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Magnetic and transport behavior of electron-doped La_,Mg,MnO 5 (0.45=x=<0.6)
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Detailed measurements of the linear and nonlinear magnetic responses, the zero-field cooled and field-cooled
magnetization, and the resistivity of electron-doped L#g,Mn0O;, 0.45<x=<0.6, are summarized. For
0.05=x=0.6 this system exhibits a single paramagnetic to ferromagnetic phase transition on cooling with no
thermodynamiaeentrant transition to a spin-glass-like phase. Nevertheless, both a detailed analysis of the
critical response and the low temperature saturation moment show clear evidence of competing interactions.
The latter could arise either as a result of spontaneous electronic phase separation or from conventional
noncollinearity(homogeneous, or—due to the random substitution process—inhomoggrEoese results
argue against a simple double exchange picture for this system and a uniform ferromagnetic ground state.
However, features evident in the zero-field-cooled behawind the nonlinear responsa temperatures below
T, originate from technical sources viz. the increase in coercive field, so it is possible that a gradual onset of
competing interactions might arise from a related source. The resistivity data confirm that the complete
suppression of a metal-insulator transition in these systems with small avssigeradius extends into the
electron-doped regimex&0.5). Thus ferromagnetism dominates but the system renvangating contrast-
ing with an emerging ferromagnetimetallic state for which a spontaneous electronic phase-separation ap-
proach has been proposed. Indeed, the transport data conform with model expressions for charge transport by
nonadiabatic small polarons in the paramagnetic phase, but they are quantitatively inconsistent with the ex-
pression derived recently by Rahkmanetval. [Phys. Rev. B63, 174429(2001)] for the specificmodel of
polaronic hopping in a nonmetallic, phase separated picture.
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[. INTRODUCTION parameters?(J) between interacting Mn spins, modified
fective exponent values away from the critical pgir(tH

A recent papér presented a summary of detailed mag-—0,T—T.). It was suggested that this would result if the
netic and transport measurements on hole-dopethatio n=Jy/J of the first Jy) to secondJ) moment of the
La; - Mg,MnO;(0.05=x=<0.4), based on which a tentative (assumepl Gaussian distributiorP(J) declined rapidly to-
phase diagram was proposed. In those and the present spesiards unity asx—0.4. The effects of the latter are well
mens the averagA-site radius(r ) is low enough to com- known to reduce the region of validity of truasymptoti¢
pletely suppress the appearance of a metal-insulator transiritical behavior in the id-T) plané.
tion over the entire doping range studied, a result that Below we summarize the results of both magnetic and
presumably reflects an associated reduction in the éyin transport measurements, complemented by an investigation
—0O(2p,) bandwidth, which persists despite the continuedof the nonlinear magnetic response, on the electron-doped
presence of magnetic ordering at low temperature. Furtheregion of this system, specifically 0.4%=<0.6. These re-
more, while the declining saturation moment fits qualita-veal some similarities, but some striking differences from
tively into the recently advocated electronic phase separateithiose reported for the hole-doped regime.
model for magnetoresistive manganites, in which colossal

magnetoresistance arises through a field dependent percola- Il. EXPERIMENTAL DETAILS
tive linkage of a ferromagnetic metallic backbone embedded _ _ N
in an antiferromagnetic insulating matfxhe result that fer- Three samples, with nominal compositions of 0.45,

romagnetism dominates but the system remains insulating.5, and 0.6, were prepared in the same manner as those for
contrasts with the situation to which this model has beerowerx."” Room temperature x-ray diffraction data, acquired
widely applied. In particular, the resistivity data are quanti-using CuKa radiation in equipment previously described,
tatively inconsistent with predictions made recently byrevealed a single-phased orthorhombic structuPd r{m)
Rakhmanovwet al3 for the specific case of conduction basedwith c/ J2<a<b, as expected, comparable to those reported
on magnetic small polarons existing in a nonmetallic phasepreviously for x=0.4. Additionally the full width at half
separated environment. maximum of the(020) reflection nearf=32.9° was found
The detailed magnetic measurements also revealed conw lie in the range 0.15-0.20° for all samples investi-
plications, yielding asymptotic critical exponent values con-gated (0.05<x<0.6), comparable to that reported eaflier
sistent with those predicted by the isotropic, near-neighbofor the similarly prepared polycrystalline ceramic
Heisenberg mod&l(y=1.386, 3=0.365, and6=4.80) at  La,Ca 3MnO;. Furthermore, no evidence for the pres-
low doping levels x=<0.33). However, the presence of site ence of the oxides of manganese, specifically;®ln and
disorder, linked with the process of cation substitution, andVigO, were detected above the backgrogwtiich places an
presumably resulting in a distribution of exchange couplingupper limit of around 1wt % on theth Such oxides would
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T(K) FIG. 3. (a) The critical peak amplitude, taken directly from data

similar to Fig. 2 for thex=0.45 specimen, plotted against the in-
FIG. 1. The zero-field ac susceptibility (0,T), corrected for

ternal fieldH; on a double logarithmic scale. The solid line—a fit to
background and demagnetizing effects, plotted against temperatut@e first three points—yield§=4.5, while the dashed line—a fit to

