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Transport and magnetic properties in the ferromagnetic regime of Lg_,Ca,MnO4
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The transport and magnetic properties of single crystals ef {@aMnO; (x=0.2, 0.3 have been inves-
tigated. The transport and magnetization results of the ferromagnetic insulagaCaavinO3, are quite
different from those of Lg;,Ca, sMnOj that falls into a ferromagnetic metal. We have found that the paramag-
netic to ferromagnetic transitions observed in §@a, ,MnNO; and Lg Ca, ;MnO; are second and first order
using the Banerjee criterion, respectively. The observation of magnetic frustration and Heisenberg exponents
derived by the modified Arrott plot favors the existence of short-range charge/orbital ordering in
Lay {C& -MnO5 and even in Lg,Ca sMnOs.

DOI: 10.1103/PhysRevB.63.092504 PACS nuni®er71.30+h, 75.30.Kz, 75.40.Cx

Perovskite-type manganites have drawn a great deal ghdiation convergence-type image furnace that consists of
attention over the last few years due to colossal magnetordeur mirrors and four halogen lamp3The starting ceramic
sistancg(CMR) found in this materiat. Basic mechanism of rods were prepared from the solid state reaction ofdsa
the CMR phenomenon has been thought to be explained witGaCG;, and MnCQ with a stoichiometric ratio. Both crys-
double exchangéDE) theory? However, recent studies re- tals turn out to be single-phase materials on the basis of the
vealed that additional factors such as lattice distortion, orx-ray diffraction data and the electron-probe microanalysis
bital ordering, etc., are required to understand the whole picresult. The magnetic data were collected using a quantum
ture of the manganite physics. More recently, phasalesign MPMS-5 SQUID magnetometer or a PPMS-7 mag-
separation scenario that improves the DE theory by employaetometer. The resistivity measurements were made using a
ing the charge inhomogeneity concept has been invoked tstandard four-probe method at a zero magnetic field. Electri-
explain the CMR effect. The charge inhomogeneous phasecal contacts were made with silver paint.
involves usually the coexistence of metallic ferromagnetic On the basis of the temperature dependence of resistivity
(FM) and insulating charge-ordered antiferromagneticfor Lay¢Ca,MnO; and Lg/Ca MnO;,2 metal-insulator
(AFM) clusters in a microscopic scale. The insulating region(MI) transitions are observed in both samples, occurring at
primarily attributed to charge ordering phase persists even i230 K for La, /Ca, ;MnO5 and at 176 K for LggCa, ,MnO;.
far below the Curie temperatur@& {) and competes with the Below the MI transition temperaturgy, , Lay/Ca sMnO;

FM phasé*® It is shown that the CE-type short-range or exhibits metallic character judged from positive values in
dynamic charge ordering appears at temperatures ahove dp/dT. The observed resistivity at 10 K is relatively higher
In addition, orbital ordering associated withlevel in Jahn—  than that of pure metal, implicating the presence of possible
Teller distorted MA* ion becomes an important factor to short-range localization induced by charge/orbital
affect magnetic ordering and mobility of itinerant electrdns. fluctuations” This is not surprising because recent reports

