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Thermal and magnetic instability near the percolation threshold of N, 5(Ca, Sr)ysMnO 4
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We report the observation of an instability phenomena ig §@a, Sy, gMnO; for cyclic runs between 300

and 10 K through resistivity, thermopower, and magnetization measurements. The instability is especially
dramatic when the concentration of Sr is near the metal/insulator percolation threshold, and it manifests itself
in the delicate balance between the external magnetic field and the intrinsic instability. We also demonstrate an
effective way of turning the metallic or insulating phases by switching off the external field at particular
temperatures. Further studies on time-relaxation effect reveal that the change of resistivity is logarithmic-time
dependent and it occurs only within a small temperature range, suggesting that the transition is not only
thermal assisted but also magnetically correlated.
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INTRODUCTION (ra). For(ra)<0.12nm a larger lattice distortion and the

) ) ) Mn-O-Mn bond angle bending leads to a suppression of the

The interplay of the double-exchange interaction and thgerromagnetic interaction and consequently, the charge-
charge/orbital ordering results in a.cgmpllcated phgse dlat')rdering state dominatésThe simultaneous change af,

gram for colossal magnetoresistivCMR) OX|dels andT., has been viewed as a direct consequence of the com-

Ri-xAMNO; (R=rare-earth eIements,Az_Ca, S, Ba petition between ferromagnetism and charge-ordering

Generally, the double-exchange interaction favors a ferro:

, ; . - “interaction®
magnetic metallic state whereas the charge/orbital ordering is . L .
However, the empirical relation is not applicable for

accompanied with an antiferromagnetic insulating state vi . N )
the superexchange interaction. The competition among inte 3=Nd systems. Actu?IIy, as ?|s_played n F|g. 1, gs of
actions is especially robust far=0.5, in which the coexist- Nd-based systems “intrude” into the region where the
ence of ferromagnetic and antiferromagnetic domains haSharge-ordering state should dominate. For example, in
been observetiThe competition also leads to some intrigu- (Nd:SM12SKMNO; - systems,  the metallic  states  ap-
ing phenomena such as thermal hysteresis of resistivity, theRear at a rather low-temperature rafigéloreover, for
mopower, lattice structure, eté. By varying the radius of NdosCa s ySr,MnO; with y<0.2, it does not show a
A-site ion,(r »), a large shift of the charge-ordering tempera-charge-ordering transition fofr,)<0.12nm; instead, re-
ture (T, has been observed. Studies on {ng) depen- mains in the ferromagnetic metallic state even at low tem-
dency of the metal-insulator transition temperatufg)(and  perature. Such an anomalous recovery of the ferromagnetic-
T, for Lag5(Ca,Sk, sMnO,, and Pg<(Ca,Sh, sMNO; sys- metallic state and a suppression of the charge-ordering
tems can be summarized in Fig.>1.Generally, for(r,) insulating state at sma(t ) remain a mystery. From another
>0.12nm, T, increases and ., decreases with increasing aspect, the pressure effect ongNg{Sr g791/2Sr,,MnO3 or

Nd, sS1,.gMnOg is opposite to that of typical charge-ordering

] o po—— — compound PyCa Mn0O,.8-1%In addition, an atypical huge _
" open symbols: T . positive magnetovolume effect has been observed in
280 ” R Ndy St sMNnOs5. 1 Furthermore, unlike B&Sr, sMNnOs, three
o R .« ® different magnetic phases have been observed to coexist in
, 20F o .« . Ndy St MNnO; below 125 K!? Naturally, these anomalies
= ¢ / raise interests to investigate the underlying mechanism that
200} °of i leads to the notable deviation ®f, and T, in the Nd-based
© o Foua o systems as seen in Fig. 1. Although some mechanisms such
160 - +/ as the striction-coupled interaction have been proposed to
/ account for these deviatiohd,a complete and satisfied
1201 sox— % * model is still required for alk=0.5 system.