T (K), for (a) x=0.45, (b) x=0.5, and(c) x=0.6. all points—yields5* =4.17 (see the text for a discussipnb) A
double-logarithmic plot of théreducedl critical peak temperature
necessarily form as impurity phases if Mg failed to replac ;

olm taken from data similar to that in Fig. 2, against the internal
I . . . field H; (in Oe). The solid line drawn confirms the power-law pre-
La at theA site in this system. A more stringent limit on the  ( ) P P

dicti f Eq.(2), and its sl ield ¢+ B)=1.75.
extent of such phases is provided by the magnetic Gqte- letion of Eq.(2), and its slope yield ¢+ £)
cifically Figs. 1—4, 9, 10, and 22Mn30, orders® near 40 K

producing a strong characteristic signature in the a®xide MgMnQO; which orders at lower temperatdfeand
susceptibility!* Similar features are expected from the mixedfrom self-doped La MnO; which becomes ferromag-
netict!® below about 180 K. No such features were ob-
0.02 frmemp eyt et - served, limiting the presence of such impurity phases in the
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FIG. 2. The ac susceptibility (H,T), of the x=0.5 sample,

t
measured in superimposed static biasing fiéldsreasing from top

to bottorm) of 300—1000 O€in 100-Oe stepsand 1200—2600 Oe FIG. 4. The critical peak amplitude from data similar to Fig. 2
(in 200-Oe stepsplotted against temperature. The dashed line—thefor the x=0.45 specimen plotted against reduced temperatire

(H - T) plane.

locus of the critical maxima— delineates the crossover line in theon a double-logarithmic scale. The line drawn confirms the power
law prediction of Eq(3) and its slope yieldy=1.33.
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TABLE |. Ferromagnetic orderingT() and paramagnetic Curied] temperature, Hopkinson maximum
susceptibilitied x(0,Ty) ], effective momentsHq¢;), and exponent estimates.

X 0.45 0.5 0.6
T. (K) 98.5+0.5 79:0.5 46+1
vy+B 1.75+0.09 1.78-0.13 1.73:0.09
(400<H;=<2.2 kOe) (400<H;=<2.4 kOe) (606<H;=<3 kOe)
y 1.33+0.06 1.28-0.07 1.25-0.08
(t,=0.05) t,=0.1) (t,=0.3)
1) 4.5+0.4 4.2+0.6 4.15+0.7
(400<H;<700 Oe) (406<H;<700 Os¢ 600<H;<900 Oe)
& 4.17+0.2 3.65-0.17 3.65-0.3
(400<H;<2.2 kOe)  (400<H;<2.4 kOe) (606<H;<3 kOe)
0 (K) 149 162 126
x©O, T)(emug?! oe?) 0.11 0.06 0.03
Peri(us) 4.5(7) 4.50) 4.302)

present samples to a factor of 2—3 lower than the upper limi{H,) up to 2—3 kOe€these static biasing fields were applied
set by the x-ray data. Indeed, the deliberate replacement qfarallel to the ac driving field This figure is in marked
Mn by Mg in this system leads to an incredsim the ferro-  contrast to those reported at lowey it displays far more
magnetic ordering temperatufig, the opposite to the trend structure, with characteristic features at both high and low
reported below; the present results agree with a reported reemperatures.

duction inT as the averagA-site radiugr ») decreases>*®

The present polycrystalline ceramic specimens displayed av- 1. Ferromagnetic transition

erage grain sizes of typically 2—4m, estimated as detailed

previously? No other means of structurally characterising are common to all three samples—a series of peaks that

these samples is available to us curr_ently. . move upward in temperature but decrease in amplitude with
Samples of comparable dimensions—approximately 1 : . -
- . ; increases irH, once the latter has increased sufficiently to

X 1X7 mnP—were utilized in all the magnetic and trans-

port measurements. The former were acquired in a Quantur%uppress the Hopkinson maximum in amplitude ¢ n

. . “ward in temperature(i.e., H,=400 Oe). Such peaks, the
Design PPMS model 6000 system, and the latter using focus of which is delineated by the dashed line, signal a
conventional four-probe technique.

