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Semiconductor-metal transition and magnetoresistance in L@, yy3Ba2—x)3Cu;—xMn, O,
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Samples of Lg 3Bz Cl—xMNn,O; (0.7<x<1) were fabricated by solid-state reaction. X-ray dif-
fraction reveals a structural distortion from the cubic perovskite to orthorhombic symmetry with increasing Cu
doping content. The measurement of resistance vs temperature dependence in zero field shows a
semiconductor-metal transition &}, and a resistance minimum at low temperatures for the Cu doping range
<20%. Applying a magnetic field of 5 T largely enhances the conductivity in the whole range ©f, and
the largest magnetoresistance effect appears ardyndrhe double-exchange model is used to discuss the
present observations in which the effectstesite radius(r ,) and theA-site size mismatclo-® as well as the
proportion of Mr#* ions are considered. We also point out that the Cu ions enter into the Mn sites in the form
of Cu** but not C#" in order to explain the observed transition in samples with higher Cu doping contents.

In the past years, owing to the discovery of high- A series of Ly 3B8;-x)sCu—xMn,O;5 (x=0.7, 0.8,
temperature superconductivity and colossal magnetoresi€.85, 0.9, 0.95, and)lsamples were prepared using the
tance (CMR), considerable attention was attracted to twosolid-state reaction method. Appropriate proportions of
types of transition-metal(Cu and Mn oxides. Taking Lay,Os BaCQ;, MnCO; and CuO high-purity powders were
La; Ba_,CusO; and Lg,,Ba_,Mn3;04 as examples, it thoroughly mixed according to the desired stoichiometry,
can be found that both systems have much in commorand then prefired at 1000 °C for 24 h. The prepared powders
Among them, the most obvious fact is a mixed-valent behavwere ground, pelletized, and sintered for three times at
ior for transition-metal ions (GU/Cu®* and MP**/Mn**) 1150 °C/24 h, 1300 °C/72 h, and 1250 °C/72 h, respectively,
that strongly affect physical properties. Varying the relativewith two intermediate careful grindings and mixing. After
ratio between L& and B&" ions not only changes each sintering, the samples were cooled to room temperature
valence state of transition-metal, but also leads tcat a rate of 40°C/h. X-ray powder diffraction shows that
some transformations of crystalline structure. With decreasthe thus prepared samples are single phase with no detectable
ing X La.,Ba ,CuwuO; undergoes a tetragonal- secondary phases. Shown in Fig. 1 are powder Xx-ray-
orthorhombic  transition, while  La, Ba,_,Mn30q
(or L& 4x)3Ba2-xsMnO3) undergoes  orthorhombic-
rhombohedral-cubic-tetragonal/orthorhombic  transitions.
The similarities between the two systems urges one to
investigate the doping effect of Mn on Cu sites of
La;,«Ba ,Cu0; or of Cu on Mn sites of
La; . Ba_,Mn3Oy. Here we report effect of replacing
Mn with Cu on the conducting properties of
Lag1 1 x)/3B82-x3Cl—xMn,O;. We find that even in the
20% Cu-doped sample both the semiconductor-metal transi
tion and CMR effect are still observed. The experimental
observations are discussed by considering effecta-site
ionic size (r,)) and mismatch effect«?) as well as the
proportion of Mrf™ ions. Our analysis shows the main effect 20 4 20 (degree)
arising from the variation of the proportion of Kih ions.

We also point out that the Cu ions entering into the sample FIG. 1. X-ray powder-diffraction patterns for the Cu-free and
are C&" but not Cd" ions. 20% Cu-doped samples.
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diffraction patterns obtained in the Cu-free and 20% Cu- 350 T J T T T T "
doped samples. All diffraction peaks can be indexed to ¢ | G Q. (®)
cubic perovskite structure with~7.811A for the Cu-free 300 )
sample and an orthorhombic structure wétk 7.68342 A, =
b=7.86242A, and c=7.787A for the 20% Cu-doped ¥ 280
sample. It implies that a structural distortion from the cubic™ ze0
perovskite to orthorhombic symmetry occurs with increasing

the Cu doping content.