194 196 In order to unravel the mysterious characteristics of the
Nd-based system, we have made (N€a,SiysMnO;
samples with Sr concentrations from zero to 0.5. Interest-

FIG. 1. T, (solid symbols and T., (open symbols as ingly, we discovered that the resistivity changes significantly

a function of (rn). Data for LagCa,ShysMnO; (tri- with cyclic runs between room temperature and low tem-

angles and Pj<(Ca,S),MnO; (circles are taken from Refs. perature. This effect is especially large when the Sr concen-

3 and 4.T,, for (Nd,Sm,,Sr,,MnO; (crosses, from Ref.)sand  tration is close to the metal-insulator transition threshold.

Nd, «(Ca,Si, MnO; (stars, from present stuplare also shown for Data of thermopower and magnetization also show a similar

comparison. instability behavior. Magnetoresistance measurements fur-
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ther demonstrate that the instability is intrinsic, and the 6
temperature-dependent time-relaxation effect suggests that ™8 " run
the instability is thermal assisted and is magnetically corre- 4
lated.
EXPERIMENTS 2

Polycrystalline samples of NdCas ,SyMnO; were =3 0
synthesized by the solid-state reaction of high-purity pow- E
ders of NgO;, SrCG,;, CaCQ, and MnCQ. The N@O; £ 16
powders were first dried at 900 °C for 1 h, then were mixed < |
with other powders in an appropriate molar ratio and heated 12
at ambient pressure to 1200 °C for 16 h with an increasing
rate of 5°C/min. Then the sample was cooled to 150 °C in 8
furnace with decreasing rate—5 °C/min. Again the mixed I
powders were well ground, pelletized, and heated at 1400 °C 4
for 16 h with the same heating rate. X-ray diffraction data i
(XRD) had confirmed that all compounds were single 0

phases. Samples from different pellets were used for differ-
ent measurements. Standard four-probe method with indium-
soldered contacts was used to obtain resistivity. The absolute T (K)
thermopowe«S) of the sample was obtained by a dc method
and was calibrated against a Pb standard. A Cu/Constan'[%rr'n|t
thermocouple was used to detect the temperature gradient
that wgs.k.ept in a range of 0:8L.2K. Each thermal cycle nally, the sample becomes an insulator at the 5th and 6th
for resistivity and thermal power takes 2 and 14 h, respec; s,

tively. Magnetization was measured by a superconducting Although the sample of =0.08 becomes insulating after

quantum interference devicéSQUID) (quantum design .. oo cyclic runs, applying a magnetic field can recover the

magnetometer in the temperature range 6—300 K under 10| sulator-metal transition as well as the low-resistivity state.

Oe fields. For comparison, we kept the sample at room eMss shown in Fig. 4, the insulator-metal transition is recov-

perature for more than 1 month and repeat the Measurreq under 0.5 and 1.3 T. Considering it requires a high
ments. Our results clearly demonstrate that the observeg y 5 T 1 collapse the charge-ordering state

thermal-instability effects are not due to chemical decompoin Pr, {(S1,.C30MNO; and Na :Ca MnOs5,32* the low-

sition effect. field-induced recovery of the metallic state for
Nd, 5(Sr,C3 sMNO; suggests that the instability is spin de-
RESULTS AND DISCUSSION pendent. Figure 4 also demonstrates that the observed insta-
bility is not due to chemical decomposition effect otherwise
the insulator-metal transition should not be recovered by
agnetic field.
Correspondingly, the intrinsic instability manifests itself
in the thermopower behavior with different cyclic runs.
Since the cooling/warming rates for resistivity and ther-

0 50 100 150 200 250 30

FIG. 2. Resistivity vs temperature fgre=0.09 and 0.1 at differ-
cyclic runs. Only warming curves are shown for clarity.