(continuous$ transition to a ferromagnetic state. This conclu-

Certain high temperature features, evident in this figure,

IIl. RESULTS AND DISCUSSION sion follows from an analysis of the corresponding peak
structure based on the static scaling1&%/and Monte Carlo
A. Linear magnetic response simulations of the three-dimensional Heisenberg métiel,

The zero-field ac susceptibilitymeasured on warming, implemented below, enabling estim_ates of the usual critical
following zero-field cooling, at 2.4 kHz with a driving field €xponentsy, B, andé to be determined from the peak be-
amplitude of 0.03 Oe applied along the largest sample gihavior, as dlscugsed in Qeta|l previously for mgtalhc, amor-
mension increases rapidly with decreasing temperature, a@nous, and semiconducting systeffighus the main conclu-
shown in Fig. 1(no thermal hysteresis was detedgteg{0,T)  Sions alone are presented below: ,
then peaks below the ferromagnetic ordering temperature (@ Figure 3a shows the critical peak amplitude
(T.) (as subsequent discussion confiynas the principal x(Hi,Ty) taken directly from data similar to that shown in
(Hopkinson maximunt’ (at temperatureT,;). Below Ty, Fig. 2 (corr(_acted for demagr_1et|zmg and back_ground effects
x(0,T) falls essentially monotonically as the temperature isPlotted against the internal field; (=H,—NM in the usual
further reduced. Two important features are revealed by thgotation, with N estimated from the shearing cujven a
data in this figuref(i) The peak susceptibility(0,T,,) falls double Iogarlthr_nlc scale for=0.45 sample. '!'he scaling law
rapidly with increases in the Mg compositiarin this range ~ @PProach predicts a power-law relationship between these
(Table | summarizes these susceptibilitieduch behavior is duantities, viz.
reminiscent of the effects of increasing exchange bond dis- Us—1
order leading to the suppression of ferromagnetism and its X(Hi Ty)H; ' @)

replacement by a spin-glass-like phad¢ii) when viewed \hich allows a value fos to be found,independent of any
on an expanded scale, no signal arising from any of the imgowledge or a choice for ;T A close examination of this
purity phases mentioned above could be detected. figure reveals some curvature, attributed to exchange bond
disorder(discussed in more detail belgpwA least squares fit
to the first three pointgthe low field region yields

Figure 2 reproduces the field- and temperature-dependent
ac susceptibility of thex=0.5 specimen in applied fields 6=4.5+0.4 (400<H;=<700),

B. Field-dependent ac susceptibility
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consistent—within the listed uncertainty—with Heisenbergasymptotic critical behavior Ht—0,t—0)—in agreement
model values. Fitting the entire data set in this figure yields avith the Harris criteriorf>—it is known to reduceeffective

lower effective/average value of exponent valueawayfrom the critical point 6>0,t>0) in
a manner consistent with that reported above and in other
6*=4.2-0.2 (400<H;<2.2 kOs. Systemé_vzovzz

. L The suggestion that the ratig is close to unity in the
(b) Figure 3b) reproduces a double logarithmic plot of ;,mnosition range studied here is supported—at least

the reduced critical peak temperaturg (also taken from g herficially—by the low temperature structure evident in
§|mllar data to Flg._2aga|nst the internal fielti; ; the scal- Fig. 2 and comparable data fer=0.45 and 0.6. This behav-
ing approach predicts ior is examined in more detail below.
TM - Tc
Te

ztmOCHi(“/+B)_l. 2) 2. Potential transitions at low temperature

In mean-field model$*?°the decline in the ratioy below
The line drawn—a least squares fit—confirms the power-lava value of 5/4 produces subsequent, lower temperature tran-

prediction of Eq.(2) and yields sitions, referred to as reentrant behavior. Below a paramag-
netic to ferromagnetic transition of a conventional nature
y+B=1.75-0.09 (400<H;=<2.2 kOs. (apart from the modifications to the effective exponents by

. . . ) the presence of exchange bond disorder as described)above
(c) Finally the predicted power-law relationship between,qqtor mean-field models predict the appearance of a “reen-
the critical peak amplitude (H;,Ty) (directly from data  yan¢ phase in which longitudinal ferromagnetic order coex-
similar to Fig. 2 and the(reduced peak temperaturg, (also  jsts with transverse spin-glagsandom freezing of spin
found from the same figuye componentgindeed, spin glass behavior has been reported,
(Hi To)t=” 3 for example?® in both YCaMnQ- and Cr-doped
XU Em) % Em s LaSrMnG;). Random transverse spin freezing, linked with
is appraised in Fig. 4. This power law is also confirmed andhe Gabay-Toulous¢GT) line’ in the (HT) plane which
a least-squares fit of the slope gives reflects replica symmetry breaking and weak irreversibility,
has a phase boundary described®y
y=1.33-0.06 (t,,=5%X10 ?).