Resistance as a function of temperature was measured | 100
the standard four-probe method. Figure 2 shows the exper Bl e e s S e e 0.0158
mental data obtained in zero magnetic field for samples o ) o
Cu doping content ranging between 0 and 20 %, where th % JPtad ]
data are normalized by room-temperature resistance. As ge .-
erally reported in the literature, the electrical conductivity of N i P Loosso
the Cu-free sample shows activated semiconducting behavicy* | 5, 1 P a,
at high temperatures, and a transition to metallic behavior ¢ . .
low temperatures. The transition is characterized by a peak i L LT T
theRvs T curve at the temperatufg,. Similar transition is L~
also observed in the Cu-doped samplex®f0.8, however, Y13 — i . ! : L - 0.0142
the conductivity at low temperatures does not exhibit metal o % Cu doping sentent (%) 0
lic behavior. After passing through a minimum, further cool-
ing brings about an increase in resistance. We point out that FIG. 3. (&) Transition temperaturé, determined by measuring
the observed minimum is an intrinsic behavior, but not duezero-fieldR-T dependence anth) the averagé\-site ionic sizg(r »)
to the interplay between the conductivities of several phase&s well as theA-site mismatch effect® as functions of the Cu
because of no detectable secondary phases even in the 2@®ping content for Lg . 3Baz-xsCl1-xMnO; samples.

Cu-doped sample, as indicated by x-ray diffraction.

In Fig. 3(a), we plot the temperaturg,, corresponding to and then decreases, as the sample is cooled. We also note
the peak in theR vs T curve, as a function of the Cu doping that the magnetoresistance effect is significantly observed
content. It can be found that, largely decreases when the even at temperatures much lower thgy a behavior differ-

Cu doping content increases frorb% to ~10%, and then ent from the previous observation in JqB,,sMnOg
tends to smoothly decrease on further increasing the Cu dof§B = Ca, Sr, Ba, Phin which no significant effect is observed
ing content. A large decrease T, with increasing the Cu  atT<T,.

doping content from~5% to ~10% is consistent with a Both magnetic and electronic properties in CMR materi-
structural distortion from the cubic perovskite to orthorhom-als have traditionally been understood by the double-
bic symmetry. exchange (DE) model® Although recent theoretical

We have also performed the measuremenRaofs T de- consideratiorfsindicated that the DE model alone could not
pendence in a magnetic field 6 T for the samples of Cu quantitatively account for the observed CMR values, the
doping content ranging between 0 and 20%. The appliednodel is still a good physical basis for the discussion of the
field enhances conductance ndgy for all the samples in- fascinating properties of the CMR materials. The parent
vestigated, leading to an observation of the CMR effect. Acompound LaMn@is an antiferromagnetiéAFM) insulator
an example, Fig. 4 shows tiReT data measured in the field in which only Mr®* exists. Doping with the divalent ions
for the 20% Cu-doped sample together with the correspondCa, Ba, etg.causes the conversion of a proportional number
ing zero-field data. As is evident in the figure, the magne-of Mn®*" and Mrf*. Because of the strong Hund’s coupling,
toresistance effect increases, reaches a maximum Tgar
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FIG. 2. Temperature dependence of resistance measured in zero FIG. 4. Resistance vs temperature dependence measured in
field for Lag+3Ba2-x3Cli— MOz samples. magnetic fields oH=0 and 5 T in the 20%Cu-doped sample.
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the electronic configurations are K (tggeé) and Mt ments show that the semiconductor-metal transition can be

(tggeg). A DE interaction between Mfi and Mt mediates observed even in the 20% Cu-doped sample in which the
the ferromagnetidFM) interaction, and the sample shows proportion of Mif* ions is as high as 75%.
metallic conduction below a temperatuFg which is shown In order to explain the semiconductor-metal transitions
to be close to the Curie temperatufe. NearT,, the ap-  observed in the case of higher Cu doping content, we ac-
plied magnetic field tends to align the lodg}, spins, and count for the Cu ions existing in the system in the form of
then electron transfer increases. As a result, applying thealence(3+). In such a case, the composition can be rewrit-
field largely enhances the conductance, leading to the sden as
called CMR effect.