Figure 2 shows the resistivitp) vs temperaturéT) for
y=0.09 and 0.1 for successive eight cyclic runs between 29
and 10 K. Both cooling and warming curves displays therma
instability, but only warming curves are shown for clarity. It
is evident that for botly=0.09 and 0.1p keeps on increas-
ing for increasing cyclic runs. Foy=0.09, T, shifts from
145 to 108 K after eight runs. Fgr=0.1, the shift ofT,, is

10°
less, about 10 K. N y=0.08
More drastic change is observed for 0.08, as plotted in N 1st
Fig. 3. The resistivity shows an insulator-metal transition at 10°F V\ :”: §:dd
65 K for the 1st run, and it remains an almost temperature- oo M{_/;/AAAAA\? o

independent value below 25 K. It is worthy to note that
though p(T) shows metallic behavior at low temperature,
residual resistivity is rather high. Comparing Fig. 2 with Fig.
3, it is surprising thap value at 11 K changes a lot with a
slight change of Sr-content. The anomalous high-resistivity
metallic state and the doping-sensitive behavior of resistivity
are the evidences of the percolative nature exhibited univer- 10° 25 50 75 100
sally in the charge-ordered CMR oxid¥s® Further indica- K

tions come from the transitional behaviors with different cy-

clic runs as shown in Fig. 3:(T) displays a jump at the 2nd FIG. 3. Resistivity vs temperature fge=0.08 at different cyclic
to 4th runs, and the residual resistivity gets larger, and firuns. Only cooling curves are shown for clarity.
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FIG. 4. Field dependeng T for y=0.08. The metal-insulator 02
transition is recovered after applying magnetic field.
00
1 1 1 1 1
mopower measurements are not exactly the same, we do not 0 50 100 150 200 250 300
intend to compare the corresponding cyclic runs for different T (K)

measurements. The thermopower shows concave curves both
for cooling and warming processes. In Fig. 5, only the cool- FIG. 6. Magnetization as a function of temperature for
ing processes are shown. With decreasing temperature, tie0.08(upper pangland 0.1(lower panel. Each panel contains two
absolute thermopowéf) of y=0.08 shows a transition to a Sets of data bold lines for the fresh sample and thin lines for the
smaller value(less negative similar to the behavior ofy ~ liquid N, treated one.
=0.5 (see the dash line After cyclic runs, S(T) of y
=0.08 is more negative and its high-temperature slope be- To investigate the magnetic response for the cyclic runs,
comes largetsee three solid symbols=or the 3rd runS(T) the samples for magnetization measurements were separated
shows a transition at 130 K, but the high-temperature part ofnto two groups, one of thertfresh samplgwas directly put
curve is similar to that of=0.0 (see the solid ling Since it  into SQUID for the magnetization measurement, and the
has been demonstrated that for percolative transport beha@ther one(IN, treated was dipped into liquid Bl then
ior, the effective thermopower can be formulated by a comwarmed up to the room temperature for seven times to simu-
bination of metallic and insulating componehtshe simi-  late the cyclic runs conditions as mentioned above. For the
larity in the thermopower of the 3rd run and thatyo£0.0 ~ magnetization measurement, the samples were first zero field
clearly indicates that the instability is intrinsically a percola- cooled, then warming up to 295 K under 100 Oe, and again
tive transition originating from the growth/depletion of cooled downd 5 K under 100 Oe. The magnetic field of 100
insulating/metallic domains. Oe is chosen not to affect the intrinsic change resulting from
cyclic runs. Figure 6 shows the magnetization behavior for
0 y=0.08 and 0.1. The enhanced magnetization suggests that a
_-"'."""i"‘i -------- - ferromagnetic state emerges below 170 K. It is worth noting
20 F T* ] o that for bothy=0.08 and 0.1, the low-temperature magneti-

zation for the fresh samplgbold lineg exhibit larger mo-
ments than those of tH&\, treated sampleghin lines. The
observed large reduction of magnetic moments consists with
the previous data that increasing cyclic runs increases the
population of the insulating domains, i.e., the charge-
ordering(antiferromagneticcomponents.