_ — n
Both these latter relationships rely on a choice Torwhich Ter(0)—Ter(H)=AH", 4

is found by extrapolating the peak temperatuligs taken iy n=1. At still lower temperatures a crossover from
from Fig. 2t9l;|i=0. Sr_n_all adjus_tmenta_xTc n Tc_[ATc/_Tc weak to strong irreversibility is predicted by these same
~(2-4)x10 °] are utilized until consistency is achieved yqqels on crossing the de Alemeida-Thoulé&) line in
between plots similar to Figs.(® and 4, as discussed e (4T) plane, defined by a similar equatfSnwith 0<n
previously">’Both of these figures usk,=98.5 K(withan 1

uncertainty inT. of =0.5 K). These estimates fay, §, and Al of the possible features evident at low temperatures in
6 agree—within experimental uncertainty—withl Jeisen-  rjg 5 an related data for=0.45 and 0.6 have been exam-
berg model values, and hence satisfy the Widom relagion ineq as possible candidates to associate with these bound-
=B(6—1), provided, of course, that use is made of the loWgjes. As an example the peak structures originating near 60
field estimate foré (as indeed would be appropriate since 5nq 40 K forx=0.5 and 0.6, respectively have been com-
critical exponent values characterize the asymptotic behavysared with the predicted dependefgén Eq. (4). Figure 5

ior). The results obtained from a similar analysis of the date]’eproduces the variation of this peak temperatig, with

for x=0.5 and 0.6 are summarized in Table I. Effectide fie|q, for thex=0.5 specimen, showing that these data fall
values which decrease in the manner shown in this table afg, o distinct groups for applied fields above and below
frequently _linked to increasing exchange bondgpot 1 kOe. While either segment of this figure is in general
“disorder,”™""**specifically a change in the variance/secondagreement with the linear field dependence of @y.with
momentJ in the (assumell Gaussian distribution of ex- ,—1 (the GT line, these data, overall, clearly are not. Fur-

change interaction®(J) describing the coupling between inarmore the parameters found from such fits:
Mn spins as the compositionis varied. There are a number

of potential causes for_ such an effect; spontaneous electronic Ter(0)=58+1 K, Alkg~—3x10"2 K/Oe
phase separatién into ferromagnetic/metallic  and

antiferromagnetic/insulating regions could underlie such a (H,<1 kOe),
change, as might the inherently mixed valent nature of these
; ; 4+
systems througr_\ chang_es in f[he correspondijMn Ter(0)=37=1 K, Alkg~—7X10"23 K/Oe
fraction and their associated interactions—double exchange,
superexchange etc.—or conventional noncollinearity associ- (H,>1 kOe),

ated with the random substitution process. The above data
trends do not distinguish between these various possibilitiegield the coefficiers) A (=gugy2[(Mm?+4m+2)/4(m
While the effects of such “disorder” do not change the true +2)?], wherem is the spin dimensionali)y in marked dis-
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o771 71— near the Hopkinson peak. This point is discussed further in
] ] relation to the temperature dependence of the magnetization.
55
50 : 3. Nonlinear response
: The magnetic response of these samples was also probed
45 by examining the nonlinear magnetic behavior using an ac
exiting fieldH =Hgsinwt. The magnetizatioM produced by
40 this field, being odd in the latter, can be expressed as a cor-
a responding power serigs
~% 35
= : _ 3 5
. M= xoH+ xoH3+ x HS+ - - -, 5
25 - iq which the “susceptibilities”Xq, X2: X4, €fC., altern_ate in
[ sign, as they do, for example, in the Brillouin function. The
20 E fundamental 1), the third harmonicl3), etc., are related
: 1 to these susceptibilities as discussed in Ref. 31: Figure 6
1 . . M reproduces the measuréd; for both hole- and electron-
0 500 1000 1500 2000 2500 3000 doped samples, viz. 0.3&=<0.6. For signal-to-noise con-