Recently, we found that lsaCa, ;MnO; single crystal be- associated with specific héaf and Hall measuremerifs
comes an insulator beloWc ,® which agrees well with the demonstrate that short-range charge/orbital correlation per-
report by Okudaet al® Unlike Nd,sSrp,sMnO;° or sists even in the ferromagnetic metallic state. Unlike the
La; _,SrMnO; [x=0.12(Ref. 1) and 0.125Ref. 12] man-  transport behavior of LgCa ;MnO;, a smooth rise in the
ganites in which abrupt jumps in resistivity are observedfresistivity curve with a local minimum at 162 K is observed
Lay <Ca ;MnO; has a smooth rise in resistivity with decreas- in Lag §Cay, ;MnO; below Ty, .2 The upturn of resistivity in
ing temperature beloW.. On the basis of recent studies of the low temperature regime is likely associated with short-
diffuse x-ray scattering and specific heat!* short-range range ordering. Similar behaviors are also found in the
ordering is likely responsible for the upturn of resistivity La; _,Sr,MnO; (x=0.12 and 0.12bsamples where charge/
below T . Along this respect, our efforts have been devotedorbital ordering correlated with lattice is the likely cause of
to scrutinize this intriguing feature in the low temperaturethe upturn in the resistivity curvé$? Lay {Ca, ,MnO; lies
regime from a magnetic point of view, which is not well in the vicinity of the critical doping region at which transi-
addressed to date. We have thus investigated the dc resistiien from metallic to insulating phase occuirg herefore,
ity and magnetic critical exponents associated with the paracharge/orbital fluctuations would be reinforced in
magnetic (PM) to ferromagnetic(FM) transition on the LaygCay,MnO; rather than in Lg,Ca, sMnO3. This is the
La; ,CaMnO; (x=0.2, 0.3 samples. The modified Arrott reason why LgasCa, ;MnO; has higher resistivity and under-
method was employed to explore the magnetic behavior igoes the resistivity upturn.
the critical region. In this report, we present the transport and Temperature dependent magnetization curves for
magnetic results on single crystals of jlg€& ,MNO; and  LayCa  ,MnO; and Lg LCa ;MnO; are shown in Fig. 1.
Lay Ca MnO; grown by the floating zone technique. There is prominent divergence between the(fi€ld-cooled

Single crystals of LggCa-,MnO; and Lg CaMnO;  and ZFC(zero-field-coolefimagnetization below ¢ in both
were obtained by the floating zone method using an infraredamples. This can be attributed to the magnetic frustration
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FIG. 1. Top and bottom panels show temperature dependence & oLt . 176 K|
magnetization of LgCaMnO; and LggCa  MnO;, respec- 200 Tt o Egﬁ
tively. - ' - 164 K|
L 160 K
arising from the competition between FM and AFM interac- 0 1000 2000 3000 4000 5000 6000
tions, which is evidenced by the frequency dependent ac M (emu/g)?
magnetic susceptibility dafd. Similar behaviors are also , ———————— .
found on snlwgle crystals of Eg3$ro_37l\/lno3 and 00 A . 236 K.
Ndy 7Srh sMNnO5.7° The bottom panel of Fig. 1 clearly shows N, . 232 K
that Lg ¢Ca ,MnO; is magnetically more frustrated than h .. . - 228 K1
Lay Ca MNnO,, indicating that charge/orbital fluctuation is s00] " . * 224 E-
enhanced in LggCay ,Mn05.° Small magnetic anomaly near g A .. _' LT 213 K
100 K reminds us of charge-ordered phase transition. Fol & . - LT 216 K|
instance, Kuwaharaet al. carried out the systematic study on ¢ 400+ ... . el 214K
a spin-charge-lattice coupled (Nd,Sg%r,MnO; system b L . LT 212K |
where the antiferromagnetic transition stemming from long- © .. . "_.-"_,f_;'",;f; 1 ::;gE
range charge-ordered state coincides with the resistivity 2% er '.-:'-‘i_.l_;",, !.*' I 204 K |
steep jump? In Lag gCay,MnOs, the discrepancy between e e L L 200 K |
the antiferromagnetic anomaly and the resistivity upturn in- T IR 196 K
dicates that short-range charge ordering is likely involved in 0 1000 2000 3000 4000 5000 6000 7000 8000

this system. This conjecture is consistent with the results of
the specific heat coefficient relating to the Debye
temperaturand the orbital fluctuatiohin the doped man-
ganites.

M (emu/g)’

FIG. 2. Top panel exhibits the field dependence of magnetiza-
tion at temperatures aroufig¢: of Lay Ca, ,MnO;. Middle and bot-

In order to evaluate the nature of the magnetic transitiontom panels showH/M vs M? plots for the isotherms of

magnetization versus magnetic field isotherms
Lay gCa ,MnO3z were measured in the vicinity df- . As can
be seen in the top panel of Fig. 2, the isotherm results show

ofLag Ca MnO; and La Ca MnO;, respectively. The numbers
denote the temperatures of the isotherms.

monotonic decrease of magnetization with increasing temtemperature range 224—236 K are present in the Idwér

perature. The middle panel of Fig. 2 representsHi® vs  region, signifying that Lg,Ca, sMnO; belongs to first order