Based on our data, the instability is attributed to the com-
petition between metalliferromagnetit and insulatingan-
tiferromagneti¢ domains. In fact, we have found that the
delicate balance between the instability and the external
magnetic field can be carefully manipulated by the following
- method. First, the sample was field cooled under 1.3 T and
160 - . 1(')0 50 260 2é0 300 then the_ field was switched qff _at_ the part!cular temperature

T (Toﬁ). Figure 7 shows the reS|st|V|ty_b¢h_aV|or with rt_—zspect to
different Ty . For Tog=11K, the resistivity clearly displays

FIG. 5. Thermopower vs temperature at three successive cyclig field-induced recovery of the insulator-metal transition as
runs fory=0.08. Only cooling curves are shown for clarity. Ther- discussed earlier. Foll +<130K, the resistivity curves
mopower data of=0.0 (dashed lingand 0.5(solid line) are also  show metallic behaviors at low temperature, ahg de-
shown for comparison. creases with increasind . For T,z=150K, there is a
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FIG. 8. Resistivity change as a function of time at different
FIG. 7. p T as a function of switching temperatuiigs. The  temperatures foy=0.08. Inset shows the slopes &p/p vs Int at
arrow displayed in the curve df,z=150 denotes a transition to a different temperatures.
high-resistance state at 33 K.

sharp insulator to metal transition at 55 K. In addition, the.the warming curve has lower resistivity than that of the cool-

unstable nature of the metallic state fbg =150 K makes ing curve, it is possible that the origin of the negative slope
itself switch to a higher resistance stdts denoted by the results from the thermal hysteresis rather than the instability

21 H H _
arrow in Fig. 7 and the resistivity becomes nearly tempera-€fféct:” More interestingly, forT=100K, 110 K, and 120

ture independent below 33 K. The interesting behaviors fof<: their slopes are larger than those at other temperatures,
T,+=150 K demonstrate a delicate balance between the e)g_emonstratmg that not only the time-relaxation effect is tem-
(0]

ternal field and the intrinsic instability. FOF,=170K, a perature dependent, but also effective within a small tem-

jump of resistivity is evident at 70 K. The jump of resistivity PErature range only. Inset of Fig. 8 shows the slofevs

has been considered to be a dispensable feature of gigmperature. For a simple thermal-activated behawvkor,

charge-ordering stafé hence it is mostly possible that the should be a monotonic increasing function of temperature.
insulating state originate from charge ordering. However,A is suppressed at h!gh temperature suggests that
; afélnother mechanism must be introduced to account for the
2 .
bility is not a chemical decomposition effect; besides, thelemperature dependence A 'Accord!ng to the douple-
xchange mechanism, there is a universal correlation be-

sample is rather stable at room temperature. It is then natur&l

to ask whether the instability is effective at some IoarticulalIween ferromagnetic transition and insulator-metal transition

temperature range. More importantly, a temperatureln CMR oxides. Therefore, it is essential to include the mag-

dependent relaxation should grant us more information ref€tization (M) as an independent parameter, i.,

— 22 - g
garding its correlation with the thermal activation energy. (M. T).” However, our preliminary study indicates that

For the time-relaxation measurement, each fresh sampl@ IS Not a simple function Ofr\]/l andT. Further studies are
was cooled down to specific temperatures and maintained fdgduired to understand the —temperature/magnetization-

several hours to record the resistivity change with respect t hepender_lt_instﬁbility._ It i_s WOT”W to r?ote tﬁ'at t:e cf;]ang; of
time. The percentage resistivity change is defined as the resistivity shown in Fig. 8 is much smaller than the effect
for cyclic runs(Fig. 3) within the same time scale. The con-