H (Oe) siderationsHowas 10 Og(with w =300 Hz); the effects of
a requiring a relatively largél are discussed better. From this
FIG. 5. A plot of the low temperature peak positi@g (in K), figure it can be seen that this nonlinear response exhibits
against fieldH, (in Oe) for the x=0.5 sample(Fig. 2. The inter-  €ssentially a two-peaked structure for 0=38<0.45 (with a
cepts and slopes of the two straight lines dratghand (b) are  Similar behavior at lowek), a very small second peak =t
discussed in the text. =0.5 and a single peak at=0.6. Standard scaling theory
applied to a conventional paramagnetic to ferromagnetic
transition relates théreducedl magnetizatiorm to the usual

agreement with a model value of about} X 107°% K/Oe. A ! i - ]
¢ linear scaling fieldhi<H/T; andt=|T—T[/T via

similar behavior, with comparable discrepancies, exists a

=0.6.
Both thex=0.5 and 0.6 samples also exhibit a trough-like h h h3
feature at still lower temperaturel{), but no additional m=t~F B =tP t”ﬁ_ er e (6)

peak structure above 1.8 K. For botk0.5 and 0.6,T vs
H,, plots show the concave behavior consistent with the i o L )
functional form of Eq.(4) with 0<n<=1. The corresponding =duation(6) indicates that while,=m/h (h—0) diverges

double logarithmic fits, presented in summary form only,@St 7, a well k”?‘g’”ﬁ?”d often utilized resujt,—hence
yield, for x=0.5, M;—diverges ast 3772 as T—T.. The latter has been

verified previously’? The higher temperature peaks evident

Tar(0)=15.95) K, B [=Tx(0)A]=1.4x10"2, n=05 in Fig. 6 reflect this divergence as they occur cloge tolthe
at(0) 45) [=Tar(OA] values estimated for each of these samples using the more

and, forx=0.6, conventional methods of Sec. Il A 1. Figure 7 illustrates this
effect in more detail forx=0.33; this figure reproduces a
Tar(0)=95K, B=10"3, n=0.78. plot of M vst (using the previousfydetermined value of

of 118 K) on a double logarithmic scale. The line drawn
While both appear to reasonably reproduce these data, the@rresponds ta~ 37~ 2# using Heisenberg model exponents
fitting parameters are at variance with model predictions. A3y+23=4.89), which fits these data quite well. Expected
mean-field approaéh yields n=2/3, while Monte Carlo deviations are observed abowve 10™! as one passes out of
simulations® suggesn=0.55—0.7. Both fits yield estimates the critical region, while those occurring beldaw 102 re-
for n quite different from the mean-field result, with that flect the use of a large exciting field which “mixes” terms in
obtained forx=0.5 also lyingbelow but that atx=0.6 x4 into M3 (Ref. 31, which, being of opposite sign, cause
above the Monte Carlo range. In addition the parame@er these data to fall below predicted valu8s? this effect be-
exceeds model values by almost an order of magnitude fotomes more pronounced as-T.. Other samples studied
both systems. show this effect to a greater degree than xe0.33 speci-

The above analysis and discussion thus indicates that neimen. Of more interest here, however, is the second peak at
ther of the low temperature features investigated conform inower temperature. Several systems that are regarded as po-
detail to vector model predictions for either the GT or AT tentially reentrant exhibit such a double-peak structire,
phase boundary. Indeed these features likely originate frorwith the lower peak signaling a possible transition into the
magnetic technical sourcggomain wall motion, coherent reentrant phase described above. This view persists, despite
domain rotation, etg, rather than critical effects. This is par- the fact that a double-peaked structureyin(or M3) is nota
ticularly so for the feature shown in Fig. 5 which originates prediction of broken-symmetry modéf$Such a behavior is,
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emu, in the magnetization against reduced temperattioe the x

T T T (in emu, in the magnetization,
plotted against temperatufie(K),
for specimens withx between 0.33
and 0.6.

however, present in mean-field Ising mod&Specifically,

the lower peak iny, (or M3) is frequently taken as indicat-

ing the temperature at which the system enters the reentrant
phase. Suclisecond peaks might therefore be used to map
this lower phase boundary as a function of composition; de-
tailed comparisons betweefising) model predictions and
experiments again reveal problems. First, the strength of the
divergence/anomaly at the lower temperatyreentrant
boundary in model generated data is stronger than that at the
upper(paramagnetic to ferromagnetione; Fig. 6 shows this

not to be the case here. Second, the temperature of the lower
peak inM ;—expected to occur on crossing the @G pos-
sibly the AT) line, should therefore correspond with other
estimates fofTg(0) [or To1(0)], @ comparison indicates no
such correspondence. Thirdly, in potentially reentrant sys-
tems previously studied, th@gower) anomaly inMj is fre-
quently linked with a characteristic feature yi0,T)—often

a rapid decrease in the lattet®>*3this does not occur here.