M? curves where a positive slope is clearly seen in all thdransition. This is consistent with the result found in the
M? range. According to the Banerjee criterion, the positivepolycrystalline La,s:Ca,sMn05.2t This consequence indi-
slope means that the ferromagnetic to paramagriefit—  cates that the character of the magnetic transition is very
PM) phase transition is second ord@in contrast to this, the sensitive to the Ca doping level. The enhancement of charge/
bottom panel of Fig. 2 reveals that negative slopes in therbital fluctuation in conjunction with Jahn—Teller distortion
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160000 —————————————————— magnetization isotherm &fc.%? In the simple mean field
B =036 ] case, the magnetic isotherms should be linear ark&ahe
120000 ] 1 isotherm intersects the origin. As.shown in Fig. 3, hovyever,
160 K some deviations from the linearity are clearly seen in the
164 K ; isotherm data. An attempt to improve the linearity was made
= 90000- 132 E by varying parameters@ and y, with the modified Arrott
= 176 K method. The isotherm lines are almost straight with param-
£ 180 K eters of 8=0.36 andy=1.45. The value ofs calculated
o 60000+ 182K from the Widom scaling relation is 5.03. The saturated mag-
= 184 K | netization M) is obtained by extrapolating the linear parts
30000 186 K | of the high field region. From the relation M5 andT¢ in
1225 the modified Arrott plot,T¢ is given as 174 K, which is
196 K | shown |n_t_he bottom panel of Fig. 3. _
The critical exponent values of LgCa, ,MnO; obtained
0 20 40 60 80 100 120 140 from the modified Arrott method are close to those expected
(H/M)" (G-glemu)™” from the Heisenberg model rather than the mean field theory
60000+ - (B=0.5 and y=1).>?* Similar Heisenberg-type behavior
has been observed in the perovskite type cobalt oxides,
50000 ] La; ,SK,Co0; (0.20=x=0.30f° and L& sSf,sC003.%° In-
the cobalt systems, electronic phase segregation scenario that
involves the hole-poor matrix in the hole-rich metallic FM
- 40000+ T background is introduced to explain the critical exponents. If
G this scenario deduced from the Heisenberg model applies to
£ 30000 1 the La ¢Ca, ;MnO; material, one can imagine that there are
f 1 some ingredients that hinder long-range FM ordering in
& 20000+ 7 174K ] Lay ¢Ca MNO5. On the basis of the magnetic and transport
c data, it is natural to consider that short-range charge/orbital
10000 . ordering embedded in the FM background is present in this
material.
0 i : i i In summary, we have investigated the transport and mag-
155 160 165 170 175 180 netization of single crystals of laCa MnO; and
T(K) Lag LCa sMn0O3. We have found that the FM—PM transitions

. o of Lay gCa ,MnO; and Lg Ca, ;MnO3 have second and first
FIG. 3. Modified Arott plots of magnetic isotherms for o e characters using the Banerjee criterion, respectively.
L8o.4C3MnO; are displayed in the top panel. Solid lines stand for y,iher important finding is that the critical exponents of
best fits. The numbers represent the temperatures of the isothern]_s. Cay MnO, correspond to those anticipated from the
Bottom panel illustrates the temperature dependence of saturati 0.8-%.2 3 P P

magnetization derived by the modified Arrott plot. cﬂelsenberg model. From careful examinations of the mag-

netic data, we have been able to claim that short-range

. . charge/orbital ordering phase persists even bdlgwHence

'nhLaO-gfg-ZM”% might be the probable cause of the slope, e pejieve that the short-range correlation is essential to un-

¢ ?r?%raer {0 asseske and a set of critical exponentg derstand the transport and magnetic properties of
C Y LaggCay,MnO; and L MnO;.

and & of Lag«Cay,MnO; in more detail, we employ the —08-%2VM%s 3 7C2 MnO;

modified Arrott plot, MY versus H/M)Y7, whereg stands We are grateful to E. O. Chi, H. S. Choi, and J. H. Dho

for the spontaneous magnetization beldw, y for the in-  for helpful discussions. The Creative Research Initiative Pro-
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