Ap p(t)—p(0) trast between the changes of the resistivity shown in Fig. 3
— =100X © (1) and Fig. 8 suggests that the effect for cyclic runs is equiva-
p p lent to a thermal annealing effect for material processing,

wheret is the time measured after the sample was cooled tbe., after the thermal treatmeftyclic rung, the sample is
a specific temperature. Figure 8 showg/p vs time at dif-  transformed into an energetically favorable stateulating
ferent temperature. We find that the data in Fig. 8 can b&tate. The result of this thermal annealing effect is consistent

fitted by the following equation: with our recent discovery of the current-assisted annealing
effect fory=0.1%
Ap(t) It is natural to ask what is the underlying driving force for
T:Alanor‘St' (2)  the observed instability. Based on our data, it is sure that the

insulating state is energetically more favorable. Considering
where A is a constant for a fixed temperature. The linearthat the sample oy=0.08 is similar to NgsCa sMnO; in
dependence of a logarithm of time is often observed in softomposition, we may assign the energetically favorable in-
ferromagnets and spin glass'® In fact, the relation of Eq. sulating state of=0.08 to be the CE-type orbital ordering
(2) has also been observed in CMR oxid&8’From Fig. 8, state, as the low-temperature state of, Mgk, sMnO;.2* Ac-
it is clear that the resistivity change is highly dependent ortually, as shown in Fig. 8Ap/p is barely observable below
the temperature. FoF=11K, there is negligible\p/p. For 150 K which is exactly the onset of CE-type orderinfy(
T=50K, the slope is negative rather than positive. Since the-150K) for Nd, -Ca sMnO3.2* It is then reasonable to at-
thermal hysteresis foy=0.08 (shown in Fig. 4 shows that tribute the observed instability to the competition between
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the ferromagnetic and the CE-type orbital ordering. Thebility is especially dramatic foy=0.08, which is close to the
magnetization instability demonstrates a reduction of the fermetal-insulator percolation concentration. With applying
romagnetic domains, which also suggests that the instabilitynagnetic field, we find that the instability is suppressed and
is due to a gradual depletion of ferromagnetic domains and e insulator-metal transition is recovered. Therefore, the ob-
growth of CE-type antiferromagnetic domains. AlthoughServed instability is not due to a decomposition effect. We
three kinds of orbital ordering has been observed irglso find that the delicate balance of the external field and the
Nd, sStp, sMNOs, direct evidences from the neutron diffrac- intrinsic |r)stabll|ty can be manipulated by switching the.fle_lq
tion suggest that the CE-type ordering is more fragile tofl @ particular temperature. In some cases, the resistivity
external field than that oA-type orbital ordering? Thus, the ~ Shows a sharp drop di,, while in other cases, a resistivity
field-induced recovery ity=0.08 should be resultant effect jump featurgs as a charge-ordering transition. Furthermore,
from the collapsing of the CE-type ordering under low field, ime-relaxation effect shows a logarithmic-temperature de-
However, it remains to be answered why the ferromagnetisrﬁend‘?ncy' Below 110 K, the rel_axatlon IS enhancgd with In-
emerges at these Nd-based compounds with such a sm jeasing temperature, suggesting a therr'nall-as'5|sted origin.
<ra> as shown in Fig. 1. Though previous works reveal. owever, It is suppr_essed above 120 K, |nd|cat|ng_that the
that Nd-system exhibits unusual striction-coupled effect, 6{nstablhty is magn_etlcally_ correlate_d. The observed |nstab|_l-
successful model has not yet been established, which shoully for cyclic runs is poss_lbly explained by a gradual transi-
interpret  not only the typical behaviors  of tlo_n.from a ferromag_netlc state to the CE-type ordering in
Lag5(Ca,ShpMNO; and Pp<(Ca,SoMnO,, but also the origin, and an annealing effeg:t in character. In all aspects, the
unusual magnetovolume or high-préssure effect in Nd-base'%id'bas‘ad system behaves differently from other typical com-
systems. Even for Nd-based samples with0.5, they still pounds such as Re.a and Pr systems. We thus s_uggest that
show atypical behaviors. Besides, for other rare-earth dop- thes_e unu_sual pehawors may be correlated with the elec-
ants such agla,Sm, St MnO; and (Pr,Gdy St MnOs tronic configuration of the Nt ion.
systems, similar deviations in the phase diagram have been ACKNOWLEDGMENT
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