In summary, thereforeM; displays features which are
superficially consistent with sequential phase transitions. De-
tailed comparisons show this not to be the case. We contend
that the behavior reported above is technical, not critical, in
origin (i.e., from domain wall motion or coherent domain
rotation, etc. as has been suggested in other Eas@his

=0.33 sample. The solid line corresponds to Heisenberg modetonclusion is consistent with magnetic phase diagrams con-

exponent values (3+23)=4.89.

structed on the basis of size mismatchAatites, specifically
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the variances?, in the latter’® Here 62=1.9x 10 % nm? at  nhot only with data for 0.05x=<0.4, but also those contained
x=0.5 (assuming a ninefold coordination for the ffgion; N Figs. 6 and 8. In particular, the estimafdof 46 K in the
o? decreases for a twelvefold coordinatipr value too X=0.6 sample is in close proximity to the very rapid decline
small to produce a spin-glass insulating ground state. Thén the corresponding ZFC branch; hence the observation of a
latter reemphasizes the ferromagnetic insulating character single peak inM 3 at this composition. This rapid decline in
the low temperature state of the present system. This contethe ZFC branch has been shown previously to correlate with
tion is supported by an examination of the following section.an attendant increase in the coercive fielg(T)—a mag-
netic technical effeé®—hence the contention that the lower
4. Low-field magnetization peaks inM jare of technical—not critical—origin. The bifur-
Figure 8a) shows the zero-field coole@FC) and field- cation of the ZFC and FC branches of the magnetization
cooled(FC) magnetizations for=0.45 sample as a function curves necessarily leads to a time dependence in the mag-
of temperature in an applied field of 10 Cgmilar data have netic response below the bifurcation temperature; however
been collected ax=0.5 and 0.6 An examination of these such a time dependence i®t a characteristic signature
data—and indeed similar ZFC and FC cufvésr 0.05<x  solely of a spin-glass state. As demonstrated recéhilys a
=<0.4—indicates that the lower peak M3 corresponds to more general feature associated with a corrugated free en-
the temperature at which the onset of the rapid decline in thergy landscape that can occur not onlyainy magnetically
ZFC branch of these curves occurs. The latter was used tordered state but also in superparamagnetic systems.
delineate apossiblelower phase boundary on a tentative  Support—albeit of a qualitative nature—for this associa-
phase diagram proposed for this system, and the location aion is provided by the ZFC magnetization in fields between
this boundary(Fig. 12 of Ref. 1 is in excellent agreement 400 and 3 kOe shown in Fig(l® and the temperature varia-
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FIG. 9. The temperature dependence of the coercive gldn 0 T
Oe), for x=0.45, 0.5, and 0.6. The inset shows the variation of the 0.1 0.2 0.3 0.4 05 0.6
coercive fieldH, (in Oe), at 4.2 K with compositionx for 0.05
<x<0.6. X

) ) o FIG. 10. A modified phase diagram for the ;LaMg,MnO,

tion of H(T) (deduced from hysteresis logmhown in Fig.  system;0.05<x=<0.6. Thesolid line denotes a true thermody-

9 for the three samples witk=0.45, 0.5, and 0.6. In gen- namic transition, the dashed line a change in the technical magnetic
eral, the decrease in these magnetization curves with deroperties.

creasing temperature well beloW; reflects the increasing

coercive field shown in Fig. 9. An attempt has been madgyhereas the simple double exchange picfyrelding a frac-
therefore to correlate features in the magnetization data withop, x of Mn** (saturation moment3g) and 1—x of Mn3*
model predictions discussed in Secs. lIB2 1IIB3. Close gatyration moment dg)] would predict theoppositetrend
examination of Fig. &), however, shows that the tempera- ghown in the insetas indeed would a rising fraction of lower
ture at which various features emerge—the fall in the magyyjgation state Mn ions Such a result reflects the growing
netization at lower temperatures, for example—cannot bgqyence of competing interactions asncreases, resulting
quantified with nearly the precision that analogous featureg, 4 ground state which is not a uniform ferromagnet. Given
in x(H,T) utilized in Sec. II1B2 could be defined. the temperature of the lower boundary in Fig. 11, some com-

The inset in Fig. 9 presents a summanyf(T) at 4.2 K pharisons with the canted st3én PrAMnO; (A= Ca, Sr, Ba,
as a function of compositior, where the rapid increase in

this parameter ak=0.5 and beyond leads to the behavior -
summarized in Fig. 10, the modified phase diagram. In the [ 11
latter the upper boundary—marked with a solid line— 8 ] e /. ]
designates a truthermodynamidransition(one of a second i Vd ]
order/continuous naturéoetween a paramagnetic insulating 80p
phase and a ferromagnetic insulating, low temperature re: I 1
gime. The lower “boundary’—shown by the dashed line— _ 75} T ./ .
does not represent such a thermodynamic transition; it sim™g, [ of o 11
ply marks the onset of a marketechnical magnetic S 0fF 1]
hardness. The coalescence of the two “boundaries’ at % X ]
=0.5 simply reflects the marked increaséHdpwith x shown S sl '\.\ ]
in Fig. 9. [ . ]

