass from a superparamagnet. et'S”?- Thus, the ferromagr!enp e>_<changes are becoming
the same time the cusp is depresseat shown when a dc more improbable as Cr substitution increases.

field is applied from 0 to 500 G. All these phenomena are the

typical features of spin glass.The spin-freezing tempera- B. Resistivity and magnetoresistivity

ture T; can, thus, be determined and is listed in Table I. Table

I shows the important parameters obtained from the magi;[y p(T), for Lag Cay Mn,_,Cr,0; (x=0.01, 0.05, 0.10, 0.3
' ' . VL IxM3 AT VYL, VLU, VLY, VY,

netic and transport measurements. : )
S D 0.6, and 1.D samples measured in zero field. All members
The sharp cusp appearing in ac susceptibility is a com; ; . .
. o - ._have an insulating behavior at room temperature. Cr-doped
mon character of spin glass. This is a visible representation . o .
manganates wittx=0.1 have a transition to the metallic

O.f Spin freeZ|_ng IN @ macroscopic scale. In fact each mter_ac-tate atTy, that is listed in Table I. When the doping is in
tion responsible for spin freezing has affected the physica

. . excess of 0.3, the insulating state is maintained. The double
properties at far higher temperatures tiari**?We plot the g

Figure 6 shows the temperature dependence of resistiv-
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FIG. 4. AC susceptibility measured at different frequencies FIG. 6. Temperature dependence of resistivity fog &, ;Mn;_,Cr,Os.
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FIG. 7. MR as a function of temperature under 1, 3, and 7 T.

bumps feature ip(T) curve is observed in samples with
=0.05 and 0.1, which is consistent with what has been
reportedz.1 We suppose that it is a consequence of a possible
competition between the single-impurity Kondo effect and
the Ruderman—Kittel-Kasuya—Yosid&®KKY) interaction, FIG. 9. Temperature dependence(af electrical conductivity andb) ther-
and we will discuss it in details thereinafter. mal conductivity for Lg7Cap Mn;,Cr0;.
The magnetoresistivitfyR measured in the fields of 1,
3, and 7 T as a function of temperature is shown in Fig. 7minimum behavior in Lg,Ca, ;Mng {Cry ;05 may be attrib-
MR is defined as uted to the Koggo effect that is generally observed in dilute
_ magnetic alloys:” Kondo describes this phenomena based on
MR=[R(H) ~R(O)J/R(0), (@) thes-d interaction model between a single magnetic impurity

whereR(H) is the value of the resistivity in an applied field (d) and the conduction electrorfs), which gives rise to a
H. MR is negative for the Cr-doped samples, but it displaysSingular term in the resistivity involvinglog T as a factor,
a little positive in lower fields of 1 T for a sample with ~ Wherec is the concentration of impurity atoms. Combined
=0.6. For the end member, §#a, CrO;, no MR is de-  With the lattice resistivity, the outcome is a resistance mini-
tected even if the fields are applied up to 8 T. It should bemum, provided thes-d exchange integral is negative. In
noticed that the nature dfIR for Cr-doped manganates is Fig. 8 we show, in the inseR plotted as a function of loga-
somewhat different from the pure manganate,rithmic T. The Kondo effect in Cr-doped manganates then is
Lag -Ca MnO5. For the Cr-doped manganathtR extends possible. Applied magnetic fields suppress the spin-flip scat-
broadly over the temperature range investigated. In additiorfering of the conduction electrons, thus leading to a negative
a small field can induce a modedR at lower temperatures, Mmagnetic resistance.
as is seen in Fig. 7.

To show clearly the double bumps R(T) we magnify  C. Thermal conductivity
these features in Fig. 8 for the sample with0.1. One of the
double bumps at the high temperature, which is related to Ml
transition, arises from acknowledged DE, the other puts up 5
very large peak around 130 K. Below the double bumps is F;rl_]
minimum resistivity. Furthermore, upon applying a field the

resistance of the compound is suppressed drastically in tl 27 X
b PP y éaly reduced with increasing Cr, except wh&r0.6. The

whole temperature range, meanwhile the position of th .
minimum in Ry(T) curves is maintained. This resistance _K(T) at high temperatures ab_oir@ decreases as temper«_ature
is reduced, and the respective slope/dT almost remains
constant, which is definitely positive for all samples. A sharp
increase of thermal conductivity at temperature, namgd
corresponding to Ml transition is found for samples with
=<0.1. The values of} shift to low temperatures with the Cr
doping and are listed in Table I. Moreover, for samples with
x=0.05 and 0.1x(T) is suppressed dramatically over a low
6 . temperature range beloW, where the second bump {T)
x=0.1 ' comes out.
The thermal conductivity«(T) in general is contributed
2y by electrons(«,) and phonongxpy,),
0 5 100 150 200 250 300
Temperature (K) K(T) = ke(T) + Kpn(T). (2)

Temperature (K)

The temperature dependence of thermal conductivity
(T) is shown in Fig. %) for the La,Ca Mn;_,Cr,03 (x
0.01, 0.05, 0.10, 0.3, and 0.6amples. On the whole, be-
aviors of thex(T) curves are consistent, as reported in some
erovskite manganese oxid¥s>® The value ofx is gradu-

12+

104 ]

Rin)