It is generally demonstrated that a stronger DE always
corresponds to a higher transition temperaflige To date, Lay 1+ x/8Ba 2 x)2CU—xMN(I) (25— 1)3MN(IV ) (5 4303
the following three factors have been shown to strongly af-
fect the DE(and henceTp),5 i.e., the hole carriers density
controlled by the MA*/Mn** ratio, the A-site cation size The corresponding proportion of Mh ions existing in the
(rp), and the A-site mismatch effectr? defined byo?  system is 33%X=1), 36% (=0.95), 41% &=0.9), 45%
=3y, iz—(rA>2. From the point view of being favorable to (x=0.85), and 50%=0.8), respectively. Such proportions
stabilize the low-temperature FM metallic phase one wouldf Mn*" jons are consistent with the experimental observa-
expect an optimum MH/Mn** ratio to be 2:1. On the other tions shown in Fig. 2. For the range of proportion of Mn
hand, the optimum MH /Mn** ratio is favorable to form an ions near 33%, the system is simply characterized by a
ideal cubic perovskite. Any deviation from the ideal cubic semiconductor-metal transition on cooling, as seen in the Cu-
perovskite would lead to a reduction in the Mn-O-Mn bondfree and 5% Cu-doped samples. Further increasing the Cu
angle from 180°, which directly weakens the DE. Besidesdoping content increases the proportion of “¥Mnions
the Mr?"/Mn*" ratio, both(r,) and ¢ have also been thereby weakening the ferromagnetic DE interaction. Conse-
shown to influence the DE. Increasifig,) would strengthen quently, the AFM superexchange interaction between the
the DE mainly due to the broadening of the one-electromeighboring Mn ions cannot be completely suppressed. As it
ey band, while the mismatch effect would promote the local-is well known, the ferromagnetic DE interaction favag
ization of ey electrons thereby weakening the DE. Forelectrons to transfer between neighboring Mn ions, leading
La1+x)/3Ba2—xsMNn,Culy O3, the stoichiometrical compo- to a transition to FM metallic behavior at<T,. On the
sitions for all metallic ions are varied with the Cu doping; asother hand, the AFM superexchange interaction prevegts
a result, variations ifr,), o2, and the MA*/Mn** ratio  electrons to transfer between neighboring Mn ions, leading
happen simultaneously. Shown in FigbBare(r,) ande?  to an increase in resistance at low temperatures. Their com-
as functions of the Cu doping content. It can be seen thabetition yields a minimum in thék vs T curve, which is
both (r,) and o increase with increasing the Cu doping indeed observed in the higher Cu-doped samples.
content. Because of the almost same variation behavior in The considerations mentioned above can also account for
both (r,) and o2, we expect that the two effects would be the observed magnetoresistance properties. Cu doping on Mn
approximately compensated for each other. Therefore, thsites of Lay 3B, x)sCl—xMn,O5 weakens the ferro-
main effect onT, for the present system arises from the magnetic DE interaction, so that the AFM interaction cannot
variation of Mr#*/Mn** ratio caused by the doping. be completely suppressed. The AFM interaction becomes

In the previous reports, Helmoltetal® observed stronger with decreasing temperature. Applying the magnetic
semiconductor-metal transitions similar to the present obseffield further suppresses the AFM interaction and hence pro-
vations except for different transition temperatures. Theymotese, electrons to transfer between neighboring Mn ions.
assumed the Cu ions existing in the system in the fornThis is the reason why the magnetoresistance effect can be
of valence (2+). In this case, the composition significantly observed even at<T,.

of La 1 x3Ba2—x)sCu - xMn,O5 can be written as In summary, the effect of Cu doping on conducting prop-
erties of Lay ) sBaz x)sCl—xMn,O5 has been experi-
Lay1 +x)13B82— x)3CUL—xMN(I1) 75— 5)3MN(IV ) (5 _ 41303, mentally studied. The semiconductor-metal transition moves

to the low-temperature region with increasing the Cu doping
content and disappears when the doping content exceeds
20%. The magnetoresistance effect can be significantly ob-
; served even in the 20% Cu-doped sample. The experimental
(x=0.9), 63% &=0.85), and+7.5% X=0.8), respectively. ,pservations are discussed within the framework of the DE
Clearly, the proportion of MH' ions exceeds 50% for Cu oqel by taking into account the effects/iite radiug(r ,)
doping content higher than 10%. In this case, because the,qasite disorders? as well as the M# /Mn*" ratio. Our
population of the hopping electrons from l_’i‘/fn IONS IS analysis demonstrates that the main effect arises from the
smaller than the number of available hopping sites from g iation of M+ /Mn** ratio caused by the Cu doping. At

Mn*" ions, e, electrons cannot gain enough kinetic energy 0the same time, we also point out that the Cu ions enter into
overcome the AFM exchange energy B spins. As @ the \Mn sites in the form of G but not C@*.
result, the low-temperature regime should exhibit an AFM

insulating behavior. This is generally confirmed in  This work was supported by Trans-Century Training Pro-
systems such as bgCasMnO; (50% Mrf*) (Ref. 7 or  gramme Foundation for the Talents by the Ministry of Educ-
Lag 3:Ca eMNO; (65% Mrft),® etc. However, our experi- tion.

where Mr{lIl) and Mr(IV) represent Mi" and Mrf™ ions,
respectively. The proportion of M# ions is then simply
calculated to be 33% x&1), 42% (=0.95), 52%
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