This modified phase diagram is considerably simpler than 3 ]
that constructed for other systems, particul#rly [ \ ]
La; ,CaMnO;. Part of this simplification results from the i ]
small averagéA-site radius(r ), accompanying Mg substi-
tution. This completely suppresses the metal-insulator transi
tion atall compositions studied, as discussed below. Figure
11 displays the saturation moment deduced from magnetiza- FiG. 11. The saturation momemM (in emugl), estimated
tion curves taken at 4.2 Khese moments were estimated by from magnetization curves taken at 4.2 K, plotted against the com-
extrapolatingM vs H™! plots to the origin of the latterd positionx. The inset shows the behavior predicted by the double-
=o); this moment per unit masfeclineswith increasingx, exchange model.

M(emu g')

X
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Na, K) occurring around 15% Mt might be drawn. It BE—T———T T
should be emphasized, however, that there is no evidenc [
that any such canting is coherent in the present system. NeL 1o |
tron scattering might provide further useful information in I
this regard, and could possibly resolve the origin of these
competing interactions discussed in Sec. Il B 1. The behav-
ior shown in Fig. 11 nevertheless confirms that the conven-? i
tional double-exchange picture alone cannot account com o or
prehensively for the properties of this system, or indeed for & [
the doped manganese perovskites in general, as first su¢  -sf
gested by a detailed stutfyof their resistivities which, for
the present system, are discussed below. Electronic phas | 1
separation into ferromagnetic and antiferromagnetic i ]
domaing could certainly account qualitatively for the mag- [
netic properties discussed above. Difficulties arise, however 15— S
when discussing the transport behavior. Spontaneous elec T (K
tronic phase separation has been widely discussed in the con-
text of a ferromagneticmetallic state. Here the ferromag- FIG. 12. A plot of the resistivity(T) (in Q cm) against * for
netic state, by contrast, is insulating. the x=0.6 sample in a form consistent with E) with (8 n=1
and(b) n=3/2. The inset showg(T) plotted against temperatufie

IV. TRANSPORT BEHAVIOR (K) on a log-linear scale.

Ine T

The zero-field resistivityp(T) of the three compositions  The high resistivity of these electron-doped samples be-
investigated here show a semiconducting behavior—a monqow T, precludes transport measurements there; fits only in
tonic increase inp(T) with decreasing temperature—over the paramagnetic regime can thus be made. Indeed, experi-
the entire temperature range that can be accessedT80 ments on these electron-doped specimens cover a larger tem-
<300 K (with such a behavior precluding further measure-perature region of paramagnetism/magnetic disorder than
ments down to the liquid helium rang@hese data are quite those reported earliérFigure 12 reproduces representative
similar to those reportedat lowerx, and consequently are fits for the x=0.6 sample, with the corresponding least-
not reproduced here. These data have been fitted to formgjuares fitted parameters listed in Table II; either choice for
consistent with the predictions for charge transport by smalproduces fits of comparable quality as judged by the associ-

polaron hopping, viZ? ated standard errors. However, the appropriateness of either
e model can be appraised by a comparison of such fitted pa-
p(T)=p(0)Te"a’keT, (7)  rameters with model assumptions or limits, specifically

L i throughp(0) values. This prefactgs(0) can be written as
where the activation enerdy, is related to the polaron for-  ¢,),5vs.2

mation energy. With the exponent=1, this equation repre- (i) Adiabatic limit:

sents such transport mediated not only in the adiabatic limit

of such models—in contrast to the case witk 3/2 which

corresponds to the nonadiabatic lirtioth of which are dis- p(0)= _
cussed in more detail belgw-but also the recent predictions gaX(1—x)e?Q,
for magnetic small polaron hopping specifically in a nonme-

tallic, phase separated pictut@he latter, however, involves Herea, the hopping distance, is generally identified with the
electron transfebetweenmagnetic polarons rather than the (averagenearest neighbor Mn separation, while the numeri-
motion of polaronic entities themselves, as opposed to theal factorgq(=1) reflects the topology of this hopping pro-
percolation based approach of more widely accepted spontaess(nearest neighbor, next neighbor, gtdhe factorx (1
neous phase separation modeishas the advantage of pro- —x) accounts for site occupation effects in the presence of
viding an analytic form with which comparisons can be strong on-site Coulomb repulsidhThe important parameter
made, and applies to nonmetallic regimes, a dominant feder comparative purposes is the attempt frequefigy In

ture of the present system. this adiabatic limit this is identified with a typical longitudi-

kga

()