FIG. 8. Temperature dependence of resistivity for the sample i1, According to t_he V_Viedemann—Fran_Z |f_3V_V, we can estimate the
The inset shows plotted as a function of logarithmig. electron contributiong, from the resistivity data,
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ke(T) = LoTo, (3)  8). The frozen state is random, and the frozen disorder will
B 8 ) ) still make a significant contribution to the scattering. Cer-
where the Lorenz constahp=2.45x 10" W Q/K“ando'is 5y the spin-disorder scattering is steadily reduced when
the electrical cqnductlwty. The contributions &t in all the temperature is lowered through What we seem to be
samples: are estimated to be !e_ss than 1% qf the total thermg tecting at temperatures abole namely, the broad bump
c;onductlvr[y and can t,)e negligible. ThusT) is almost en- in the p(T) curves belowT (for example, around 130 K for
tirely due to phonons in the present samples. x=0.1 in Fig. 8 may be the long tail of the Kondo effect,
which has a negative temperature coefficient. The change in
IV. DISCUSSION sign of the slope in the(T) curves represents a competition
The compounds, LgCa, aMn;_Cr,0s for finite x, can between the sin'gle-impurity Kondo_ effect .WhiCh causes a
be considered as a #3,Ca*,.Cr* Mn®,, Mn*, 0, resonant scattering and the RKKY interaction that wants to
composite. The substitution of Cr for Mn sites induces anti-couple the spin, thereby reducing the spin-disorder scatter-
ferromagnetic interaction betwee@r3*—O—C#* and pro- ing. All these occur abovd; and as a precursor to t.
motes the proportion of Mi—O—Mrf*; combined with fer- Again, contrasted with the temperature dependence of elec-
romagnetic double-exchange interaction of ¥O—Mrf*, trical resistivity and susceptibility, the second bump below
there always exist mixed magnetic interactions inTc in p(T) and the valley iny’(T) are present at the same
Lay Ca sMn;_,Cr,05. Doping with Cr does not change the temperature. The results can be explained such that conduc-
electron concentration in the samples, but it dilutes the magfion electrons come underspin-dependerscattering'” Ap-
netic interaction between Mn ions as tlein Mn,,.Cr,  Plied magnetic fields restrain the energy of spin coupling and
increases. This leads to the decrease in the probability diromote the conductivity that leads to CMR. The magnetic-
ferromagnetic coupling between Mn ions of nearest neighsensitive resistivity occurs in a wide temperature range.
bors. The neutron powder diffraction study of the richly Thus, the resistive transition is no longer related purely to the
doped manganite with Cr on Mn site reveals that Mn and Cimagnetism, but rather to the scatters caused by the spin-
form antiferromagnetic zigzag chains along thaxis>° The  cluster effect that generally consists of spin-glass matrices.
randomness of the spins of the neighboring coupling, ferroThe influence of spin-cluster effect on transport properties is
magnetic or antiferromagnetic, predominates in the systergxpected to be rather important. Some work has been done
when a given Mn ion has Cr ions as a significant fraction ofon studying various possible scenarfé$? including the
its nearest neighbors. Ultimately, when Cr ions neighborsplitting of phase transitions due to the occurrence of mag-
each other for the higher doping of Cr, one might expectnetic clusters.
their mutual interaction to dominate. The anomaly in the  Concerning phonon thermal conductivity, we pay atten-
magnetic and transport properties foaround 0.1 thus sig- tion to the similar temperature dependencies«¢T) and
nifies a crossover. electrical conductivityo(T) around MI transition in Figs.
We suppose that spin clusters with antiferromagnetic or9(a and 9b). The comparability of«(T) and o(T) is indi-
der grow and are imbedded in the ferromagnetic matrix berectly related to the electroftharge-lattice coupling and is
low T¢, which induces a complicated spin-cluster effect. Ir-tuned by the state of the charge carriers. The electron pro-
reversibility and time-dependent effects observed incesses will induce a displacement of large Jahn-Teller dis-
magnetic measurements have proven this point. With detorted(d*) MnOg octahedron by undistorted®) octahedron.
creasing temperature the ferromagnetic and antiferromagAlthough the anharmonic distortions exist in both metallic
netic competing interactions finally make the magnetic couand insulating regime%‘,the local lattice distortion is differ-
pling constant in the system, which goes into a spin-glasent due to the different states of charge carriers. In the me-
state. The available theories focus upon the freezing of altallic state, the electrons are itinerant, the dynamic electron
ready existing clusters at. Nevertheless, the spin correla- processes will urge the distortion @*) MnOg octahedron to
tions far above T; are very important and must be be uniformly averaged over neighboring undistort@t)
considered**? The development of these correlations gen-MnOg octahedron. Lattice polarons will not tend to form. On
erates the spin-glass state. This interpretation is consistettte contrary, electrons are localized in the insulating state,
with the varyingé in our results if we naively assume that electron processes are weaker &gclectrons are easier to
this interaction strength is proportional to the number of Mntrap in (d*) MnOg octahedra, so that the lattice polarons are
ions without a Cr neighbor. We notice in Fig. 5 that the valueeasier to form. In the viewpoint of phonon transportation, the
of 6 is reduced ax is increased, then maintains a nearly lattice polarons are the scattering centers of phonons. Hence,
constant value for samples witk=0.05, 0.1, and 0.3. In the phonon thermal conduction has a relationship with the
those Cr-doped samples the spin-glass behavior has bestate of charge carriers. Another origin for the phonon scat-
confirmed. That is to say, the main effect of Cr doping is totering may be expected at low temperatures due to spin-
decreasef by decreasing Mn ions in the sample, therebydependent scattering. Since the anomalous enhancement in
introducing less ferromagnetic exchange in the systemphonon scatter is almost simultaneous with the second bump
Short-range correlations and fluctuations exist among spins p(T) in a wide temperature range beldly for samples
of Mn ions, and these interactions are a precursor to th&ith x=0.05 and 0.f%it is possible that some mechanisms
lower-temperature spin-glass freezing. closely related to spin-cluster effect—lattice interaction are
The electrical transport exhibits no transition at the spin-the origin of the enhancement. Both the local fluctuation of
freezing temperature, only a gradual transformatsee Fig. the lattice structure related with the state of charge carriers
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