TABLE Il. Parameters obtained from fits to the transport data alique

X Adiabatic/phase separation1) Nonadiabatic if = 3/2)

E, (meV) po(Q2 cm) Std Err E, (meV) po(2 cm) Std Err
0.45 129 5.5x 104 0.11 139 2.2x10°° 0.09
0.50 126 6.8x10°* 0.17 132 3.1x10°° 0.19
0.60 155 6.2x10°* 0.14 162 9.1x10°6 0.16
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TABLE Ill. Model parametersT>T,. nearest neighbor separation 8.9 A) but also more than an
- - - - - order of magnitude smaller than model valuds>2a,
X Adiabatic/phase separation Nonadiabatic ~20 A, a, being the polaron radidd*3.
Qo I (A) Qo 9] (meV) Having established the appropriateness of the nonadia-
0.45 1.6< 101 0.4 2 2 101 3 batic limit, Eq.(9) can be used to estimaltdl from the fitted
0.50 1.3¢ 101 0.4 1.9¢ 101 25 E, andp(0) values. These values for the electronic coupling
0.60 1.4¢ 101 0.4 6.9¢ 101 5 parameter lie in the range 2.5-5 meV, consistent with the

inequality |J|<E, on which Eg. (9) is based in these
electron-doped samples, and comparable with estimates for
nal optical phonon frequency,. Typically the latter as- this parameter found in the disordered phase of both hole-

sumes values oby= 10— 10t Hz 4242 doped specimeng2.5-16 meV and LaCrQ (Refs. 1 and
(i) Nonadiabatic limit: 41) (]J]=8 meV). The estimates are, however, almost an
order of magnitude smaller than that fodrtfrom the high
kga 1 kga o [4E kg2 temperature phase of the undoped parent compound,
p(0)= MT)eZQOTT’Z: XX 7| : LaMnO;, |J|=26 meV. The high resistivity of these

) electron-doped manganites preclude transport measurements
in the ordered phase, consequently the magnetoresistance

Here two conditions need to be met for the applicability ofcould not be measured throudh.

this model/expressionfa) the electronic coupling/transfer

matrix elementJ< polaron formation energyrelated, but V. SUMMARY AND CONCLUSIONS

not equal, toE,), and(b)
2 A summary of detailed measurements of both the linear

Pl o Y2 and nonlinear magnetic response and the resistive behavior
90:% 4E kg <o, (10 of electron-doped La ,Mg,MnO; (0.45<x=<0.6) is pre-
_ sented. The magnetic data clarify features of the phase dia-
Wlth_wo as above. _ gram for this system proposed earlier, specifically that it dis-
(i) Phase-separation model: plays a single conventional paramagnetic to ferromagnetic
transition on cooling, with no subsequent reentrant transition
p(0) Ks (11) to a spin-glass-like phase. Nevertheless, aspects of the mag-

- 128wvo(ce)2I5’ netic behavior—both neaf, and at low temperature—

_ . . ) exhibit features qualitatively consistent with electronic phase
in which c represents the polaron densitgientified with the - geparation into ferromagnetic and antiferromagnetic do-

carrier/hole density induced by doping is a characteristic mains, but not with a simple double exchange picture. In
magnonfrequency(rather than a phonon frequeneandl & contrast with the majority of other systems, the ferromag-
tunnelling lengti. _ netic ground state remains insulating. Resistivity daal-
Table Il summarizes estimates férp and| found from  |ecteq in the paramagnetic regijrare consistent with small
these expressions fp(0) and the corresponding fitted quan- polaron mediated charge transport, but are quantitatively in-
tities (Table I). These(), estimates demonstrate conclu- consistent with the specific predictions for magnetic small

sively that (i) the adiabatic limit isnot appropriate in the gjarons existing in monmetallicphase-separated environ-
paramagnetic phase of the electron-doped region of thgent.

present samples, arfd, falls well below generally accepted
values forwg (=10— 10" Hz); and(ii) the | values indi-
cate that a phase-separation picture, within the specific for-
malism of Rakhmanoet al. for the nonmetallicregime, is Support for this work from the Natural Sciences and En-
also inconsistent with data on these systems. The listed esfijineering Research CoundiNSERQ of Canada and the
mates placé<1 A, not only substantially less than the Mn University of Manitoba(J.H.Z) is gratefully acknowledged.
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